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Abstract 
 

Photosystem II (PS II) catalyses the oxidation of water at ambient temperatures and the 

formation of plastoquinol using light. This multisubunit complex functions as a dimer, each 

monomer is surrounded by 13 low-molecular-weight (LMW) proteins and includes the 

Mn4CaO5 oxygen-evolving complex (OEC) and an abundance of other cofactors. The roles of 

the LMW proteins PsbH, PsbX, and PsbY and their transmembrane interactions with the 

Sll0933 assembly factor were investigated by the creation and physiological characterisation 

of strains lacking these proteins in Synechocystis sp. PCC 6803. Removal of the PsbH protein 

destabilised PS II causing a weakened binding of the chlorophyll a-binding protein CP47 and 

significant alterations to electron transport reactions at both the acceptor side and donor side of 

PS II. The PsbH and PsbX proteins appear to have a role in the function of QB (the secondary 

quinone electron acceptor of PS II) or the QB-binding site. Inactivation of the Sll0933 assembly 

factor and PsbY failed to produce a strong phenotype but revealed minor effects on assembly 

and function of PS II. The PsbH, PsbX, and PsbY proteins all show signs of transmembrane 

interactions with the Sll0933 assembly factor. The PsbH protein was shown to be essential to 

PS II in the absence of the Sll0933 assembly factor, inactivation of both PsbH and the Sll0933 

assembly factor renders Synechocystis sp. PCC 6803 an obligate heterotroph. Recent high-

resolution structures of PS II have confirmed bicarbonate is a bidentate ligand to the non-heme 

iron located between the primary quinone electron acceptor QA and the QB electron acceptor. 

The absence of PsbH, PsbX, and PsbY all caused a conformational change in the bicarbonate 

binding environment leading to altered acceptor side electron transport. The D2 protein role in 

the binding of bicarbonate was investigated due to its interaction with the PsbH and PsbX 

proteins. Physiological characterisation revealed a conformational change in the bicarbonate 

binding environment in mutants carrying amino acid substitutions at the D2-Glu242, D2-

Lys264, D2-Thr243, and D2-Tyr244 residues suggesting that the precise binding of 

bicarbonate is required for efficient electron transfer between QA and QB and the associated 

protonation reactions. However, only mutants carrying substitutions at D2-Thr243 and D2-

Tyr244 showed signs of an inhibited formation of plastoquinol due to a disrupted protonation 

pathway. A considerable effect on PS II assembly was also observed in the D2 mutants.  
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Chapter 1 
 

Introduction 
 

1.1 Photosynthesis 

All life on Earth requires a constant flow of energy to persist. A constant source of energy is 

provided by the Sun, however, only photosynthetic organisms can harness this source of 

energy. Consequently, life on Earth is either directly or indirectly reliant on photosynthesis. 

Photosynthesis is a process that utilises light energy and converts it to chemical energy. The 

first forms of photosynthesis were likely anoxygenic; oxygenic photosynthesis is thought to 

have evolved in cyanobacteria ~2.4 billion years ago (Hohmann-Marriott and Blankenship, 

2011). Oxygenic photosynthesis, the most prolific form of photosynthesis, is utilised by 

photoautotrophs which include all known species of cyanobacteria, algae, and higher plants. 

This process evolves oxygen by splitting water and fixing carbon dioxide into complex 

carbohydrates and established the composition of the biosphere that provided the foundation 

for the development and sustenance of all life on Earth (Raven, 2009; Blankenship, 2010). The 

overall reaction for oxygenic photosynthesis can be summarised as follows: 

6CO2 + 6H2O 
     ℎ𝑣     
→     C6H12O6 + 6O2 

The above equation is a simplified summary of a hugely complex process that can be further 

divided into two separate but linked reactions, the light-dependent reactions (Figure 1.1) and 

the dark reactions. The light-dependent reactions produce ATP and NADPH that is used in the 

dark reactions that take place in the cytosol and fix CO2 into carbohydrates via the Calvin-

Benson cycle. The key enzyme in this reaction, ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO), is the most abundant enzyme on the planet (Ellis, 1979). 
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Thylakoids are the site where the light-dependent reactions of photosynthesis take place, these 

are found in cyanobacteria and inside chloroplasts in algae and higher plants. Chloroplasts 

found in eukaryotes are thought to be derived from cyanobacteria due to an endosymbiosis 

event that occurred more than ~ 2 billion years ago (Bhattacharya et al., 2004; McFadden and 

van Dooren, 2004). The thylakoid membrane contains the multi-protein complexes 

Photosystem I (PS I), Photosystem II (PS II), cytochrome b6f complex (Cyt b6f) and ATP 

synthase (F-ATPase), which are integral to the light-dependent reactions in photosynthesis and 

are highly conserved in all oxygenic photoautotrophs (Nelson and Yocum, 2006; Vinyard et 

al., 2013).  

The light-dependent reactions occur when light is absorbed by light-harvesting complexes 

(LHC) which differ in the prokaryotic cyanobacteria and eukaryotes such as algae and higher 

plants. The antenna pigments in eukaryotes contain chlorophyll a, chlorophyll b, and 

carotenoids, while prokaryotic cyanobacteria (and some eukaryotes) have phycobilisomes, a 

LHC complex responsible for the blue-green colour of cyanobacteria that contains the pigments 

phycoerythrin, phycocyanin, and allophycocyanin (Grossman et al., 1995; Pagliano et al., 

2013). The energy captured by the LHC is then transferred through chlorophyll to the 

chlorophyll reaction centres P680 in PS II or P700 in PS I where charge separation occurs. The 

excited P680 (P680*) excites the electron to a higher energy level using the energy captured in 

PS II and then rapidly transfers an electron to a pheophytin molecule, P680+ (which has the 

highest oxidising potential known in a biological system) is reduced by YZ shortly after. YZ is 

reduced by the oxygen-evolving complex (OEC) which is a Mn4CaO5 cluster that facilitates 

the oxidation of water, the exact mechanism of which is unknown. The plastoquinone at the 

QA binding site (QA) the primary electron acceptor of PS II is then reduced by pheophytin, the 

electron is then transferred to the plastoquinone at the QB binding site, the secondary electron 

acceptor of PS II (QB). The plastoquinones QA and QB operate as a “two-electron gate”. QB is 

reduced twice then protonated from the cytosolic side of the thylakoid membrane to form 

plastoquinol (PQH2) which then dissociates from its binding site, leaving PS II through the 

thylakoid membrane and is oxidised by the Cyt b6f complex. QB is removed from its binding 

site much more readily than QA which is bound tightly to the QA binding site. PQH2 is replaced 

by an oxidised quinone from the membrane quinone pool that consists of oxidised and reduced 

plastoquinones. The consecutive series of electron transfer reactions from the reduction of 

pheophytin to the reduction of QB is referred to as the acceptor side reactions. In cyanobacteria 

Cyt b6f then transfers an electron to plastocyanin or cytochrome c553; plastocyanin (containing 
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copper) is synthesised over cytochrome c553 (containing iron) in response to the available 

copper and iron in the cell; however, in eukaryotes, only plastocyanin is used (Zhang et al., 

1992). Cyt b6f, while catalysing the electron transfer reactions from PQ to plastocyanin, 

consecutively pumps two protons from the stroma (or cytosol in cyanobacteria) to the lumenal 

side due to a series of reactions called the ‘Q cycle’ (Mitchell, 1976; Trumpower, 1990). This 

process termed chemiosmosis creates a transmembrane electrochemical gradient called the 

“proton-motive force” (protons are also supplied by the splitting of water by PS II). The ATP 

synthase utilises the proton-motive force to create ATP from ADP + Pi. A reduced plastocyanin 

(cytochrome c553) then transfers electrons to PS I, and subsequently these pass through a series 

of redox reactions to ferredoxin. Ferredoxin then reduces NADP+ to NADPH via the enzyme 

ferredoxin-NADP+ oxidoreductase. This is the final step in the linear electron transport chain, 

the ATP and NADPH created in the light-dependent reactions are then used in the dark 

reactions to fix CO2 into carbohydrates in the Calvin-Benson cycle. In addition, ferredoxin can 

also transfer electrons back to PQ and then back to P700 via plastocyanin in a pathway known 

as the cyclic phosphorylation electron transport flow, the role of the cyclic flow is debatable; 

however, in Arabidopsis thaliana it is thought to be a photoprotective measure preventing the 

over-reduction of the stroma by the redistribution of excitation energy between PS I and PS II 

(Munekage et al., 2004; Johnson, (2007)).  

An increasing demand for energy forces humanity to look for an alternative to fossil fuels that 

are rapidly diminishing, this is necessary to sustain the lifestyle and quality of life for future, 

as well as, current generations. More energy emitted from the sun strikes the earth in one hour 

than humanity needs in one year (Lewis and Nocera, 2006), the energy is readily available in 

overwhelming abundance, however, we lack the technology required to utilise it.  
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Figure 1.1 Schematic of the cyanobacterial photosynthetic electron transport chain.               
Abbreviations: PE – phycoerythrocynin, PC – phycocyanin, AP – allophycocyanin, Mn – Manganese 
cluster, H+ - hydrogen ion, PQ – plastoquinone, Cyt c553 – cytochrome c553, PC – plastocyanin, Fd – 
ferredoxin, FNR – ferredoxin-NADP+ (J. Eaton-Rye, unpublished). 

 

 

 

 

 

 

 

 

1.2 Synechocystis sp. PCC 6803 

Cyanobacteria are Gram-negative bacteria, they are the only photosynthetic prokaryotes that 

undergo oxygenic photosynthesis. Cyanobacteria have existed for < 2 billion years, are found 

in most illuminated environments, and thought to have caused the Great Oxygenation Event 

that led to the present oxygen-rich atmosphere (Lewis and Nocera, 2006; Whitton and Potts, 

2012). They are considered the most important photosynthetic organisms for the cycling of 

carbon and nitrogen. A significant amount of research has been done on cyanobacteria due to 

their photoinduced metabolism that other than light only requires water and carbon; an 

attractive research topic for the biotechnology industry is to reroute its metabolic pathways to 

produce products such as bioplastics, biofuels, pharmaceutical compounds, and other 

secondary metabolites (Ducat et al., 2011; Machado and Atsumi, 2012; Savakis et al., 2013; 

Mazard et al., 2016). However, further research of the photosynthetic apparatus and process 

is required for the commercial exploitation of cyanobacteria.  

Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis 6803) are cyanobacteria 

that can be transformed quite readily by undergoing double-homologous recombination of 

inserted foreign DNA at a high efficiency, and can perform photoautotrophic and heterotrophic 

growth and are therefore able to propagate and survive without a functioning PS II complex 

(Rippka et al., 1979; Grigorieva and Shestakov, 1982; Williams, 1988). Synechocystis 6803 

was first isolated from freshwater in California in 1968 and since has been used extensively in 
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photosynthesis research; it was the first phototroph and fourth overall to have its genome 

sequenced entirely, leading to the post-genomic era of cyanobacterial research (Kaneko et al., 

1996). All the major components of oxygenic photosynthesis are highly conserved across the 

entirety of phototrophs despite the fact they are separated by a billion years of evolution; 

chloroplasts are thought to be derived from cyanobacteria due to an endosymbiosis event (as 

mentioned above). Accordingly, the process of photosynthesis in prokaryotes and eukaryotes 

is similar due to this event (Blankenship, 2010). As a result, Synechocystis 6803 has been a 

model organism for research in photosynthesis and has played an invaluable role in the 

determination of subunit structure and function of PS I and PS II (Vermaas, 1993; Chitnis et 

al., 1995). 

 

1.3 Photosystem II 

Photosystem II (PS II) is a multisubunit enzyme complex responsible for using light energy to 

oxidise water at ambient temperatures and thereby provides the primary source of electrons 

and protons to the rest of the photosynthetic electron transport chain; the photo-induced 

oxidation of water is the most thermodynamically demanding reaction in a biological system; 

water oxidation requires heating water to 2000 °C without PS II. A further understanding of 

this process will aid in the mimicking of this reaction in an artificial system. PS II is highly 

conserved like all other protein complexes involved in oxygenic photosynthesis and is present 

in all oxygenic phototrophs (embedded in the thylakoid membrane), this is likely due to PS II 

or a similar structure being present in organisms that first performed oxygenic photosynthesis 

more than three billion years ago (Xiong and Bauer, 2002; Hohmann-Marriott and 

Blankenship, 2011). The reactions in PS II can be summarised as follows:  

2H2O + 2PQ  
     4ℎ𝑣     
→       O2 + 2PQH2 

The X-ray crystal structure of the PS II complex has been obtained from a series of studies 

culminating in a 1.95 Å crystal structure from the cyanobacterium Thermosynechococcus 

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

et al., 2015). The PS II complex functions as a dimer at a mass of ~700 kDa (Figure 1.2), each 

monomer contains four major intrinsic proteins (D1, D2, CP43, and CP47) surrounded by 13 

low-molecular-weight (LMW) proteins, the Mn4CaO5 OEC (held in position by ligands from 

D1 and CP43 and further stabilised by three extrinsic proteins PsbO, PsbU, PsbV) and an 
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abundance of other cofactors such as chlorophyll a, pheophytin, carotenoids, plastoquinones, 

a non-haem iron, and bicarbonate. The LMW subunits and extrinsic proteins of PS II can vary 

among phototrophs (Wei et al., 2016).  

Chlorophyll, carotenoids, and phycobilisomes are the most common type of pigments found in 

cyanobacterial PS II, and all absorb light at different wavelengths. Chlorophyll, as described 

above, allows phototrophs to capture light energy and transfer that light energy by resonance 

energy transfer. Carotenoids have two main functions, the absorption of light and 

photoprotection of PS II by the dissipation of excitation energy (Frank and Brudvig, 2004). 

Phycobilisomes, as described above, are light-harvesting antennae and contain phycoerythrin, 

phycocyanin, and allophycocyanin; together they absorb light at a range of 450 nm to 660 nm 

(560 nm, 620 nm, 650 nm, respectively) (Grossman et al., 1995). The phycobilisomes transfer 

light energy to the CP43 and CP47 chlorophyll-binding core antenna proteins of PS II. The PS 

II reaction centre (RC) is composed of two major proteins D1 and D2 that form a heterodimer. 

All the electron transfer components (P680, pheophytin, non-heme iron (NHI), redox-active 

tyrosine’s YZ and YD, QA, and QB) and the manganese cluster are bound and coordinated by 

the D1 and D2 proteins (with the exception that CP43 also contributes ligands to the OEC). 

However, the majority of the redox active cofactors are located on the D1 protein’s side with 

the exception of QA (Figure 1.3A), also only the D1 (and CP43) proteins provide ligands to the 

OEC. The D1 and D2 proteins are quite similar to each other and are comprised of five 

transmembrane helices and are 38.8 kDa and 38.4 kDa in size, respectively (Barber, 2002; 

Nelson and Yocum, 2006). PsaA and PsaB of PS I show similarities to the D1 and D2 proteins 

of PS II and are thought to share a common ancestor (Baymann et al., 2001). Flanking the 

reaction centre are CP43 and CP47, both are intrinsic light-harvesting proteins that bind 14 – 

16 chlorophyll a molecules, are comprised of six transmembrane helices, and are ~56 kDa - 

~50 kDa in size, respectively (Ferreira et al., 2004). CP43 and CP47 relay the captured light 

energy to P680 in the RC. The PsbE and PsbF subunits (α and β subunits of cyt b559) donate 

histidine ligands to the heme iron of cyt b559. The LMW subunits surround the PS II RC 

complex and have roles in the assembly and stability of PS II such as the binding of cofactors 

and assembly of the OEC (Shi et al., 2012).  
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Figure 1.2 Crystal structure of PS II dimer from Thermosynechococcus vulcanus (PDB 4UB6). 
A. PS II dimer view from the thylakoid membrane plane. D1 (red), D2 (green), CP43 (blue), CP47 
(yellow), PsbE and PsbF (α and β subunits of cyt b559 - magneta), PsbH (cyan), PsbT (orange), PsbX, 
(deep teal), PsbY (pink), Psb I, J, K, L, M, Z (dark grey), extrinsic proteins Psb O, U, V (sky blue). B. 
Top view of PS II dimer from the cytosolic-side of the thylakoid membrane. Line separates PS II 
monomers. Figure made using PyMOL using data from PDB:4UB6 (Suga et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

1.4 The oxygen-evolving complex  

The OEC is part of the donor side reactions of PS II. As mentioned above it provides the 

electrons by splitting water to reduce YZ which then reduces P680. The OEC (Mn4CaO5) is an 

inorganic cluster that contains three manganese ions and one calcium ion that form a cubane 

structure, these ions are bridged by four monooxygens, one of which bridges to a fourth 

manganese ion that is suggested to bind the water molecule during the water-splitting reaction 

(Ferreira et al., 2004; Umena et al., 2011). This cluster transitions through a series of oxidation 

states deemed the S-states (S0 – S4) (Figure 1.3B) (Kok et al., 1970). This is a linear sequence 

of oxidation reactions that are catalysed by light, the entire sequence can be summarised as 

follows:  

2H2O + S0 
     ℎ𝑣     
→     S1 

     ℎ𝑣     
→     S2 

     ℎ𝑣     
→     S3 

     ?    
→   S4 

     ℎ𝑣     
→     S0 + 4 H+ + 4 e- + O2 

For each oxygen evolved by PS II two water molecules are split, four protons are released into 

the thylakoid lumen, and four electrons are passed down the electron transport chain. The 

Mn4CaO5 cluster cycles through the different redox states in a stepwise manner following the 

extraction of each electron by P680. O2 is released after the S3 state transitions involving the 

transient S4 state, and then the Mn4CaO5 cluster resets back to the S0 state. The oxidation state 

of the manganese during the S4 state is unknown due to its transient nature. The S1 state is 

stable in the dark, both S2 and S3 states decay to the S1 state by charge recombination with the 

acceptor side in the dark (Rutherford and Inoue, 1984). A hydrogen-bond network mediated 

by water molecules stabilises these oxidised intermediates and connects the OEC and YZ (Vogt 

et al., 2015). Manganese is the only redox-active metal ion present, however, both chlorine and 

calcium ions are required for the progression of the S2 state (Ono et al., 1986; Boussac and 

Rutherford, 1988). The roles of these ions and the identity of the terminal oxidant are required 

to fully understand the water-splitting process.  
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Figure 1.3 Redox active cofactors involved in electron transfer and S states of the manganese 
cluster (OEC). A. Redox active cofactors in PS II monomer viewed from thylakoid membrane plane. 
QA and QB – primary and secondary plastoquinone of PS II (purple), OEC – oxygen-evolving complex 
containing oxygen (red), Mn ions (purple), and Ca2+ (cyan), D1 tyrosine Z – TyrZ (yellow), D2 tyrosine 
D – TyrD (orange), PheoD1 and PheoD2 pheophytin molecules of the D1 and D2 proteins (blue), ChlD1, 
ChlD2, PD1, and PD2 – P680 chlorophyll molecules (green), ChlzD1 and ChlzD2 – peripheral chlorophyll 
molecules, Fe – non-heme iron (red), cyt b559 (red), and β – carontene (orange). Numbers indicate 
electron transfer distances in angstroms (Å). Adapted with permission from Ferreira et al. 2004 

Copyright 2004 The American Association for the Advancement of Science. B. Diagram of the S state 
cycle of the OEC with the manganese cluster (Mn) in different oxidation states (J. Eaton-Rye, 
unpublished). 
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1.5 Biogenesis of Photosystem II 

1.5.1 Photosystem II assembly 

The de novo assembly of PS II is a highly ordered and coordinated process (Figure 1.4). The 

exact manner of assembly is still unclear; however, previous studies have revealed the basic 

steps and sequence of PS II assembly (Komenda et al., 2004; Nixon et al., 2010). The current 

model suggests PS II assembly is assisted by a large number of assembly factors to incorporate 

cofactors and form PS II in a sequential manner, involving the formation of a number of 

transient intermediate complexes leading to an active PS II monomer and finally the 

dimerization of the complex; a similar process is found in eukaryotic phototrophs, suggesting 

that this pathway is highly conserved (Rokka et al., 2005; Nickelsen and Rengstl, 2013). An 

initial step of the biogenesis of PS II begins with the accumulation of cyt b559, this is required 

for the expression of D2; the accumulation of D2 is suggested to be a key regulatory step in the 

assembly of PS II (Komenda et al., 2004). Binding of cyt b559 to the D2 protein forms the initial 

assembly unit, this complex then incorporates the D1 pre-RC intermediate complex containing 

pD1 and PsbI forming the RC complex. The Ycf47 assembly factor is thought to bind and 

stabilise pD1 and assists in the assembly of the RC complex (Komenda et al., 2008). The 

maturation of the pD1 protein is processed by C-terminal processing protease (CtpA) which 

removes the C-terminal extension when it is incorporated into the RC complex (Anbudurai et 

al., 1994; Satoh and Yamamoto, 2007). The RC complex is the first major intermediate 

complex formed which consists of D1, D2, cyt b559, and PsbI subunits. This complex binds the 

CP47 pre-complex containing CP47, PsbH, PsbL, PsbM, PsbT, and hypothesised to contain 

PsbY converting into the RC47 complex. This process is assisted by the Sll0933 assembly 

factor by forming a complex with YCF48, promoting the integration of CP47 into the RC to 

form the RC47 complex (Rengstl et al., 2011; Rengstl et al., 2013). Recent evidence has been 

presented to suggest PsbX may bind to the RC complex before the CP47-pre-complex joins (J. 

Komenda unpublished results). The Psb28 assembly factor is also associated with the RC47 

complex and is important to the synthesis and binding of chlorophyll to RC47 (Dobáková et 

al., 2009; Boehm et al., 2012). Subsequently, the CP43 pre-complex containing CP43, PsbK, 

PsbZ, and Psb30 then binds to the RC47 complex forming an inactive PS II monomer. At this 

point, all assembly factors disassociate from the complex except Psb27. The Psb27 assembly 

factor is associated with CP43 pre-complex, it is suggested to have a role in stabilising 

unincorporated CP43 and incorporating the CP43 pre-complex into RC47, it also prevents the 

binding of the extrinsic proteins before the OEC is assembled (Roose and Pakrasi, 2008; Liu 
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et al., 2011; Komenda et al., 2012a). This inactive PS II monomer now has all the required 

protein subunits to assemble the Mn4CaO5 cluster; this process, known as photoactivation, is 

catalysed by light (Tamura and Cheniae, 1986; Dasgupta et al., 2008). Photoactivation involves 

the binding of the inorganic cofactors. Bicarbonate has been shown to assist and accelerate the 

assembly of the Mn4CaO5 cluster (Baranov et al., 2004). The extrinsic proteins PsbO, PsbU, 

PsbV and CyanoP and CyanoQ bind to the lumenal side of PS II in cyanobacteria, these 

extrinsic proteins stabilise the Mn4CaO5 cluster and provides pathways for H2O, oxygen, and 

protons to enter or leave the OEC (Mabbitt et al., 2014). This active PS II monomer then 

undergoes dimerisation, the exact process remaining elusive; however, PsbI and PsbM have 

been linked to the dimerisation process (Shi et al., 2012). 

1.5.2 Photodamage and repair 

A consequence of oxygenic photosynthesis is the production of reactive oxygen species (ROS). 

The photosynthetic apparatus is vulnerable to oxidative damage, in particular, the D1 protein 

(Vass, 2012). This “photodamage” occurs at a higher rate under high light conditions, where 

more light is absorbed than can be utilised. However,  photodamage also occurs under optimal 

conditions (Chow and Aro, 2005). Photoinhibition is a state where photodamage is higher than 

the rate of repair, leading to a decline in photosynthetic activity (Adir et al., 2003; Vass, 2012). 

The D1 subunit under high light can be turned over at such a rate that it represents almost half 

of total protein synthesis in chloroplasts, whereas D1 only represents 0.01% of the total protein 

composition (Barber and Andersson, 1992). The Mn4CaO5 cluster and majority of the redox 

active cofactors are bound to the D1 protein, and due to the nature of the reactions that occur 

at D1, it is subjected to oxidative damage (Vass, 2011). The D2 protein is also damaged but at 

a lower rate than D1 (Shipton and Barber, 1994). CP43 is also involved in the repair cycle of 

PS II needing to be removed to repair the D1 protein. The Mn4CaO5 cluster can also be 

damaged; radiation can cause damage to the bonds between the Mn ions causing it to 

disassociate (Vass, 2012; Ohnishi et al., 2005). Photodamage causes irreversible damage to the 

PS II complex, which prompts the repair process (Figure 1.4) (Komenda et al., 2012b). The 

damaged PS II is disassembled down to an RC47 complex allowing the removal of the damaged 

D1 protein; the damaged D1 protein is removed and degraded by FtsH proteases (Komenda et 

al., 2012b). Following the removal of the damaged D1 the usual assembly pathway occurs 

(Nixon et al., 2010). A newly synthesised pD1 protein is processed by CtpA then integrated 

into the RC47 complex, followed by the reintegration of the CP43, the extrinsic proteins and 

cofactors, followed by the dimerisation of PS II. 
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Figure 1.4 Schematic of the assembly and repair of PS II. Letters and numbers above subunits indicate low molecular weight proteins, green arrows 
indicate direction of assembly, and orange lines indicate the direction of PS II repair. Abbreviations: RC – reaction centre, PS II – photosystem II (J. Eaton-
Rye, unpublished). 
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Figure 1.5 View of the PS II monomer from the lumenal side showing positions of intrinsic 
protein subunits. Cylinders represent helices. D1 – yellow, D2 – orange, CP47 – red, CP43 – green, 
Cyt b559 – purple, PsbL, PsbM, PsbT, and PsbY – blue, PsbH, PsbI, PsbJ, PsbK, PsbX,and PsbZ – 
grey. Chlorophyll molecules of RC centre – light green, pheophytins – blue, chlorophyll of CP47 and 
CP43 – dark green. β – carontene – blue, QA and QB – purple, non-heme iron – red. Oxygen evolving 
complex (OEC) - containing oxygen – red, Mn ions – purple, and Ca2+ – cyan. Adapted with 
permission from Pagliano et al. (2013). Copyright 2013 Springer Nature. 

1.6 Low molecular weight proteins of PS II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There are 13 intrinsic LMW proteins that surround the cyanobacterial PS II complex PsbE, 

PsbF, PsbH, PsbI, PsbJ, PsbK, PsbL, PsbM, PsbT, PsbX, PsbY, PsbZ, and Psb30, all of which 

are less than 10 kDa in size and contain a single transmembrane protein with the exception of 

PsbZ which has two (Umena et al., 2011). PsbE and PsbF are important for PS II assembly and 

are the α and β subunits of cyt b559 (Pagliano et al., 2013). PsbL, PsbM, and PsbT are suggested 

to have roles in the dimerisation of PS II (Pagliano et al., 2013). PsbI and PsbX are hypothesised 

to stabilise the binding of ChlZD1 and ChlZD2 that are bound to D1 and D2, respectively (Ferreira 

et al., 2004). PsbJ, PsbK, PsbZ, and Psb30 are clustered around CP43 and are suggested to be 

involved in carotenoid binding (Ferreira et al., 2004).  
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1.6.1 Sll0933 assembly factor 

The Sll0933 assembly factor is associated with the CP47 pre-complex and is a homolog of 

PAM68 in photosynthetic eukaryotes. It is an assembly factor and therefore not present in the 

mature PS II complex. Inactivation of Sll0933, however, results in a less severe phenotype than 

the deletion of PAM68 (Armbruster et al., 2010). The Sll0933 protein is found solely in the 

thylakoid membrane and forms a complex with Ycf48, which promotes the integration of CP47 

into the RC to form the RC47 complex (Rengstl et al., 2011; Rengstl et al., 2013). Both proteins 

seem to be involved in the early stages of PS II assembly, it is suggested that Ycf48 acts 

upstream of Sll0933 (Rengstl et al., 2011; Rengstl et al., 2013). It is also suggested Sll0933 

interacts with Slr0151 which is said to be involved in both PS II assembly and repair (Rast et 

al., 2016). The ∆Sll0933 mutant strains behave like wild type in terms of growth and 

photosynthesis but revealed high light sensitivity and accumulation of the inner antenna 

proteins CP43, CP47, and RC complexes (Rengstl et al., 2013). The Sll0933 protein is thought 

to also play a role in CP43 and CP47 synthesis and binds directly to both these proteins, a 

reduction in CP43 and CP47 is seen in the deletion strain (Rengstl et al., 2013). A recent study 

by Bučinská et al. (2018) suggested the Sll0933 assembly factor binds with ribosomes and acts 

as a chaperone to the CP47 protein. A role in the synthesis of the D1 subunit is also linked to 

the Sll0933 protein (Armbruster et al., 2010). 

1.6.2 PsbH 

The PsbH protein is about 6.5 kDa with a truncated N-terminus and contains 63 amino acids in 

cyanobacteria (Farchaus and Dilley, 1986; Papageorgiou, 2012). It is located adjacent to the 

PsbX protein, between D2 and CP47 (Figure 1.5) (Büchel et al., 2001; Kamiya and Shen, 2003; 

Ferreira et al., 2004). PsbH is thought to interact with D1 and D2 proteins (Summer et al., 

1997). The membrane helix of the PsbH protein is positioned on the side on CP47 and D2, 

close to the two quinones QA and QB (Zouni et al., 2001). A role has been suggested for PsbH, 

in synthesis and incorporation of CP47 to the RC; PsbH is said to bind to CP47 before binding 

to the RC complex (Komenda et al., 2002; Komenda et al., 2005; Levey et al., 2014). A role in 

the binding of red emitting chlorophyll to CP47 has also been suggested for PsbH (D'Haene et 

al., 2015). Furthermore, a recent study suggests that PsbH attaches to CP47 after the Sll0933 

assembly factor (Bučinská et al., 2018). 
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Deletion of PsbH has also been observed to affect PS II activity due to a perturbed acceptor 

side of PS II, causing destabilised binding of bicarbonate (Komenda et al., 2002). The ∆PsbH 

mutant cells also have reduced photoautotrophic growth (Mayes et al., 1993) likely due to the 

perturbed electron transport chain. This, however, suggests the PsbH protein is not essential 

for PS II activity in Synechocystis 6803 but is involved in assembly and stability of PS II (Kuhn 

et al., 1988; Giardi, 1993). The PsbH protein has a role in regulating and stabilising electron 

transfer between QA and QB, ∆PsbH deletion mutants are thought to have an altered QB binding 

site and a destabilised bicarbonate binding site, which is likely to affect forward electron 

transfer (Mayes et al., 1993; Bergantino et al., 2003). Furthermore, the altered QB site is thought 

to make PS II more susceptible to photodamage, this also causes an inability to regulate the 

turnover of the D1 protein, leading to a higher susceptibility to photoinhibition (Mayes et al., 

1993; Komenda and Barber, 1995). A higher generation of ROS is found in cells lacking the 

PsbH protein, likely contributing to the higher susceptibility to photoinhibition (Komenda et 

al., 2002). The higher susceptibility to photoinhibition in deletion mutants is also due to PsbH 

having a vital role in the PS II repair cycle. PsbH is needed for the initiation of the repair cycle, 

this is done by determining the structure of damaged D1 proteins, allowing prompt degradation, 

and also the completion of the repair cycle, by inserting the newly synthesised D1 protein into 

the thylakoid membrane (Bergantino et al., 2003). 

1.6.3 PsbT 

PsbT, a ~3.5 kDa protein, containing 30-35 amino acids is located close to PsbM and PsbL at 

the interface of the two PS II monomers (Figure 1.5) (Umena et al., 2011). PsbT has a single 

transmembrane helix with its N-terminus end exposed to the lumenal side and its C-terminus 

located on the cytosolic side of the thylakoid membrane. psbT is located in a highly conserved 

operon together with psbB, and psbH, along with petB, and petD (Kohchi et al., 1988; Westhoff 

and Herrmann, 1988). PsbT is thought to have a role in the repair of PS II during high light 

conditions causing photodamage (Bentley et al., 2008). Inactivation of PsbT led to a reduced 

photoautotrophic growth rate, reduced levels of PS II centres, inhibited forward electron 

transfer, and increased susceptibility to photodamage in mutant Synechocystis 6803 cells 

(Bentley et al., 2008). Inactivation of PsbT is also thought to disrupt the binding of PsbM to 

PS II resulting in inhibition to the dimerisation of PS II in Thermosynechococcus elongatus, 

Thermosynechococcus vulcanus, and Nicotiana tabacum (Iwai et al., 2004; Henmi et al., 2008; 

Umate et al., 2008).  
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1.6.4 PsbX 

PsbX is a 4.1 kDa protein containing 38 – 42 amino acids and is located within the PS II core 

close to the D1/D2 heterodimer, the α subunit of cytochrome b559, and PsbH (Figure 1.5) 

(Masahiko et al., 1989; Shi et al., 1999; Garcia-Cerdan et al., 2009). Inactivation of PsbX leads 

to a mild phenotype; no significant change was observed in photoautotrophic growth under 

standard conditions, high light stress, and salt stress (Funk, 2000). A deficit in growth was 

observed, however, under low CO2 conditions in Thermosynechococcus elongatus lacking 

PsbX (Katoh and Ikeuchi, 2001). No drastic effects were observed at the acceptor side or donor 

side of the electron transport chain in the absence of PsbX (Funk, 2000). However, due to an 

observation of reduced oxygen evolution rates in the presence of high concentrations of 

artificial electron acceptors in strains lacking PsbX, Katoh and Ikeuchi (2001) suggested a role 

in optimisation of the binding and turnover of quinones at the QB site. PsbX was also suggested 

to be involved in the normal functioning of QA (Nagatsuka et al., 1991). A 30% reduction of 

assembled PS II centres was also found in the absence of PsbX (Funk, 2000; Garcia-Cerdan et 

al., 2009). Transcription of psbX was found to be heavily influenced by light in higher plants; 

this was, however, not the case in Synechocystis 6803 (Shi et al., 1999). The absence of PsbX 

leads to disruption to the assembly and function of PS II, affecting QA to QB electron transfer, 

but is not essential to photoautotrophic growth under standard conditions. 

1.6.5 PsbY 

The PsbY protein has a molecular mass of 4.2 kDa and consists of 36 – 41 amino acids (Neufeld 

et al., 2004). PsbY is located close to or is in direct contact with the α (PsbE) and β (PsbF) 

subunits of cytochrome b559, PsbH, and PsbX, at the periphery of PS II and is suggested to play 

a role in preserving the redox potential of cytochrome b559 in Arabidopsis thaliana (Figure 1.5) 

(Kawakami et al., 2007; Guskov et al., 2009; Sydow et al., 2016). In higher plants, PsbY was 

speculated to have an important role in the function and form of the manganese cluster in PS 

II by providing a ligand to the manganese cluster to bind to the OEC (Gau et al., 1995; Gau et 

al., 1998). This was, however, not observed in Synechocystis 6803 (Meetam et al., 1999) nor 

was it supported by the high resolution structures of PS II from cyanobacteria (Shen, 2015). In 

higher plants, the psbY locus encodes for two homologous proteins PsbY-A1 and PsbY-A2, 

that were hypothesised to exists as a dimer, however, later studies failed to identify the dimer 

(Gau et al., 1998; Plöchinger et al., 2016). PsbY in higher plants is speculated to be involved 

in the formation of the manganese cluster due to its L-arginine metabolising enzyme activity 
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that converts L-arginine into ornithine and urea under low Mn conditions (Gau et al., 1995; Gau 

et al., 1998). In Synechocystis 6803 the sequence of the PsbY protein shares 46% similarity to 

the PsbY-A1 in spinach (Gau et al., 1998). Studies done in Synechocystis 6803 strains with an 

inactive PsbY protein reveal no significant changes in phototrophic growth under standard 

conditions and no changes to the electron transfer reactions at the acceptor or donor side; the 

lack of PsbY did not significantly affect PS II function suggesting the PsbY protein is not 

essential in PS II (Meetam et al., 1999; Neufeld et al., 2004; Kawakami et al., 2007). Although 

a study done by Sydow et al. (2016) found significantly affected QB binding in Arabidopsis 

thaliana strains lacking PsbY. In addition, the ΔPsbY mutant grew at a similar rate to that of 

wild type under high light stress in media depleted of manganese, calcium, and chloride ions 

(Meetam et al., 1999); however, impaired growth was observed when deprived of calcium 

under high light stress in a different study (Neufeld et al., 2004). A recent study revealed 

inactivation of PsbY in a ΔPsbM background in Synechocystis 6803 led to an additive effect 

on the acceptor side of PS II, leading to the double mutant being susceptible to photodamage 

(Biswas and Eaton-Rye, 2018).  

 

1.7 The bicarbonate effect  

The bicarbonate effect is well documented, when depleted of CO2 a reduction in oxygen 

evolution is observed in all oxygenic phototrophs (Warburg and Krippahl, 1958). Atmospheric 

CO2 as mentioned above is required as a terminal electron acceptor to produce carbohydrates. 

However, it is also required to regulate electron transport reactions in PS II, this is the 

bicarbonate effect (Shevela et al., 2012). Bicarbonate (HCO3
-) exists in equilibrium with CO2 

and H2CO3; the absence of bicarbonate is what causes the reduced rate of oxygen evolution 

(Blubaugh, 1986). The two-electron gate as mentioned in section 1.1 is disrupted when 

bicarbonate is removed causing a reduction in oxygen evolution (Govindjee et al., 1976). This 

led to studies revealing the bicarbonate mechanism has a role in the forward electron transfer 

between QA and QB and protonation of QB via the residues around QB (Eaton-Rye and 

Govindjee, 1988b; van Rensen et al., 1988). The 1.9 Å X-ray crystallographic structure of PS 

II unequivocally showed bicarbonate is a bidentate ligand to the non-heme iron (NHI) located 

between QA and QB at the acceptor side (Umena et al., 2011; Suga et al., 2015). The bicarbonate 

effect was researched long before this crystal structure was available; however, the available 

structures now leaves no doubt that bicarbonate is an essential cofactor involved in electron 

transport reactions and therefore investigating the roles of bicarbonate is essential to the 



18 

understanding of electron transfer in PS II. The protonation of QB also occurs in anoxygenic 

bacterial reaction centres; however, a glutamate is found ligated to the NHI. This tells us that 

bicarbonate is unique to oxygenic phototrophs and suggest that it may be important to the 

oxidation of water (Wang et al., 1992). Electron paramagnetic resonance (EPR) measurements 

have shown the NHI is only oxidised in the presence of bicarbonate, suggesting a role of 

bicarbonate in providing the conditions necessary for efficient electron transfer and an 

electrostatic role for the NHI (Petrouleas and Diner, 1986; Blubaugh and Govindjee, 1988). 

The NHI is not required for the efficient electron transfer from QA to QB; however, it is 

suggested that the presence of a metal ion is required to establish the electron transfer properties 

of QA, this suggests that the NHI also has a structural role (Debus et al., 1986). 

The bicarbonate at the acceptor side is surrounded by hydrophilic residues and water molecules 

indicating it is in a highly hydrophilic environment, additionally protons have easy access to 

the bicarbonate at the cytosolic side where there is a small proteinaceous region from the 

bicarbonate toward the stromal/cytosolic solution (Figure 1.6). A hydrogen-bond network is 

necessary for the efficient and uni-directional transfer of protons. A hydrogen-bond network 

has been shown to connect the bicarbonate to the stromal/cytosolic bulk solution. In the 

cyanobacterial 1.9 Å structure, the W1138A water molecule is hydrogen-bonded to the third 

oxygen of the bicarbonate, and to another water molecule W675A. The W675A water molecule 

is also hydrogen-bonded to the bicarbonate and connects the hydrogen-bond network to the 

cytosolic surface through the W2195D water molecule. The cytosolic bulk solution is 

hypothesised to be the origin of the protons used to protonate QB where the proton is transferred 

through the hydrogen-bond network and up to the bicarbonate and then transferred to QB
2- 

through D1-H272 and D1-H215. The water molecules share four hydrogen-bonds with their 

surrounding molecules, the residues surrounding the two water molecules appear to be 

important to hold the water molecules in position. Substitutions at these residues may perturb 

the positions of the water molecules and disrupt the hydrogen-bond network connecting the 

bicarbonate to the cytosolic side disrupting the protonation of QB and therefore also the electron 

transfer from QA to QB. The first proton is hypothesised to come from another hydrogen-bond 

network containing D1-S264 and D1-H252 which connects QB to the cytosolic surface. The 

bicarbonate (HCO3
-) will become CO3

2- after giving its proton to QB
2-, and it has been 

hypothesised to get its proton back from the cytosol through D1-E244 (Müh et al., 2012). 

Furthermore, there is evidence for a change of bicarbonate coordination from bidentate to 

monodentate to the NHI when electron transfer from QA to QB occurs (Berthomieu and 



19 

Figure 1.6 Hydrogen-bond network around QB, the non-heme iron and bicarbonate (PDB 
3ARC). Blue lines represent coordination bonds, and dashed lines in cyan indicate hydrogen-bonds. 
Arrows in dashed, black lines indicate possible flow of protons towards the QB molecule. Adapted with 
permission from Shevela et al. (2012). Copyright 2012 Elsevier. 

Hienerwadel, 2001). Bicarbonate is also hypothesised to have a role during repair of PS II in 

the Eaton-Rye laboratory.  

In this study, we focused on the bicarbonate effect at the acceptor side where bicarbonate binds. 

There have been studies that show bicarbonate has an effect on the donor side; however, no 

binding site in an assembled PS II was observed for bicarbonate at the donor side in the X-ray 

crystal structures. Suggested roles of bicarbonate at the donor side are, the efficient 

photoactivation of the Mn4CaO5 cluster, the stabilisation of the OEC, and photoprotection and 

thermoprotection of the donor side (Klimov and Baranov, 2001). Studies have also suggested 

that weakly bound or non-bound bicarbonate may facilitate the deprotonation of the Mn4CaO5 

cluster (Ananyev et al., 2005; Shutova et al., 2008).  
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1.8 Aims 

An abundance of research into every aspect of the PS II complex has been carried out for 

decades; however, the precise mechanism of water oxidation is still unknown. Further research 

is still needed to better understand the water oxidation process of PS II which will be invaluable 

to mimic this process in an artificial system. 

The first part of this study focuses on the role of the LMW proteins of the CP47 pre-complex, 

which is an early intermediate complex during PS II assembly. These include PsbH, Sll0933 

and, potentially, PsbY; however, the presence of PsbY has not been shown in the CP47-pre-

complex but both PsbX and PsbY are present once the RC47 complex is formed. PsbX, PsbY, 

and the Sll0933 assembly factor knockout strains have mild phenotypes. To exacerbate their 

phenotype, a knockout approach was used with PsbH, PsbX, and PsbY in tandem with a 

Sll0933 assembly factor knockout. Physiological characterisation of these double mutants gave 

an insight into their role and the interactions during PS II assembly and function.  

The second half of this study focused on the role the D2 protein has in bicarbonate binding at 

the acceptor side. This part of the study came about after finding that bicarbonate binding was 

affected in all the Sll0933 double mutants and the fact that the PsbH and PsbX proteins interact 

with the D2 protein (Figure 1.5). This involved the construction of a D2 mutagenesis system 

allowing the creation of targeted mutations in the D2 subunit of PS II. To establish that this 

system functioned correctly, the construction and physiological characterisation of D2-His189 

and D2-Trp253 mutants that have been studied before was undertaken. The mutagenesis system 

was then used to target D2 amino acid residues that surround the W675A water molecule and 

are part of the putative hydrogen-bond network that protonates QB and the binding of 

bicarbonate. These residues include D2-Glu242, D2-Lys264, D2-Thr243, and D2-Tyr244. 

Physiological characterisation of these point mutants was carried out to investigate the role 

these amino acid residues have in the protonation of QB and the binding of bicarbonate. This 

also determined the function of bicarbonate. An additional mutant CP43-Asp460 was also 

constructed to investigate a potential hydrogen-bond between CP43-Asp460 and Arg24 and 

Arg28 of PsbT and the effect on PSII repair when this bond is disrupted.  
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Chapter 2 

 

Materials and Methods 
 

2.1 Materials 

2.1.1 Chemicals  

All chemicals and reagents used in this study were of analytical grade. The materials were 

purchased from numerous companies including; Agilent Technologies, USA; Agrisera, 

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

Thermo Fisher Scientific Inc., USA.  

 

2.1.2 Oligonucleotides 

Oligonucleotides to develop mutagenesis constructs and to confirm constructs/mutants were 

designed on SnapGene® versions 3.0 and above (GSL, Biotech, USA). Primers were 

synthesised and obtained from Integrated DNA Technologies, Singapore.  
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Table 2.1 List of primers used in this study. DS – Downstream; US – Upstream; SpecR – 

Spectinomycin-resistance cassette; KanR – Kanamycin-resistance cassette.  

 

Primer Primer Sequence (5’ – 3’) 

Sequencing primers for the Sll0933 double mutants 

PsbH-DS GGGTTTCTCATCGTTAAGTTGAACGG 

PsbH-US GGAGAGTTAGTAGAGCTAGATTTAGC 

PsbX-DS GCCGCAATTCATTACATAATTGG 

PsbX-US CCAAAGTCCATTGTTGAACCAGTTGG 

PsbY-DS GCGTTAACAACGGAAACCCCTACC 

PsbY-US GGCCAGGCGATCAATCAGCGCATCGG 

Sll0933-DS GGTGCGTAAGGGAGCGCAGGACAGG 

Sll0933-US CCTTTCTCTTGGGAAGTGGTAACAGC 

Primers for the construction and sequencing of the PsbDI/C and PsbDII mutagenesis 

systems 

PsbDI/C-DS CTCCACGAAGCGGGCAAACAAGTGG 

PsbDI/C-US CATGGGGTGTACAAGATGAACAGGT 

PsbDI/C-Seq1 CAGACCCTCACTAGCCTCAGTCAT 

PsbDI/C-Seq2 GCTGGTTCCAAATCGGTGGTTTGTGG 

PsbDI/C-Seq3 CTTTATCTTCCCTGAGGAGGTTCTC 

PsbDI/C-Seq4 CTGTATTTCCGGTGGTATCTGGCA 

PsbDI/C-Seq5 GGAACCCACGTTGTTCATGCCTGAC 

PsbDII-DS CGGGATATTGATCCCCAGGTAGAGC 

PsbDII-US CGAGTAAAAAGTCCTGCCAACTCTG 

SpecR-Cassette-

DS 

CTGCTCGCGCAGGCTGGGTGCCAAG 

SpecR-Cassette-

US 

CGGATGTTGCGATTACTTCGCCAAC 

KanR-Cassette-

DS 

GATTTATTCTGCAGAGCCACGTTGTGTCTC 

KanR-Cassette-

US 

AGGTCAGAATAGCGCTGCAGTCTGCCTCGT 
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Primers used in QuikChange Site-Directed Mutagenesis 

StuI-DS GGAGGGTAACCAATGCCGAGGCCTTTAGCGAAAAC 

StuI-US GTTTTCGCTAAAGGCCTCGGCATTGGTTACCCTCC 

CP43-D460A-

DS 

GTTCATGCCTGACCTCGCCTAGATTGAGACTTTTCT 

CP43-D460A-

US 

AGAAAAGTCTCAATCTAGGCGAGGTCAGGCATGAAC 

CP43-D460E-

DS 

GTTCATGCCTGACCTCGAGTAGATTGAGACTTTTCTG 

CP43-D460E-

US 

CAGAAAAGTCTCAATCTACTCGAGGTCAGGCATGAAC 

CP43-D460K-

DS 

CGTTGTTCATGCCTGACCTCAAGTAGATTGAGACTTTTCTGAT 

CP43-D460K-

US 

ATCAGAAAAGTCTCAATCTACTTGAGGTCAGGCATGAACAAC

G 

CP43-D460N-

DS 

GTTGTTCATGCCTGACCTCAACTAGATTGAGACTTTTCT 

CP43-D460N-

US 

AGAAAAGTCTCAATCTAGTTGAGGTCAGGCATGAACAAC 

D2-E242A-DS CCCACCCAAGCAGAAGCAACCTATTCCATGGTGA 

D2-E242A-US TCACCATGGAATAGGTTGCTTCTGCTTGGGTGGG 

D2-E242D-DS  GAACCCACCCAAGCAGAAGACACCTATTCCATGGT 

D2-E242D-US  ACCATGGAATAGGTGTCTTCTGCTTGGGTGGGTTC 

D2-E242K-DS  AACCCACCCAAGCAGAAAAAACCTATTCCATGGTG 

D2-E242K-US  CACCATGGAATAGGTTTTTTCTGCTTGGGTGGGTT 

D2-E242Q-DS AACCCACCCAAGCAGAACAAACCTATTCCATGGTG 

D2-E242Q-US CACCATGGAATAGGTTTGTTCTGCTTGGGTGGGTT 

D2-H189F-DS TTTGTTCCTGCAAGGGTTCTTCAACTGGACTTTGAACCCC 

D2-H189F-US GGGGTTCAAAGTCCAGTTGAAGAACCCTTGCAGGAACAAA 

D2-H189L-DS GTTCCTGCAAGGGTTCCTCAACTGGACTTTGAACC 

D2-H189L-US GGTTCAAAGTCCAGTTGAGGAACCCTTGCAGGAAC 

D2-K264A-DS CGGTATTGCTTTCTCCAACGCGCGGTGGTTGCACTTCTTC 

D2-K264A-US GAAGAAGTGCAACCACCGCGCGTTGGAGAAAGCAATACCG 
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D2-K264E-DS GTATTGCTTTCTCCAACGAGCGGTGGTTGCACTTC 

D2-K264E-US GAAGTGCAACCACCGCTCGTTGGAGAAAGCAATAC 

D2-K264R-DS CGGTATTGCTTTCTCCAACCGGCGGTGGTTGCACTTCTTC 

D2-K264R-US GAAGAAGTGCAACCACCGCCGGTTGGAGAAAGCAATACCG 

D2-N250A-DS  CCTATTCCATGGTGACCGCTGCCCGTTTCTGGTCTCA 

D2-N250A-US  TGAGACCAGAAACGGGCAGCGGTCACCATGGAATAGG 

D2-N250D-DS CTATTCCATGGTGACCGCTGACCGTTTCTGGTC 

D2-N250D-US GACCAGAAACGGTCAGCGGTCACCATGGAATAG 

D2-N250H-DS CTATTCCATGGTGACCGCTCACCGTTTCTGGTC 

D2-N250H-US GACCAGAAACGGTGAGCGGTCACCATGGAATAG 

D2-S254A-DS CCGCTAACCGTTTCTGGGCTCAGATTTTCGGTATTG 

D2-S254A-US CAATACCGAAAATCTGAGCCCAGAAACGGTTAGCGG 

D2-S254H-DS GACCGCTAACCGTTTCTGGCATCAGATTTTCGGTATTGCT 

D2-S254A-US AGCAATACCGAAAATCTGATGCCAGAAACGGTTAGCGGTC 

D2-S254T-DS  CCGCTAACCGTTTCTGGACTCAGATTTTCGGTATTG 

D2-S254T-US  CAATACCGAAAATCTGAGTCCAGAAACGGTTAGCGG 

D2-T243A-DS ACCCACCCAAGCAGAAGAAGCCTATTCCATGGTG 

D2-T243A-US CACCATGGAATAGGCTTCTTCTGCTTGGGTGGGT 

D2-T243K-DS CCACCCAAGCAGAAGAAAAGTATTCCATGGTGACCGCT 

D2-T243K-US AGCGGTCACCATGGAATACTTTTCTTCTGCTTGGGTGG 

D2-T243S-DS ACCCACCCAAGCAGAAGAATCCTATTCCATGGTG 

D2-T243S-US CACCATGGAATAGGATTCTTCTGCTTGGGTGGGT 

D2-V247A-DS AGAAACCTATTCCATGGCGACCGCTAACCGTTTCT 

D2-V247A-US AGAAACGGTTAGCGGTCGCCATGGAATAGGTTTCT 

D2-V247D-DS GAAGAAACCTATTCCATGGATACCGCTAACCGTTTCTGGT 

D2-V247D-US ACCAGAAACGGTTAGCGGTATCCATGGAATAGGTTTCTTC 

D2-V247G-DS AGAAACCTATTCCATGGGGACCGCTAACCGTTTCT 

D2-V247G-US AGAAACGGTTAGCGGTCCCCATGGAATAGGTTTCT 

D2-W253F-DS CCATGGTGACCGCTAACCGTTTCTTCTCTCAGATTTTCGG 

D2-W253F-US CCGAAAATCTGAGAGAAGAAACGGTTAGCGGTCACCATGG 

D2-W253L-DS GACCGCTAACCGTTTCTTGTCTCAGATTTTCGGTA 

D2-W253L-US TACCGAAAATCTGAGACAAGAAACGGTTAGCGGTC 

D2-Y244A-DS CACCCAAGCAGAAGAAACCGCTTCCATGGTGACCGCTAAC 
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D2-Y244A-US GTTAGCGGTCACCATGGAAGCGGTTTCTTCTGCTTGGGTG 

D2-Y244F-DS CCAAGCAGAAGAAACCTTTTCCATGGTGACCGCTA 

D2-Y244F-US TAGCGGTCACCATGGAAAAGGTTTCTTCTGCTTGG 

D2-Y244H-DS CCAAGCAGAAGAAACCCATTCCATGGTGACCGC 

D2-Y244H-US GCGGTCACCATGGAATGGGTTTCTTCTGCTTGG 

 

2.1.3 Microbial strains 

2.1.3.1 Escherichia coli  

The Escherichia coli (E. coli) DH5α strain (Sigma-Aldrich, St, Louis MO, USA) was used.  

2.1.3.2 Synechocystis sp. PCC 6803 

The cyanobacterial strain used in this study was Synechocystis sp. PCC 6803, subtype GT-O1 

(Morris et al., 2014). This is a variant of the glucose tolerant strain isolated by Williams (1988). 

All mutants were made in this background.  

2.2 Methods 

2.2.1 General techniques   

Standard microbiological sterile techniques were observed in this study and carried out under 

Physical Containment Level 2 (PC2) conditions. A laminar flow hood was used when 

appropriate. Media and solutions were made using distilled and deionised ultrapure water at 

18.2 MΩ at 25oC from a Millipore Milli-Q Plus® water system (Millipore, MA, USA). 

Autoclaving was performed at 121°C and 15 psi for 20 min. Percentage measurements are 

weight/volume (w/v) unless stated otherwise. Temperature sensitive reagents and samples were 

stored at -20°C and -80°C where appropriate.  

2.2.2 Molecular biology techniques 

2.2.2.1 Genomic DNA extraction 

A liquid culture of Synechocystis 6803 was grown to an OD730 nm of ~0.8 in a 150 mL modified 

Erlenmeyer flask described in section 2.2.4.1. Cells were then harvested by centrifugation at 

5000 g for 5 min. The pellet was then washed twice with 5 M sodium chloride (NaCl) to remove 
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polysaccharides. Subsequently, the pellet was resuspended in 1 mL TE (10 mM Tris/HCl; 1 

mM EDTA; pH 8) buffer followed by addition of 1 mL of lysozyme solution at a concentration 

of 10 mg.mL-1 (Sigma-Aldrich, USA) and then incubated at 37°C for 1 h. The reaction was 

then halted by addition of 0.5 mL of 0.5 M EDTA pH 8. Proteins were then removed by 

addition of 1 mL of proteinase K solution (Roche, Germany) and 100 μL of 20% sodium 

dodecyl sulfate (SDS) with incubation at 37°C for 1 h. This was followed by an addition of a 

1/6th volume of 5 M NaCl and 1/8th volume of CTAB (0.7 mL NaCl and 10% cetyl 

trimethylammonium bromide) solution mix, this mixture was then left to incubate at 65°C for 

10 min. The sample was then centrifuged at 10 000 g for 10 min to pellet the cellular debris. 

The resulting supernatant was moved to a new tube and washed with 1:1 phenol:chloroform 

solution for 30 min to extract the nucleic acid followed by centrifugation at 5000 g for 5 min. 

DNA was precipitated from the aqueous phase using 95% cold ethanol then centrifuged at 10 

000 g for 5 min. The pellet was subsequently dried and resuspended in 0.5 mL of TE buffer 

and 20 mg.mL-1 RNAase A (Roche, Germany) and incubated at 37°C for 30 min to remove 

RNA. This was followed by a series of extractions using 1:1 phenol:chloroform, which 

involved mixing by inversion and centrifugation at 5000 g for 5 min then transferring the upper 

aqueous phase to a new tube, this was repeated until the interface was clear. The DNA was 

then precipitated using 1/10th volume 3 M sodium acetate pH 5.2 and 2× volume of 95% ethanol 

at -20°C for 1 h. Genomic DNA was subsequently pelleted by centrifugation at 12 000 g and 

4°C for 10 min, followed by a wash with cold 70% ethanol and dried at 37°C on a heat block 

for 10 min. The pellet was then finally resuspended in 100 – 250 μL of TE buffer pH 8.0 and 

stored at 20°C until further use. 

Tris-EDTA (TE) buffer - 10 mM Tris-HCl pH 8.0; 1 mM EDTA (ethylenediaminetetraacetic 

acid). 

Lysozyme solution – Lysozyme 10 mg.mL-1; TE buffer. 

Proteinase K - Proteinase K 2 mg.mL-1; TE buffer. 

Cetyltrimethylammonium bromide (CTAB) solution – 10% CTAB; 0.7 M NaCl. 

2.2.2.2 Quantification of DNA 

Nucleic acids were quantified using a Nanodrop ND-2000 UV-Vis spectrophotometer (Biolab 

Ltd, USA) using 1.5 μL of sample.  
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2.2.2.3 Purification of DNA 

DNA mixtures such as PCR products, digested DNA mixtures, and DNA from agarose gel 

were purified using GenepHlow™ Gel/PCR Kit (Geneaid Biotech Ltd., Taiwan). Purifications 

were performed as per the manufacturer’s instructions to a final volume of 20 - 30 μL. 

2.2.2.4 Polymerase chain reaction (PCR) 

All PCR reactions were performed in a MasterCycler Gradient thermal cycler (Eppendorf, 

Germany).  

Standard PCR – Standard PCR reactions were performed as per the manufacturer’s instructions 

in a 50 μL volume. The PCR mixture contained 5 μL 10× PCR buffer, 1 μL 10 mM 

deoxyribonucleotide triphosphate (dNTP), 1.5 μL 50 mM magnesium chloride (MgCl2), 1 μL 

of 10 μM forward and reverse primers, 1 μL DNA template, sterile water making the solution 

up to 49.5 μL, and 0.5 μL of Platinum Taq polymerase (Invitrogen, USA). The DNA template 

was at a concentration of 50 – 200 ng.μL-1 and 300 – 500 ng.μL-1 for plasmid DNA. The PCR 

procedure is found in Table 2.2. An empirically determined temperature was used for the 

annealing step and a calculated time for the extension step dependent on the size of the 

amplicon (usually 1 min per kb of the DNA template). 

Table 2.2 Thermal cycling procedure for standard PCR. 

Step Temperature Time 

Initial denaturation 94°C 2 min 

 

30 PCR Cycles 

Denaturation 94°C 30 s 

Annealing ~55°C  30 s 

Extension 72°C 1 min/kb 

Final Extension 72°C 5 min 

 

High-fidelity PCR – High-fidelity PCR was used to avoid introducing undesired mutations 

when amplifying regions for cloning. The high-fidelity enzyme with proofreading primarily 

used was Phusion® High-fidelity (HF) DNA polymerase (New England Biolabs, USA). 

Reactions were performed as per the manufacturer's instructions in a 50 μL volume. The PCR 

mixture contained 5 μL 5× HF buffer, 1 μL 10 mM dNTP, 1.25 μL of 10 μM forward and 
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reverse primers, 1 μL DNA template, sterile water making the solution up to 49.5 μL, and 0.5 

μL of Phusion® HF DNA polymerase. The PCR procedure is found in Table 2.3, using an 

empirically determined temperature for the annealing step and a calculated time for the 

extension step dependent on the size of the amplicon (30 s per kb of the DNA template). 

Table 2.3 Thermal cycling procedure for High-fidelity PCR. 

Step Temperature Time 

Initial denaturation 98°C 30 s 

 

30 PCR Cycles 

Denaturation 98°C 10 s 

Annealing ~55°C  30 s 

Extension 72°C 30 sec/kb 

Final Extension 72°C 5 min 

 

Colony PCR – Colony PCR was used to confirm complete segregation of Synechocystis 6803 

mutant strains by amplifying PCR products from whole cells after transformation. A KAPA3G 

Plant PCR Kit (KAPA Biosystems, Massachusetts, USA) was used to perform colony PCR. 

Reactions were performed as per the manufacturer’s instructions in a 50 μL volume (initial 

denature step modified). The PCR mixture contained 25 μL KAPA plant PCR buffer, 1.5 μL 

25 mM MgCl2, 1.25 μL of 10 μM forward and reverse primers, 1 μL DNA template (a single 

colony resuspended in 20 μL of sterile water), sterile water making solution up to 49.5 μL, and 

0.5 μL of KAPA3G Plant DNA polymerase. The PCR procedure is found in Table 2.4, using 

an empirically determined temperature for the annealing step, a calculated time for the 

extension step dependent on the size of the amplicon (30 s per kb of the DNA template) and 

final extension step (1 min per kb of the DNA template). 

Table 2.4 Thermal cycling procedure for Colony PCR. 

Step Temperature Time 

Initial denaturation 95°C 8 min 

 

35 PCR Cycles 

Denaturation 95°C 20 s 

Annealing ~55°C  15 s 

Extension 72°C 30 sec/kb 

Final Extension 72°C 1 min/kb 
 

Site-directed mutagenesis PCR – Site-directed mutagenesis PCR was performed to introduce 

desired point mutations using a QuikChange II site-directed mutagenesis kit (Agilent 
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Technologies, USA). The oligonucleotides were designed using a tool provided by Agilent 

Technologies specifically for QuikChange II site-directed mutagenesis 

https://www.genomics.agilent.com/primerDesignProgram.jsp. Reactions were performed as 

per the manufacturer's instructions in a 50 μL volume. The PCR mixture contained 5 μL 10× 

reaction buffer, 1.25 μL of 10 μM forward and reverse primers, 5 – 50 ng of the plasmid 

template, 1 μL 10 mM dNTP, sterile double distilled water making solution up to 49 μL, and 1 

μL of PfuUltra HF DNA polymerase. The PCR procedure is found in Table 2.5, using an 

empirically determined temperature for the annealing step and a calculated time for the 

extension step dependent on the size of the amplicon (1 min per kb of the plasmid template). 

This was followed by restriction digest using the DpnI restriction enzyme. DpnI (1.5 μL of 20 

U.μL) was added to the amplification mixture and incubated at 37°C for 1 – 2 h. The reaction 

mixture (25 μL) was used to transform the competent E. coli DH5α cells. DpnI endonuclease 

is able to recognise and digest methylated DNA; this was done to select for synthesised DNA 

that contained the mutation as this treatment digested the parental methylated DNA template.  

Table 2.5 Thermal cycling procedure for Site-directed mutagenesis PCR. 

Step Temperature Time 

Initial denaturation 95°C 30 s 

 

16 PCR Cycles 

Denaturation 95°C 30 s 

Annealing ~55°C  1 min 

Extension 68°C 1 min/kb 

 

2.2.2.5 Gel electrophoresis 

Gel electrophoresis was used routinely to visualise PCR products and digested plasmids. Two 

microlitres of 6× loading dye mixture were added to 10 μL of the DNA product. This mixture 

was then loaded on a 0.8% agarose gel in 1× TBE buffer, along with a ladder mixture 

containing 1 μg.μL-1 of 1 Kb plus ladder (Invitrogen, USA), 1 μL of the buffer used in the PCR 

reaction, 8 μL water, and 2 μL 6× loading dye used to estimate the size of products. Typically, 

the gel was run at 100 V for 50 min. The gel was then stained in 0.25 μg.μL-1 of ethidium 

bromide and visualised using a UV transilluminator and Molecular Imaging software (Kodak, 

USA). 

5× TBE buffer – 445 mM Tris; 445 mM boric acid; 10 mM EDTA pH 8.0 

6× loading dye mixture – 0.25% bromophenol blue, 0.25% xylene cyanol FF; 30% glycerol.  

https://www.genomics.agilent.com/primerDesignProgram.jsp
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2.2.2.6 Restriction digests 

Restriction enzymes obtained from Roche (Germany) and New England Biolabs (USA) were 

stored at -20°C and on an ice block at -20°C when in use. Reactions were performed as per the 

manufacturer’s instructions at a 10 μL volume. This mixture contained 1 μL 10× buffer, ~1 - 2 

μg of DNA, sterile water to make the volume up to 9 μL, and 1 μL of the restriction enzyme. 

Larger volumes were adjusted accordingly to 0.5 μL (1 unit) of restriction enzyme per μg of 

DNA. The mixture was then incubated at the indicated temperature for 1 – 2 h.  

2.2.2.7 Ligation 

Ligations into the pJET 1.2 (ThermoFisher Scientific, Massachusetts, USA) or pGEM-T Easy 

(Promega, USA) cloning vector was performed using 3 – 5 units of T4 DNA ligase in 2× 

reaction buffer and incubated at 4°C overnight or 1 h at room temperature. This mixture 

contained ~150 ng of the DNA product and 50 ng of the vector supplemented by sterile water 

up to a 10 μL volume. The entire mixture was then used to transform competent E. coli DH5α 

cells.  

PCR or digestion products were modified as noted below depending on the vector used for 

ligation. 

A-tailing – pGEM required a terminal dATP moiety. Five microlitres of purified DNA product 

was incubated at 95°C for 30 s then 75°C for 30 min in a standard PCR mixture containing 

only dATP.  

Blunt-ending – pJET required blunt-ends. For filling recessed 3’ termini, the purified product 

was incubated at 15 min at room temperature using 1 unit of Klenow (Roche, Germany) per μg 

of DNA and 1 mM of dNTPs. The enzyme was then heat inactivated at 75°C for 10 min. For 

removing protruding 3’ termini, the purified DNA product was treated with 2 mM dNTPs and 

1 – 2 units of T4 DNA polymerase (Roche, Germany) per μg of DNA and incubated at 12°C 

for 15 min. The reaction was then stopped by heat inactivating the enzyme at 75°C for 10 min. 

2.2.2.8 Preparation of Plasmid DNA 

Plasmid DNA was extracted using the Presto™ Mini Plasmid Kit (Geneaid Biotech Ltd., 

Taiwan). Five millilitres of sterile LB liquid media with appropriate antibiotics were inoculated 

with a single colony of transformed E. coli strain DH5α. The culture was allowed to grow 

overnight and then following the manufacturer’s instructions plasmid DNA was isolated.  
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2.2.2.9 Sanger sequencing   

Sequencing of DNA or plasmid products was performed by Genetic Analysis Services 

(Department of Anatomy, University of Otago, New Zealand). Samples were submitted in a 

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

concentration of 1 ng/ 100bp/ 5 μL for PCR products and 150 ng / 5 μL up to 4 Kb for plasmid 

products; larger plasmids were at a concentration of 200 ng / 5 μL. DNA sequencing was 

performed on a 3730XL DNA analyser (Applied Biosystems, CA, USA), results were then 

analysed using SnapGene®.  

2.2.3 Escherichia coli   

2.2.3.1 Growth and maintenance of Escherichia coli 

E. coli cultures were grown at 37°C in a growth room in liquid LB media or solid LB agar 

plates with appropriate antibiotics.  

Lysogeny Broth (LB) media – 1% bactotryptone; 0.5% yeast extract; 1% NaCl; 1.5% agar 

(solid media). 

Antibiotics – Antibiotics were added to media where appropriate in the following final 

concentrations: ampicillin: 25 µg.mL-1; kanamycin: 50 µg.mL-1; spectinomycin: 50 µg.mL-1; 

chloramphenicol: 30 µg.mL-1. Ampicillin, kanamycin, and spectinomycin are soluble in water 

and therefore made in water and filter sterilised then stored at 4°C.  Chloramphenicol was made 

in ethanol and stored at -20°C. 

2.2.3.2 Preparation of competent Escherichia coli DH5α cells 

A single colony of E. coli DH5α was used to inoculate 10 mL of liquid LB media and then 

grown overnight in a 37°C growth room on a shaker ensuring cells did not pool at the bottom. 

Two sterile conical flasks containing 100 mL ψB media were inoculated with 1 mL of the 

DH5α culture grown overnight. The culture was then incubated in a 37°C growth room on a 

shaker for approximately 2 h until the OD600 nm reached ~0.3 – 0.4. The flasks were then cooled 

on ice for 5 min. Subsequently, the cells were harvested at 2760 g at 4°C for 5 min. The 

supernatant was then removed, and the pellet gently resuspended in 15 mL of TfBI. The cells 

were once again harvested at 2760 g at 4°C for 10 min. The pellet was then gently resuspended 

in 2 mL of cold TfBII. Two hundred microlitres of the resuspended cells were then aliquoted 
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into sterile 1.5 mL microfuge tubes and snap frozen in liquid nitrogen and stored at -80°C until 

required. 

ψB media – 2% bactotryptone; 0.5% yeast extract; 10 mM potassium chloride (KCl). Media 

was then adjusted to pH 7.6 with potassium hydroxide (KOH) and autoclaved. Sterile 34 mM 

magnesium sulfate (MgSO4) was added when the solution cooled. 

Transformation Buffer I (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 autoclaved 

and stored at 4°C. 

Transformation Buffer II (TfBII) – 10 mM 3-(N-morpholino) propanesulfonic acid (MOPS); 

75 mM CaCl2; 10 mM rubidium chloride (RbCl2); 15% glycerol. The solution was autoclaved 

and stored at 4°C. 

2.2.3.3 Heat shock transformation of competent Escherichia coli DH5α 

cells 

Frozen competent cells were thawed on ice for 5 - 10 min. One microlitre of plasmid DNA or 

20 µL of ligation product was added to transform the competent cells and mixed gently. The 

cells were then incubated on ice for 30 min. Subsequently, the cells were ‘heat shocked’ at 

37°C for 2 min and then returned to the ice to incubate for an additional 3 min. One millilitre 

of sterile LB media was then added into the mixture and incubated at 37°C for 90 min on a 

shaker. Cells were subsequently harvested by centrifugation at 12000g for 1 min. The 

supernatant was discarded, and the pellet was resuspended in 200 µL of liquid LB media. Fifty 

microlitres of the cells were plated per LB agar plate containing appropriate antibiotics. Plates 

were then inverted and incubated overnight at 37°C. A transformation efficiency of ~2-8 × 106 

cfu.µg-1 (colony forming units per microgram of DNA) determined by the transformation of 1 

ng of pUC19 vector was achieved in most transformations. 

2.2.4 Synechocystis sp. PCC 6803 

2.2.4.1 Growth and maintenance of Synechocystis 6803 

Synyechocystis 6803 cultures were grown and maintained on BG-11 agar plates containing 

glucose, atrazine, and appropriate antibiotics. Cells were restreaked on fresh plates every 3 – 4 

weeks. Liquid cultures of Synyechocystis 6803 were grown mixotrophically in BG-11 media 
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containing glucose and appropriate antibiotics in sterile 150 mL or 300 mL modified 

Erlenmeyer flasks as described in Eaton-Rye (2004). Attached to the flasks were Millex – FG50 

sterile membrane air filters (Millipore, MA, USA), which was connected to a pump that 

continuously pumped air through sterile water into the flask; this was done to provide 

humidified air and slow evaporation. Cultures were maintained in a growth room at 30°C under 

constant illumination of white light at 30 µE.m-2.s-1 provided by metal halide lamps. Strains of 

Synyechocystis 6803 were stored at -80°C in BG-11 liquid media containing 15% glycerol.  

100× BG-11 (blue-green) media without iron, phosphate, and carbonate – 1.76 M sodium 

nitrate (NaNO3); 30.4 mM magnesium sulfate heptahydrate (MgSO4.7H2O); 24.5 mM calcium 

chloride dihydrate (CaCl2.2H2O); 2.86 mM citric acid (C6H8O7); 0.22 mM disodium 

ethylenediaminetetraacetic acid (NaEDTA) pH 8.0; 10% (v/v) trace minerals.  

Trace minerals – 46.26 mM boric acid (H3BO3); 8.9 mM manganese chloride tetrahydrate 

(MnCl2.4H2O); 0.77 mM zinc sulfate heptahydrate (ZnSO4.7H2O); 1.61 mM sodium 

molybdate dehydrate (H4MoO4.2H2O); 0.32 mM copper (II) sulfate pentahydrate 

(CuSO4.5H2O); 0.17 mM cobalt (II) nitrate hexahydrate [Co(NO3)2.6H2O].  

BG-11 liquid media - 1× BG-11 without iron, phosphate, and carbonate; 6 µg.mL-1 ferric 

ammonium citrate (C6H8FeNO7); 20 µg.mL-1 sodium carbonate (Na2CO3); 30.5 µg.mL-1 

dipotassium hydrogen orthophosphate (K2HPO4). 

BG-11 liquid media pH 7.5 – BG-11 liquid media as described above adjusted to pH 7.5 with 

25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid/sodium hydroxide 

(HEPES/NaOH). 

BG-11 solid agar plates - BG-11 liquid media as described above; 10 mM 2-

[Tris(hydroxymethyl)-methylamino]-ethanesulfonic acid sodium hydroxide (TES-NaOH) pH 

8.2; 0.3% sodium thiosulfate (Na2S2O3); 1.5% agar.  

Glucose – Glucose was added to media at a final concentration of 5 mM. Glucose was made in 

water, autoclaved, and stored at 4°C. 

Atrazine – Atrazine was added at a final concentration of 20 µM. Atrazine was made in 

methanol and stored at -20°C. 

Antibiotics – Antibiotics were added to media where appropriate in the following final 

concentrations: kanamycin: 25 µg.mL-1; spectinomycin: 25 µg.mL-1; chloramphenicol: 15 
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µg.mL-1. Kanamycin and spectinomycin were made in water, filter sterilised and stored at 4°C.  

Chloramphenicol was made in ethanol and stored at -20°C. 

2.2.4.2 Transformation of Synechocystis 6803 

Liquid cultures of Synechocystis 6803 were inoculated with cells from the solid agar plates and 

prepared as mentioned above (section 2.2.4.1) in 150 mL modified Erlenmeyer flasks. The 

culture was grown mixotrophically for 2 – 3 days until it reached the mid-exponential phase at 

an OD730 nm of ~0.8. Cells were then harvested by centrifugation at 2760 g for 10 min. The 

pellet was resuspended and centrifuged twice in BG-11 to wash cells removing glucose and 

antibiotics. The cells were then resuspended in 0.5 mL BG-11 to an OD730 nm of 2.5, the cells 

were then placed in a sterile test tube or Falcon® tube. Subsequently, 0.2 – 2 µg of plasmid 

DNA was added and mixed, followed by 6 h incubation in the growth room at 30°C under 

constant illumination of white light at 30 µE.m-2.s-1; cells were mixed after 3 h. Cells were then 

spread onto a sterile Whatman Nucleopore® sterile filter on BG-11 plates containing only 

glucose. The cells were left to grow for 12 – 16 h, after which the filters were removed and 

placed on a fresh BG-11 plate containing glucose and appropriate antibiotics. Plates were then 

incubated until colonies of transformants appeared. Single colonies were restreaked at least on 

three separate times until complete segregation of chromosomes were confirmed by colony 

PCR or PCR using isolated DNA.  

2.2.5 Physiological characterisation of Synechocystis sp. PCC 6803 

strains 

2.2.5.1 Starter cultures of Synechocystis 6803 for physiological 

characterisation 

Starter cultures of Synechocystis 6803 for physiological characterisation were grown in liquid 

BG-11 media with glucose and appropriate antibiotics in 150 mL modified Erlenmeyer flasks 

in the conditions described above (section 2.2.4.1). Specific experiments in this study required 

no glucose at times. Cells were grown to an OD730 nm of ~0.8, then harvested by centrifugation 

at 2760 g for 8 min. The pellet was resuspended in 5 mL BG-11 pH 7.5 and pelleted again by 

centrifugation. This step was repeated once more to wash away glucose and antibiotics. The 

pellet was then resuspended in 5 mL of BG-11 pH 7.5. Afterwards, cells were transferred into 

20 – 30 mL BG-11 pH 7.5 to a final chlorophyll a concentration of 10 µg.mL-1 in a 100 mL 
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Erlenmeyer flask. The flasks were then placed on a shaker in the growth room. The cells were 

left for at least 30 min and then used for physiological assays.  

To determine chlorophyll a concentrations, 10 µL of the concentrated cells were added to 1 

mL of 100 % methanol for whole cells or 80% acetone for thylakoids and mixed thoroughly. 

The cells were then centrifuged at 13 200 g for 5 min to extract pigments. The supernatant was 

then transferred to a 1 mL glass cuvette and the absorption measured at 663 nm in a Thermo 

Scientific Evolution 201 UV/Vis spectrophotometer. The A663 nm was multiplied by the dilution 

factor and divided by the chlorophyll a absorption coefficient (1 mg.mL-1 = A663 nm of 82).  

2.2.5.2 Photoautotrophic growth 

A growth curve was used to assess the competency of each strain to grow photoautotrophically. 

This was done by growing the strains in a photoautotrophic environment and measuring the 

optical density at a wavelength of 730 nm, every 24 h for a total of 7 days.  

A 150 mL modified Erlenmeyer flask filled with 150 mL of sterile BG-11 and appropriate 

antibiotics was inoculated with cells prepared from the starter cultures at an OD730 nm of 0.5. 

The cells were then left to grow in the growth room in conditions described in 2.2.4.1. To adjust 

for evaporation, sterile water was added to the flasks (every 24 h) to keep the volume at 150 

mL. 

2.2.5.3 Oxygen evolution 

Oxygen evolution was measured using cultures prepared as described in section 2.2.5.1 using 

a Clark-Type electrode (Hansatech, UK). Saturating illumination was a red light at an intensity 

of 5000 µE.m-2.s-1 provided by a FLS1 light source (Hansatech, UK) equipped with a 580 nm 

bandpass sharp cut-off glass filter (Melles-Griot, USA). Activation or deactivation of 

illumination was controlled by a controller built in lab 308 by S. A. Jackson. The protocol for 

illumination was 30 s pre-record, 1 min with the light off, followed by 3 min of light and 1 min 

with the light off. One millilitre of cells were added to the reaction chamber which was 

maintained at 30°C. Oxygen evolution for PS II specific reactions was supported by artificial 

electron acceptors DCBQ (2,6-dichloro-1,4-benzoquinone) and DMBQ (2,5-dimethyl-1,4-

benzoquinone) both at a concentration of 0.2 mM supplemented with 1 mM potassium 

ferricyanide (K3Fe(CN)6). Whole chain reactions were supplemented with 15 mM of sodium 

bicarbonate (NaHCO3). To assess the binding of bicarbonate on the acceptor side of PS II, 25 
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mM of sodium formate (HCOONa) were added to measurements together with DMBQ or 

bicarbonate.  

The rate of oxygen evolution (μmol O2.(mg Chl a)-1.h-1) was measured using the following 

equation: 

0.235 × 60 × 1000 

calibration voltage (mV)  × Chl 𝑎 (𝑚𝑔)
× slope of first 30 s 

 

2.2.5.4 Photoinhibition and recovery assay 

Cultures were prepared as described in 2.2.5.1 but were resuspended in a 100 mL beaker to a 

chlorophyll a concentration of 10 µg.mL-1 in a volume of 50 mL and constantly stirred using a 

magnetic bar. The cells were left in the growth room in the condition described in 2.2.4.1 and 

left for 30 min to acclimate. PS II specific oxygen evolution was measured in the presence of 

0.2 mM DMBQ and 1 mM K3Fe(CN)6. An initial measurement used as a baseline was taken 

before the culture was introduced to a constant high-intensity light of 2000 µE.m-2.s-1 (HL) 

provided by an Ektalite slide projector (Kodak, USA) for 45 min to induce photoinhibition. 

The light was then switched off and the cultures left at standard conditions (LL) for an 

additional 135 min to allow for recovery of PS II. Measurements were made every 15 min to 

access PS II activity, beginning with the initial measurement for a total of 180 min.  

2.2.5.5 Whole cell absorption spectra 

Cultures prepared as described in section 2.2.5.1 were diluted to an OD800 nm of 0.3. A baseline 

scan was measured with BG-11, the absorption scan was performed with a slit width of 1 mm 

and a scan speed of 4 nm.s-1. Spectra were measured with a Thermo Scientific Evolution 201 

UV/Vis spectrophotometer.  

2.2.5.6 Low-temperature (77 K) fluorescence spectroscopy 

Low-temperature (77 K) fluorescence spectroscopy was measured using a modified MPF-3L 

fluorescence spectrometer (Perkin Elmer, USA), equipped with a custom made, silver-lined 

liquid nitrogen Dewar. The culture, prepared as described in 2.2.5.1, was diluted to a 

chlorophyll a concentration of 2.5 µg.mL-1 in a volume of 200 µL using BG-11 pH 7.5 and 

transferred into a glass tube (internal diameter 4 mm, external 6 mm) and then frozen using 
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liquid nitrogen. The glass tube was then inserted into the liquid nitrogen Dewar. Data were 

collected at two excitation wavelengths. At 440 nm excitation, the excitation and emission slits 

were set at 12 and 2 nm, respectively. At 580 nm excitation, the excitation and emission slits 

were set at 8 and 2 nm, respectively. Emission spectra were measured between 480 nm – 780 

nm for 440 nm excitation, 600 nm – 780 nm for 580 nm excitation and scanned at 100 nm.min-

1. Data were processed using a custom made program in R, the data was processed by a baseline 

subtraction approximated by the emission maxima using Gaussian curves and normalised to 

the PS I emission maxima at 725 nm.  

2.2.5.7 Variable chlorophyll a fluorescence induction and chlorophyll a 

fluorescence decay 

 

Cultures, prepared as described in section 2.2.5.1, were diluted to a concentration of 5 µg.mL-

1 in a volume of 2 mL and transferred into a 3 mL transparent plastic cuvette. The samples were 

dark adapted for 8 min. Different treatments were then applied to the samples and dark adapted 

for a further 2 min. Treatment of the samples was dependent on the experiment being performed 

and included the addition of 40 µM of DCMU, 15 mM of sodium bicarbonate, or 25 mM of 

sodium formate.  

Variable chlorophyll a fluorescence and chlorophyll a fluorescence decay measurements were 

done at room temperature in an FL-3500 double-modulation fluorometer (Photo Systems 

Instruments, Czech Republic) using blue light emitting diodes (445 nm wavelength) for actinic 

illumination. Four blue measuring light (BMF, 455 nm) pulses each lasting 3 µs and spaced 

200 ms apart, were used to measure the initial fluorescence (Fo) of the dark-adapted samples.  

Subsequently, a saturating actinic light was used for the fluorescence assays. Variable 

chlorophyll a fluorescence induction assay involves exposing cells to a continuous 445 nm 

actinic light at an intensity of 1250 µE.m-2.s-1, fluorescence was measured using a logarithmic 

series of BMF at specific time points for a total of 10 s.  

For the fluorescence decay assays, cells were exposed to a single saturating actinic light with 

an intensity of 2000 µE.m-2.s-1 lasting 30 µs, the decay was probed with a logarithmic series of 

BMF for 60 s after the actinic flash. Multiple actinic flash assays were performed to analyse 

the turnover of PS II; this was done by measuring fluorescence decay after 2 or 3 saturating 

actinic flashes spaced 200 ms apart. 
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2.2.5.8 Analysis of Chlorophyll a fluorescence decay kinetics 

Analysis of chlorophyll a fluorescence decay kinetics in the absence of DCMU was performed 

by curve fitting. This was done by fitting the two exponential phases and a hyperbolic phase 

according to the following equation provided by Vass et al. (1999): 

Ft - Fo = A1exp(-t/T1) + A2exp(-t/T2) + A3/(1 + t/T3) 

Ft is the variable fluorescence at a time point after a single saturating actinic flash; Fo is the 

initial fluorescence before the flash; A1, A2, A3 are the amplitude percentages of the three 

components of the decay; finally, T1, T2, T3 are the time constants from which the half-lives are 

calculated using the equation half-life = ln(2)/Tn for the two exponential phases and half-life = 

T3 for the hyperbolic phase (Vass et al., 1999). This model splits the decay into three phases, 

the fast phase represents the electron transfer from QA
- to QB, the intermediate phase represents 

the reoxidation of QA
- by PQ, which must first bind to an empty QB pocket, and the slow phase 

represents the recombination of QA
- with the S2 state of the OEC at the donor side of PS II.  

In the presence of DCMU forward electron transfer is inhibited due to DCMU binding to the 

QB pocket, inhibiting PQ from binding; the reoxidation of QA
- then occurs via charge 

recombination with the S2 state of the oxygen-evolving complex through P680 or Tyr Z 

(Tyystjarvi and Vass, 2004). Only two phases exist in the presence of DCMU, one exponential 

and one hyperbolic phase according to the following equation provided by Fufezan et al. 

(2007): 

Ft - Fo = A1exp(-t/T1) + A2/(1 + t/T2) + c 

Similar to the previous equation A1 and A2 are the amplitude of each phase, T1 and T2 are the 

time constants. c is a constant (an amplitude offset). Curve fitting was performed using 

SciDavis version 1.D13 and above.  

2.2.6 Protein analysis  

2.2.6.1 Thylakoid membrane isolation 

Cells were grown either in a 300 mL or a 1 L modified Erlenmeyer flask to an OD730 nm of ~0.8 

in the presence of glucose and appropriate antibiotics in conditions described in 2.2.5.1. The 

cells were then harvested by centrifugation at 8000 g and resuspended in 40 mL cell wash 

buffer in Falcon® tubes. Cells were centrifuged again and either frozen in liquid nitrogen and 
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stored at -80°C or immediately used in the following steps. The pellet was thawed on ice and 

resuspended in 4°C 40 mL cell wash buffer and harvested by centrifugation. The cells were 

subsequently resuspended in 1.6 mL of cold disruption buffer for every litre of the initial 

culture. The rest of this procedure is performed in a dark room at 4°C illuminated by a green 

light source. The cells were left in ice in the dark for 30 min undergoing lysis and then aliquoted 

in 1.6 mL and transferred into several 2 mL chilled microfuge tubes for bead beating. These 

microfuge tubes contained 0.1 mm zirconia beads (BioSpec Products, USA) at a level 

equivalent to 700 µL. The cells were then broken by a physical mechanical disruption in a bead 

beater for 5 cycles, each cycle involved 25 s at 4800 rpm followed by 5 min incubation on ice. 

Subsequently, the cells were transferred to a fresh Falcon® tube and centrifuged at 2000 g for 

2 min at 4°C to remove the beads. The resulting supernatant was transferred to another fresh 

Falcon® tube and centrifuged at 8000 g for 5 min at 4°C to remove unbroken cells. The 

supernatant was then transferred to 10 mL polycarbonate bottles (Beckman 355603). The 

thylakoid membranes were subsequently harvested by ultracentrifugation at 60000 g for 1 h at 

4°C using a 75 Ti rotor in a TL-100 ultracentrifuge (Beckman Coulter Inc. Indianapolis, IN, 

USA). The pellet was suspended in 8 mL of disruption buffer with a paintbrush and centrifuged 

again at 60 000 g for 25 min at 4°C to wash away phycobilisomes. Finally, the thylakoids were 

resuspended in solubilisation buffer, aliquoted into cryotubes, and stored in liquid nitrogen.  

Cell wash buffer – 50 mM HEPES-NaOH (pH 7.5); 20 mM CaCl2, 10 mM MgCl2; 1 mM 6-

amino-caproic 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 

soribitol, 1 M betaine monohydrate, 1 mM 6-amino-caproic 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 (Sigma-Aldrich, USA)  

2.2.6.2 Blue-native PAGE (BN-PAGE) 

The isolated thylakoid membranes were thawed on ice in the darkroom for 30 min. As 

described in section 2.2.5.1 chlorophyll a concentration was determined by extraction in 80% 

acetone and the absorption measured at 663 nm after centrifugation. The thylakoid membranes 

were then diluted with solubilisation buffer to a concentration of 0.5 mg.mL-1 of chlorophyll a 

at a volume of 100 µL. The thylakoid membranes were subsequently solubilised by the addition 
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of 100 µL of 2% β-D-dodecylmaltoside (β-DDM) (Affymetrix, USA) in solubilisation buffer 

giving a concentration of 1% β-DDM in 200 µL. The addition of 100 µL of the β-DDM solution 

was split into 4 cycles, each cycle included the addition of 25 µL of the β-DDM solution 

followed by 2 min on ice. This mixture was then gently mixed and left on ice for 1 min and 

subsequently centrifuged at 16 000 g for 15 min at 4°C. The solubilised thylakoid membranes 

were then transferred to a fresh microfuge tube and chlorophyll a concentration was determined 

once again.  

The solubilised thylakoid membranes were diluted with solubilisation buffer to give a 

chlorophyll a concentration of 0.2 µg.µL-1 in 28 µL. Ten microlitres of 4× BN-PAGE loading 

buffer and 5 µL if 5% Serva Blue G250 (Serva, Germany) was then added. Seven microlitres 

of this mixture were added to four separate 3-12% Bis-Tris 1.0 mm NativePage precast gel 

(Life Technologies, USA) that were loaded into a Novex gel chamber. The gels were placed in 

the middle of the Novex gel chamber creating two separate chambers behind and in front of 

the gel. Subsequently, 1× anode buffer was added to the back of the gel at 4°C in the dark room. 

Electrophoresis was run with 1× dark blue cathode buffer at the front of the gel at 80 V for 1 

h. The 1× dark blue cathode buffer was then removed and replaced with 1× light blue cathode 

buffer and run again at 150 V for 2.5 h. Subsequently, the gels were removed from their 

cassettes and left in ultrapure water for 16 h to de-stain the gel. The gels were then scanned and 

imaged using ImageScanner III colour scanner (Epson, USA). 

4× BN-PAGE Sample buffer – 50 mM Bis-Tris; 6M 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. 

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. 

1× light blue cathode buffer - 1:10 dilution of 10× BN-PAGE running buffer; 1:100 dilution of 

10× cathode buffer additive. 
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2.2.6.3 Western blotting  

Proteins on the BN-PAGE gels were transferred to a polyvinylidene difluoride (PVDF) 

membrane for immunoblotting. The BN-PAGE gels, scotch pad, 3MM Whatman filter paper, 

and PVDF membrane were soaked in cold electroblot buffer. A ‘sandwich’ was subsequently 

constructed in a cassette using these materials in the following order; scotch pad; 3MM 

Whatman filter paper; BN-PAGE gel; PVDF membrane; 3MM Whatman filter paper; scotch 

pad. The PVDF membrane was soaked in 100% methanol for 1 min before the assembly of the 

‘sandwich’. This cassette was then placed in a Mini Trans-Blot Cell (Bio-Rad, USA) filled 

with cold electroblot buffer. The gel was placed facing the anode, and the buffer was constantly 

stirred by a magnetic bar. The transfer was run at 35 V for 18 h. Following the transfer, the 

PVDF membrane was washed in ultrapure water and was dried on 3MM Whatman paper using 

a small fan. The PVDF membrane was then destained in 100% methanol for 3 min, washed in 

ultrapure water twice and was subsequently incubated in Blot-O for 16 h at 4°C while being 

gently rocked. The PVDF membrane was then washed twice in ultrapure water for 10 min and 

subsequently incubated with 25 mL of primary antibody for 16 h and gently rocked at 4°C.  

The membrane was subsequently washed with 30 mL 0.1% Tween-20 in TBS pH 7.4, for 15 

min and then twice more for 5 min each on a rocker at room temperature. Subsequently, the 

PVDF membrane was incubated with the secondary antibody for 2 h at room temperature while 

being gently rocked. This was followed by washing the membrane 3 times for 5 min in 0.1% 

Tween-20 in BS pH 7.4. Finally, the PVDF membrane was incubated in freshly prepared 

enhanced chemiluminescence (ECL) reagents (Abcam, USA) for 1 min to induce enhanced 

chemiluminescence. Proteins were then detected on the PVDF membrane by an Odyssey® Fc 

imaging system (LI-COR Biotechnology, USA). 

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 in amino acids 257-450 of Arabidopsis thaliana against 

CP43 peptide; α-D2, raised in rabbit against a synthetic conserved C-terminal region of the D2 

peptide. All the above antibodies were purchased from Agrisera, Sweden and diluted to 1:1000 

– 1:3000 in TBS pH7.4 with 1% bovine serum albumin (BSA) and 0.02% NaN3. 
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Tris-buffered saline (TBS) pH 7.4 – 0.137 M NaCl; 2.7 mM KCl, buffered with 25 mM Tris. 

pH was adjusted to 7.4 using 37% HCl. 

Secondary antibody – Anti-Rabbit IgG (whole-molecule)-peroxidase antibody (produced in 

Goat by Sigma) diluted to 1:20 000 in 50 mM Tris-HCl pH 7.5; 150 mM KCl; 3% BSA in 

ultrapure water.  
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Chapter 3 

 

Results – Physiological characterisation of assembly 

factor Sll0933 double mutants 
 

3.1 Construction of Sll0933 double mutants 

The sll0933 coding region was replaced with a chloramphenicol-resistance cassette in ΔPsbH, 

ΔPsbX, and ΔPsbY strains to create double mutants. The parental single mutants (where the 

respective genes had been replaced by a kanamycin-resistance cassette) had previously been 

constructed in the Eaton-Rye laboratory (Prouse, 2014). In addition, the construct to knockout 

sll0933 had been constructed in Prouse (2014). The construct to delete sll0933 had the open 

reading frame of the gene replaced with the chloramphenicol-resistance cassette and included 

1 kb upstream and 1 kb downstream of the gene to facilitate double homologous recombination 

(Figure 3.1). Mutant cells were then re-streaked a minimum of three separate occasions in the 

presence of chloramphenicol and kanamycin antibiotics in the selection medium. Complete 

segregation in mutant cells was confirmed by colony PCR using primers in Table 2.1 (Figure 

3.1).  
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Figure 3.1 Construction of Sll0933 double mutant. 

A. Map of the Sll0933 deletion plasmid. Chloramphenicol-resistance cassette is orange. Upstream 

flank and downstream flank is the surrounding non-coding region of sll0933. B. Colony PCR 

amplifying the psbH codon region: Lane 1 wild type, 2 ΔPsbH:ΔSll0933. C. Colony PCR amplifying 

the psbX codon region: Lane 1 wild type, 2 ΔPsbX:ΔSll0933. D. Colony PCR amplifying the psbY 

codon region: Lane 1 wild type, 2 ΔPsbY:ΔSll0933. E. Colony PCR amplifying the sll0933 codon 

region: Lane 1 ΔPsbH:ΔSll0933, 2 wild type, 3 ΔPsbX:ΔSll0933, 4 ΔPsbY:ΔSll0933. 
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3.2 Photoautotrophic growth curves  

To assess the importance of the Sll0933 assembly factor along with other putative components 

of the CP47 pre-complex in assembly and formation of a functioning Photosystem II (PS II) 

complex, the ability of single and double deletions mutants to grow photoautotrophically was 

tested (Figure 3.2). 

The ∆Sll0933 strain was able to grow photoautotrophically at a similar rate to wild type; it did, 

however, have a slight lag at the beginning of the growth period. The ΔPsbH strain showed 

severely retarded photoautotrophic growth compared to wild type, the ΔPsbH:ΔSll0933 double 

mutant was not photoautotrophic. Figure 3.2 also revealed that the ΔPsbX and ΔPsbY single 

mutants grow photoautotrophically at a rate similar to wild type. In addition, the 

ΔPsbX:ΔSll0933 and ΔPsbY:ΔSll0933 double mutants grow at a rate slightly slower than that 

of wild type. 

 

3.3 Whole cell absorption spectra  

It was observed during the growth of the pre-cultures in preparation for the photoautotrophic 

growth curve measurements that the double mutants ΔPsbH:ΔSll0933, ΔPsbX:ΔSll0933, and 

ΔPsbY:ΔSll0933, when grown photomixotrophically, exhibited a yellowish-green colour as 

distinct to the usual blue-green observed with other mutants as well as with these strains when 

grown photoautotrophically. 

To investigate this phenomenon whole cell absorption spectra were measured for 

photoautotrophically and photomixotrophically grown cells (noting that the ∆PsbH:∆Sll0933 

mutant was not photoautotrophic) (Figure 3.3). The spectra, normalised at 750 nm, contain two 

peaks at 435 and 679 nm which are the chlorophyll a absorption maxima in Synechocystis 6803 

cells, a carotenoid maximum at 500 nm, and as well as the phycobilisome peak at 625 nm. 

Figure 3.3 shows that when grown photomixotrophically for 48 h, the chlorophyll a, 

phycobilisome, and carotenoid peaks were severely reduced compared to wild type in the 

ΔPsbX:ΔSll0933 and ΔPsbY:ΔSll0933 mutants. However, when grown photoautotrophically 

for 48 h the ΔPsbX:ΔSll0933 and ΔPsbY:ΔSll0933 cells show almost identical spectra as 

observed for the wild type. 
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Figure 3.2 Photoautotrophic growth curve. 

A. Wild type (black), ΔSll0933 (red), ΔPsbH (green), ΔPsbH:ΔSll0933 (blue). B. Wild type (black), 
ΔSll0933 (red), ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). C. Wild type (black), ΔSll0933 (red), ΔPsbY 
(green), ΔPsbY:ΔSll0933 (blue). Data shown are the average of two independent biological replicates 

with the exception of wild type which was repeated three times.  
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Figure 3.3 Whole-cell absorption spectra.  

Cells were grown for 48 h then diluted to an OD730 of 0.3. In all panels wild type (black), 
ΔPsbX:ΔSll0933 (green), ΔPsbY:ΔSll0933 (blue). A and B. Cells were grown photomixotrophically.   
C and D. Cells were grown photoautotrophically. Data shown are the representative of two 
independent biological replicates. 

 

Intriguingly, after a further 24 h, the photomixotrophically grown cultures of ΔPsbX:ΔSll0933 

and ΔPsbY:ΔSll0933 cells both recovered their chlorophyll a, phycobilisome, and carotenoid 

levels relative to wild type. 
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3.4 Characterisation of the ΔPsbH:ΔSll0933 double mutant  

3.4.1 Oxygen evolution 

To assess the effect these knock out mutations have on PS II function, oxygen evolution was 

measured in all mutant strains and compared to wild type. The artificial quinones DCBQ and 

DMBQ were used to measure PS II-specific oxygen-evolving activity. DCBQ is thought to 

accept electrons directly from QA but may also bind to other sites, likely before the bicarbonate 

binding site such as alternate binding sites QC and QD, however, the existence of  QC and QD is 

debated (Komenda et al., 2002; Kaminskaya et al., 2007b; Kaminskaya et al., 2007a; 

Kaminskaya and Shuvalov, 2013). On the other hand, DMBQ binds to the QB site from where 

it accepts electrons (Graan and Ort, 1986). The K3Fe(CN)6 (which is not taken up by the cells) 

is also added to oxidise DCBQ and DMBQ that have been reduced, thus ensuring an active 

pool of artificial quinone at all times. These electrons acceptors, therefore, isolate PS II from 

the rest of the electron transport chain, rather than measuring the full photosynthetic electron 

transport chain, allowing direct observation of PS II-specific oxygen evolution. In contrast, 

sodium bicarbonate is added to provide a source of HCO3
- (as the ultimate terminal electron 

acceptor), to allow measurement of oxygen evolution arising from whole chain electron 

transport. 

Oxygen evolution for the wild type, the ∆Sll0933 strain, the ∆PsbH mutant, and the 

∆PsbH:∆Sll0933 double mutant is shown in Figure 3.4. The cells were grown 

photomixotrophically, oxygen evolution was detected with both DCBQ and DMBQ as electron 

acceptors. The observed rate of oxygen evolution in the presence of DCBQ was higher (493 ± 

34 µmoles O2 (mg of Chl)-1 h-1) for the ∆Sll0933 deletion mutant than for the ∆PsbH strain 

(124 ± 36 µmoles O2 (mg of Chl)-1 h-1) (Figure 3.4A); however, while the same trend was 

observed when DMBQ was the electron acceptor the observed rates were less than when 

DCBQ was used (Figure 3.4B). In the case of the ∆PsbH:∆Sll0933 double mutant, no oxygen 

evolution was detected with either electron acceptor. In contrast, when bicarbonate was used 

the observed rate of oxygen evolution for the ∆PsbH strain (321 ± 30 µmoles O2 (mg of Chl)-1 

h-1) was higher than the oxygen evolution rate of the ∆Sll0933 mutant (221 ± 41 µmoles O2 

(mg of Chl)-1 h-1). Furthermore, the ∆PsbH:∆Sll0933 double mutant also exhibited oxygen 

evolution (185 ± 28 µmoles O2 (mg of Chl)-1 h-1) suggesting that the native quinone could 

support oxygen evolution in this strain although the artificial quinone could not.  
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Oxygen evolution was also measured for the photoautotrophically grown cultures (Figure 3.4). 

Wild type, as well as the ∆Sll0933 strain, both revealed a reduced rate of oxygen evolution 

when compared to their photomixotrophically grown counterparts, in the presence of 

bicarbonate and both artificial quinones. The observed rate of oxygen evolution in the ∆Sll0933 

strain when in the presence of DCBQ (422 ± 57 µmoles O2 (mg of Chl)-1 h-1), is higher than 

the wild type oxygen evolution rate (342 ± 29 µmoles O2 (mg of Chl)-1 h-1) (Figure 3.4D). In 

contrast, when DMBQ was used, the observed rate of oxygen evolution for the ∆Sll0933 strain 

(238 ± 5 µmoles O2 (mg of Chl)-1 h-1) was lower than wild type (291 ± 50 µmoles O2 (mg of 

Chl)-1 h-1) (Figure 3.4E). In the presence of bicarbonate, the observed rate of oxygen evolution 

for the ∆Sll0933 strain (302 ± 28 µmoles O2 (mg of Chl)-1 h-1) reached a similar rate of oxygen 

evolution to wild type (294 ± 37 µmoles O2 (mg of Chl)-1 h-1) (Figure 3.4F). This trend was not 

observed in the photomixotrophically grown cultures.  

 

Table 3.1 Oxygen evolution rates in the ΔSll0933 and ΔPsbH mutant strains.                 
PM - Photomixotrophic grown pre-cultures, PA - Photoautotrophic grown pre-culture. 

Oxygen evolution rate (µmoles O2 (mg of Chl)-1 h-1) 

                 Electron acceptor 

Strain DCBQ DMBQ Bicarbonate 

Wild type PM 532 ± 37 458 ± 30 492 ± 9 

Wild type PA 342 ± 29 291 ± 50 294 ± 37 

∆Sll0933 PM 493 ± 34 302 ± 28 221 ± 41 

∆Sll0933 PA 422 ± 57 238 ± 5 302 ± 12 

∆PsbH PM 124 ± 36 151 ± 10 321 ± 30 

∆PsbH:∆Sll0933 PM 62 ± 8 9 ± 3 185 ± 28 
 

The experiment was repeated three times and the standard error is shown with the exception of the 

photoautotrophic measurements which were repeated twice.  
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Figure 3.4 Oxygen evolution. 

Strains were grown under constant illumination of 30 μE m-2 s-1 at 30°C, measured in the presence of 200 
μM DCBQ (A,D), or 200 μM DMBQ (B-E) both in the presence of 1 mM K3Fe(CN)6 , and 15 mM sodium 
bicarbonate (C-F). Down arrows indicate the beginning of actinic illumination, whereas the up arrows 
signify when the light was turned off. A,B,C. Cells were grown photomixotrophically, wild type (black), 
ΔSll0933 (red), ΔPsbH (green), ΔPsbH:ΔSll0933 (blue). D,E,F. Cells were grown photoautotrophically wild 
type (black), ΔSll0933 (red). Data shown are the average of three independent biological replicates with the 
exception of the photoautotrophic measurements which were repeated twice. 
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3.4.2 77 K Low-temperature fluorescence emission spectroscopy 

A reduction in oxygen evolution capacity may be caused by a change in PS II levels and 

assembly. To test this hypothesis fluorescence emission spectra were measured to evaluate the 

PS I to PS II ratio in the mutant strains shown in Figure 3.5.  

Chlorophyll a molecules were specifically excited by a 440 nm light. In the 440 nm light PS I 

has a major emission peak at 725 nm: in addition, the CP43 and CP47 core antenna proteins of 

PS II have two emission peaks at 685 nm and 695 nm, respectively. It is also the case that other 

factors may lead to a 685 nm emission peak, including, but not restricted to, unassembled 

complexes containing CP43 and CP47 (Boehm et al., 2011; Jackson et al., 2014). Photosystem 

I fluorescence emission is quenched at room temperature, and therefore fluorescence emission 

spectroscopy is measured at 77 K when the ratio of PS I to PS II is being considered (Jackson 

et al., 2014). 

The ΔSll0933 strain displayed reduced fluorescence emission at both of the 685 nm and 695 

nm peaks relative to the PS I emission, this suggests a reduced ratio of PS II centres to PS I. 

The ΔPsbH mutant revealed a slightly increased 685 nm emission peak compared to the wild 

type, it is, however, completely missing the 695 nm emission peak (Figure 3.5A), suggesting 

an inability to incorporate CP47 into the PS II reaction centre. Recent evidence has, however, 

revealed that PsbH is associated with the chlorophyll responsible for the 695 nm emission and 

the reduction in the quantum yield of fluorescence in the ∆PsbH strain at 695 nm does not, in 

fact, correlate with the relative level of assembled PS II centres (D'Haene et al., 2015). The 

increased amplitude of the 685 nm emission is possibly from unincorporated PS II assembly 

pre-complexes. The ΔPsbH:ΔSll0933 double mutant displayed a severely reduced 685 nm 

emission peak, while completely missing the 695 nm emission peak, as expected given the 

results of D’Haene et al. (2015). 

Low-temperature (77 K) fluorescence emission spectroscopy was also performed on the other 

mutant cells that were able to grow photoautotrophically to assess the effect that the removal 

of these proteins would have on the signal for these strains (Figure 3.5B). Little change was 

observed from the ΔSll0933 strain compared to when it was grown photomixotrophically. The 

wild type, however, revealed a decreased fluorescence at the 685 nm and 695 nm emission 

peaks, indicating that the mode of growth affects the fluorescence emission, possibly as a result 

of altering the stoichiometry between PS I and PS II. 
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Figure 3.5 77 K Low-temperature fluorescence emission spectroscopy with 440 nm excitation 
wavelength. Spectra normalised to the PS I emission maxima at 725 nm. 

A. Cells were grown photomixotrophically, wild type (black), ΔSll0933 (red), ΔPsbH (green), and 
ΔPsbH:ΔSll0933 (blue). B. Cells were grown photoautotrophically, wild type (black), ΔSll0933 (red). 
Data shown are the average of three independent biological replicates with the exception of the 
photoautotrophic measurements which were repeated twice. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Low-temperature fluorescence emission spectroscopy was also carried out using 580 nm 

excitation; this excites the phycobilisome antenna and can be used to observe energy transfer 

between the phycobilisome antenna and (mostly) PS II. The emission peaks observed are at 

645 nm, due to the phycocyanin, at 665 nm arising from allophycocyanin (Su et al., 1992; 

Ajlani and Vernotte, 1998; Yu et al., 1999), and a 685 nm peak which is due to the terminal 

emitter in the phycobilisome linker peptide ApcE (Joshua and Mullineaux, 2004). In addition, 

there is an emission peak at 725 nm originating from PS I. 

The ΔPsbH mutant was observed to have a lower emission peak at the 645 nm and higher at 

665 nm (Figure 3.6A) when compared to wild type. The ΔSll0933 strain, on the other hand, 

had lower fluorescence emission at 645 nm and 665 nm relative to wild type but increased 

fluorescence at the 685 nm emission peak. However, the ΔPsbH mutant had a much larger 

increase of fluorescence at the 685 nm emission peak, indicating that there may be an inhibited 

energy transfer from the phycobilisome to PS II in this mutant. The ΔPsbH:ΔSll0933 double 

mutant displayed much lower fluorescence at the 645 nm and 665 nm emission peaks; a large 

increase in the 685 nm emission peak was also observed when compared to wild type and even 

dwarfs the ΔPsbH mutant. 
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Figure 3.6 77 K Low-temperature fluorescence emission spectroscopy with 580 nm excitation 
wavelength. Spectra normalised to the PS I emission maxima at 725 nm.  

A. Cells were grown photomixotrophically, wild type (black), ΔSll0933 (red), ΔPsbH (green), and 
ΔPsbH:ΔSll0933 (blue). B. Cells were grown photoautotrophically, wild type (black), ΔSll0933 (red). 
Data shown are the average of three independent biological replicates with the exception of the 
photoautotrophic measurements which were repeated twice. 

Once again photoautotrophic starter cultures were characterised to observe the effect on the 

mutant phenotypes (Figure 3.6B). The ΔSll0933 strain displayed a similar level of 

fluorescence at the 685 nm emission peak compared to its photomixotrophically grown 

counterpart; however, increased fluorescence was observed at the 645 nm and 665 nm 

emission peaks. 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.3 Variable chlorophyll a fluorescence induction 

Upon excitation at room temperature, PS II exhibits variable chlorophyll a fluorescence 

emission with an initial low level (Fo) in dark-adapted cells, rising to a maximum emission 

when all of the primary quinone acceptor QA is reduced (Stirbet and Govindjee, 2011). The 

maximum fluorescence emission is referred to as Fm or the P level where P represents the 

plateau. The extent of the variable fluorescence emission between Fo and Fm is also proportional 

to the number of assembled active PS II centres. The variable fluorescence induction has a 

characteristic shape (the Kautsky curve) due to the kinetics of QA reduction arising from the 

availability of electron acceptors in the electron transport chain.  
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Upon excitation, the O to J (Figure 3.7A) rise is due to the reduction of QA. QA
- is then oxidised 

by either QB or QB
-: as the cofactors of the electron transport become progressively reduced the 

availability of QB (or QB
-) to oxidise QA

-
 is reduced and QA

- accumulates, this is reflected first 

in the rise in the curve between J and I and then finally in the I to P rise. A steady level between 

J and I indicates that electrons are leaving QA
- to enter the chain at approximately the same rate 

as they are reaching QA. Likewise, if the ATP and NADPH made by the electron transport 

chain are being used, PS I continues to turnover and this, in turn, continues to oxidise the 

electron transport chain allowing the electron from QA
- to enter the chain with the result that 

the variable fluorescence from PS II is kept low (Papageorgiou, 2012). 

DCMU is a herbicide that blocks electron transport out of PS II by preventing the binding of 

QB. Thus in the presence of DCMU, all PS II has QA reduced, and the fluorescence is at the Fm 

or P level.  This means that the variable fluorescence from PS II in the presence of DCMU can 

be used as a measure of the relative amount of assembled active PS II centres. Any decrease in 

PS II assembly implied by the low-temperature fluorescence emission spectra can, therefore, 

be confirmed by measuring room temperature fluorescence induction in the presence of 

DCMU. 

The observed variable chlorophyll a fluorescence induction kinetics for the ∆Sll0933 strain 

(Figure 3.7A) were similar to those of wild type, but the induction curve indicated a reduced 

variable fluorescence yield, this may be due to a decrease in active centres. This was supported 

by the DCMU induction trace which revealed there to be less than 60% of active PS II centres 

when compared to wild type (Figure 3.7B). Furthermore, in Figure 3.7A, the J – I phase was 

observed to be quite flat and slow to rise, this is an indication of an impairment to filling the 

plastoquinone pool (Stirbet et al., 2014). The ΔPsbH mutant also displayed reduced variable 

fluorescence, indicative of a reduction of QA and active centres. This was also the observed 

trend seen in the induction assay in the presence of DCMU, revealing only 50% of active PS 

II centres compared to wild type. The J – I portion of the induction curve was also flat before 

rising to its P level. The ΔPsbH:ΔSll0933 double mutant, however, was completely lacking the 

characteristic O – P rise. The induction curve without treatment looks almost identical to the 

induction curve treated with DCMU, this suggests that QA
- to QB

 transfer is inhibited or is not 

taking place. The DCMU trace correlates with the low-temperature emission data, showing a 

large decrease in active PS II centres, revealing only 20% of active centres relative to wild type.  
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Figure 3.7 Variable chlorophyll a fluorescence induction. 

A. Wild type (black), ΔSll0933 (red), ΔPsbH (green), ΔPsbH:ΔSll0933 (blue). B. In the presence of 40 
μM of DCMU Wild type (black), ΔSll0933 (red), ΔPsbH (green), and ΔPsbH:ΔSll0933 (blue). Cells 
were grown photomixotrophically. Traces are normalised to initial fluorescence (FO). Data shown are 
the average of three independent biological replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The photoautotrophically grown cells revealed an interesting shape in the induction curve 

(Figure 3.8A). The wild type was observed to have a relatively normal O – J rise, but the P 

peak did not reach the level of photomixotrophically grown cells. The decrease in fluorescence 

seen after P was also slowed, which may possibly be due to a lower level of PS I. The DCMU 

treated induction trace revealed slightly reduced levels of assembled PS II when compared to 

its photomixotrophically counterpart (Figure 3.8B). The ΔSll0933 mutant revealed a similar O 

– P rise as the wild type, but with much lower variable fluorescence yield, a slower decrease in 

fluorescence after the P peak was also observed. The J to I transition here was also flat before 

rising to the P level. When treated with DCMU, the induction trace revealed slightly higher 

levels of active PS II centres when grown photoautotrophically when compared to the 

photomixotrophically grown cells (Figure 3.7B).  
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Figure 3.8 Variable chlorophyll a fluorescence induction. 

A. Wild type (black), ΔSll0933 (red). B. In the presence of 40 μM of DCMU Wild type (black), 
ΔSll0933 (red). Cells were grown photoautotrophically. Traces are normalised to initial fluorescence 
(FO). Data shown are the average of three independent biological replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.4 Chlorophyll a fluorescence decay 

Chlorophyll a fluorescence decay or fluorescence relaxation was used to further investigate 

forward electron transfer. This was done by determining the process at the initial stage of 

illumination when QA
- to QB electron transfer occurs, providing an indirect measurement of 

QA
- reoxidation kinetics. It is a non-invasive method for intact cells, measuring both the donor 

and acceptor side events in PS II via the relaxation of chlorophyll fluorescence after an actinic 

flash (Vass et al., 1999).  

The reduction of QA can be affected by numerous factors, therefore the interpretation of the 

kinetics and variable fluorescence will provide an insight into the physiological state of the 

photosynthetic electron transport chain (Tyystjarvi and Vass, 2004). The decay of chlorophyll 

a fluorescence by different pathways can be categorised into two exponential phases and one 

hyperbolic phase, fast (exponential), intermediate (exponential), and slow (hyperbolic) (Eaton-

Rye and Govindjee, 1988b; Vass et al., 1999; de Wijn and van Gorkom, 2001). The cells are 

dark adapted to oxidise the QA population and then exposed to a saturating actinic flash, causing 

the reduction of QA in all PS II centres. The initial fluorescence emission value (Fo) rises to the 

maximum fluorescence value (Fm) due to the accumulation of QA
-, caused by a single actinic 



57 

flash. The variable fluorescence (Fv) is then calculated by subtracting Fo from Fm and is assayed 

by determining the variable fluorescence level at a series of time points after the actinic flash. 

The fast component is ascribed to the electron transfer from QA
- to QB, which occurs in 200-

500 µs (Tyystjarvi and Vass, 2004); it is possible that there are already reduced QB
- that may 

influence the half-time. It takes ~500 µs for the reoxidation of QA
- to QB

- (de Wijn and van 

Gorkom, 2001; Crofts and Wraight, 1983); however, this is minimised during the dark adaption 

and the effects should be negligible. The rate of electron transfer is also influenced by the 

integrity of the PS II complex (Tyystjarvi and Vass, 2004). Delayed decay which leads to 

increased half-time will be seen here if QA
- to QB electron transfer is inhibited.  

The intermediate component reflects the reoxidation of QA
- by PQ, which then binds to an 

empty QB pocket, this takes a few milliseconds (Renger et al., 1995). Increased half-time 

indicates inhibited QB binding.  

The slow component takes a range of several seconds, this occurs with the recombination of 

QA
- with the water-oxidising complex / S2 state of the OEC at the donor side of PS II (Vass et 

al., 1999). Both QA
- and QB

- is oxidised by the OEC; a long half-time (up to 10 s) indicates 

OEC- being reduced by QB
-, while a short half-time ( between ~0.7 s to 1.0 s) indicates that the 

OEC is largely reduced by QA
-. The QA

- quantity is regulated by the charge equilibrium 

between QA
-QB and QAQB

- states; the rate of this slow phase is determined by changes of this 

equilibrium (Renger et al., 1995).  

In the presence of DCMU, forward electron transfer is inhibited due to DCMU binding to the 

QB pocket, inhibiting PQ from binding. This forces the reoxidation of QA with the donor side 

via charge recombination (Tyystjarvi and Vass, 2004). Therefore, only a fast (ms) and slow (s) 

phase are observed. The fast component, when treated with DCMU, is thought to be likely due 

to charge recombination between YZ
+, P680+, and QA

- (Vass et al., 1999), while the slow phase 

is the reoxidation of QA
- via charge recombination with the S2 state of the OEC (Cheniae and 

Martin, 1971; Vass et al., 1999).  

The ΔSll0933 strain revealed an effect on electron transfer; it was similar to wild type in shape 

but showed impaired fluorescence decay (Figure 3.9), indicating forward electron transfer 

between QA and QB
 was impaired. In the presence of DCMU, decay was similar to that of wild 

type (Figure 3.9B). The kinetic analysis (Table 3.2) indicated that the fast phase was somewhat 

slowed in the ΔSll0933 strain (345 ± 21 µs) relative to wild type (278 ± 18 µs). Furthermore, 

the ΔSll0933 strain was also observed to have an increase in half-time at the intermediate phase, 
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revealing a half-time of 4.5 ± 0.2 ms compared to 3.6 ± 0.2 ms in the wild type, suggesting that 

QB binding may be inhibited. The slow phase, however, was accelerated compared to wild type, 

a half-time of 2.67 ± 0.6 s was observed, compared to the 5.0 ± 0.9 s half-time of the wild type, 

indicating QA is staying reduced, further suggesting inhibited QA to QB electron transfer. In the 

presence of DCMU, the ΔSll0933 strains rate and amplitude are quite similar to wild type, 

indicating that the back reaction is not affected by the absence of the Sll0933 assembly factor.  

The ΔPsbH single mutant displayed an impairment to fluorescence decay, indicating inhibited 

forward electron transfer. This was also the trend observed in the induction curve. In the 

presence of DCMU, the ΔPsbH mutant revealed incomplete decay, meaning the fluorescence 

did not return to its initial level, this indicates incomplete charge recombination in the back 

reaction with the S2 state. The kinetic analysis illustrates that the ΔPsbH mutant has quite a 

large increase in half-time at its fast phase, revealing a rate of 354 ± 8.9 µs. The intermediate 

phase is also slightly slowed (4.0 ± 0.1 ms) relative to wild type. The slow phase, however, has 

a significant decrease in half-time indicating impaired QA
- reoxidation.  

A large increase in amplitude at the slow phase was observed in the ΔPsbH mutant, this 

suggests that more time is spent in the back reaction, likely caused by inhibited QA to QB 

electron transfer. The amplitude in the fast phase was reduced also, likely due to the large 

increase in amplitude at the slow phase. In the presence of DCMU, a substantial increase in 

amplitude in the fast phase was observed, revealing an amplitude of 57 ± 0.1%, compared to 

12 ± 0.2% in the wild type. The slow phase also decreased in amplitude to 43 ± 0.1% compared 

to the 88 ± 0.2% of wild type. Such a large amplitude at the fast phase is not expected. Due to 

DCMU blocking electron transfer to QB, the only pathway left for QA
- reoxidation is the 

recombination with the S2 state at the donor side. The large amplitude at the fast phase suggests 

an absent S2 state, evident from the incomplete decay observed in the ΔPsbH mutant. It appears 

that with an inhibited back reaction, QA
- stays reduced causing the incomplete decay. The 

increase in amplitude at the fast phase may suggest that QA
- is recombining with something 

other than the OEC, likely P680+ but it still cannot completely quench the fluorescence. 

The induction curve above suggests that there are little to no assembled active centres in the 

ΔPsbH:ΔSll0933 double mutant. Due to the drastic difference in the relative level of active 

centres, a comparison cannot be made to the normalised data. Hence, the ΔPsbH:ΔSll0933 

double mutant was excluded here. 

 



59 

Figure 3.9 Chlorophyll a fluorescence decay. 

Decay was measured after a single saturating actinic flash. A. Wild type (black), ΔSll0933 (red), 
ΔPsbH (green). B. In the presence of 40 μM of DCMU, wild type (black), ΔSll0933 (red), ΔPsbH 
(green). Cells were grown photomixotrophically. Traces are normalised to initial fluorescence (Fmax) 
i.e. (F - Fo)/(Fmax - Fo). Data shown are the average of three independent biological replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash of photomixotrophically grown cultures in the ΔSll0933 and ΔPsbH mutant 
strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

Wild type No treatment 278 ± 18 65 ± 0.4 3.6 ± 0.2 27 ± 0.3 5.0 ± 0.9 8.0 ± 0.1 

 DCMU   1.9 ± 0.2 12 ± 0.2 0.54 ± 0.1 88 ± 0.2 

ΔSll0933 No treatment 345 ± 21 62 ± 0.1 4.5 ± 0.2 27 ± 0.5 2.67 ± 0.6 11 ± 0.3 

 DCMU   2.2 ± 0.3 14 ± 0.9 0.57 ± 0.1 86 ± 0.9 

ΔPsbH No treatment 354 ± 9.0 52 ± 1.1 4.0 ± 0.1 26 ± 1.1 0.67 ± 0.1 22 ± 0.1 

 DCMU   2.2 ± 0.1 57 ± 0.1 0.26 ± 0.1 43 ± 0.1 

The experiment was repeated three times and the standard error is shown. 

The ΔSll0933 strain grown photoautotrophically, with and without DCMU, had similar decay 

compared to its photomixotrophically grown counterpart (Figure 3.10). Kinetic modelling 

(Table 3.3) revealed a similar rate between photomixotrophically and photoautotrophically 

grown ΔSll0933 cells. However, a drop in half-time at the fast phase is observed when the 

photoautotrophically grown ΔSll0933 cells were exposed to DCMU. 
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Figure 3.10 Chlorophyll a fluorescence decay. 

Decay was measured after a single saturating actinic flash. A. Wild type (black), ΔSll0933 (red). B. In 
the presence of 40 μM of DCMU, wild type (black), ΔSll0933 (red). Cells were grown 
photoautotrophically. Traces are normalised to initial fluorescence (Fmax) i.e. (F - Fo)/(Fmax - Fo). 
Data shown are the average two independent biological replicates. 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash of photoautotrophically grown cultures in the ΔSll0933 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate   

t1/2 (µs) 

Amplitude 

(%) 

Rate 

t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

Wild type No treatment 294 ± 10 63 ± 0.7 3.8 ± 0.3 28 ± 0.5 4.6 ± 1.1 8.0 ± 0.4 

 DCMU   4.0 ± 1.5 13 ± 0.4 0.6 ± 0.1 87 ± 0.4 

ΔSll0933 No treatment 299 ± 1.4 64 ± 0.2 4.1 ± 0.1 26 ± 0.1 4.1 ± 0.8 10 ± 0.2 

 DCMU   1.6 ± 0.1 15 ± 0.1 0.6 ± 0.1 85 ± 0.1 

The experiment was repeated twice and the standard error is shown. 

3.5 Characterisation of the ΔPsbX:ΔSll0933 double mutant  

3.5.1 Oxygen evolution 

Oxygen evolution rates for the ΔPsbX mutant and the ΔPsbX:ΔSll0933 double mutant are 

presented in Figure 3.11. In the presence of DCBQ, the observed rate of oxygen evolution was 

lower in the ΔPsbX mutant (303 ± 46 µmoles O2 (mg of Chl)-1 h-1), than it was in the double 

mutant ΔPsbX:ΔSll0933 (421 ± 26 µmoles O2 (mg of Chl)-1 h-1); however, the 

ΔPsbX:ΔSll0933 mutant was still lower than both the ΔSll0933 strain and wild-type oxygen 

evolution rates. The same trend was seen in the presence of DMBQ, but with lower rates than 

when DCBQ was used as the electron acceptor. In the presence of bicarbonate, the observed 
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rate of oxygen evolution for the ΔPsbX mutant (383 ± 40 µmoles O2 (mg of Chl)-1 h-1) was 

lower once again compared to the double mutant ΔPsbX:ΔSll0933 (463 ± 76 µmoles O2 (mg 

of Chl)-1 h-1). The oxygen evolution rates were rescued in both the ΔPsbX mutant and the 

ΔPsbX:ΔSll0933 double mutant cells in the presence of bicarbonate, indicative of the altered 

bicarbonate binding. 

Oxygen evolution rates in the photoautotrophically grown cells are also presented in Figure 

3.11. The ΔPsbX mutant revealed a similar rate of oxygen evolution compared to its 

photomixotrophically grown counterpart when DCBQ (290 ± 40 µmoles O2 (mg of Chl)-1 h-1) 

and DMBQ (253 ± 39 µmoles O2 (mg of Chl)-1 h-1) were used as electron acceptors. The double 

mutant ΔPsbX:ΔSll0933, however, revealed quite a highly retarded rate of oxygen evolution 

in the presence of DCBQ (168 ± 24 µmoles O2 (mg of Chl)-1 h-1) and DMBQ (69 ± 6) µmoles 

O2 (mg of Chl)-1 h-1) relative to when grown photomixotrophically. This could be caused by 

having more PS II centres in the photomixotrophically grown measurements, as the 

measurements are set up on a chlorophyll basis. A reduction in chlorophyll was observed in 

the whole cell spectra assay in the photomixotrophically grown cultures, due to a decreased 

chlorophyll to PS II ratio, a higher number of PS II centres may be present in the measurement. 

In the presence of bicarbonate, both the ΔPsbX mutant (317 ± 55 µmoles O2 (mg of Chl)-1 h-1) 

and the ΔPsbX:ΔSll0933 double mutant (386 ± 32 µmoles O2 (mg of Chl)-1 h-1) oxygen rates 

were restored: in addition, the ΔPsbX mutant reached a rate similar to wild type, while the 

ΔPsbX:ΔSll0933 double mutant rate exceeded the wild-types rate. 

Table 3.4 Oxygen evolution rates in the ΔSll0933 and ΔPsbX mutant strains.       
PM - Photomixotrophic grown pre-cultures, PA - Photoautotrophic grown pre-cultures.  

Oxygen evolution rate (µmoles O2 (mg of Chl)-1 h-1) 

                Electron acceptor 

Strain DCBQ DMBQ Bicarbonate 

Wild type PM 532 ± 37 458 ± 30 492 ± 9 

Wild type PA 342 ± 29 291 ± 50 294 ± 37 

∆Sll0933 PM 493 ± 34 302 ± 28 221 ± 41 

∆Sll0933 PA 422 ± 57 238 ± 5 302 ± 12 

∆PsbX PM 303 ± 46 231 ± 10 383 ± 40 

∆PsbX PA 290 ± 40 253 ± 39 317 ± 55 

∆PsbX:∆Sll0933 PM 421 ± 26 384 ± 27 463 ± 76 

∆PsbX:∆Sll0933 PA 168 ± 24 69 ± 6 386 ± 32 

The experiment was repeated three times and the standard error is shown with the exception of the 

photoautotrophic measurements which were repeated twice. 
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Figure 3.11 Oxygen evolution. 

Strains were grown under constant illumination of 30 μE m-2 s-1 at 30°C, measured in the presence of 200 
μM DCBQ (A,D), or 200 μM DMBQ (B-E) both in the presence of 1 mM K3Fe(CN)6 , and 15 mM sodium 
bicarbonate (C-F). Down arrows indicate the beginning of actinic illumination, whereas the up arrows 
signify when the light was turned off. A,B,C. Cells were grown photomixotrophically, wild type (black), 
ΔSll0933 (red), ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). D,E,F. Cells were grown photoautotrophically wild 
type (black), ΔSll0933 (red),ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). Data shown are the average of three 
independent biological replicates with the exception of the photoautotrophic measurements which were 
repeated twice. 
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Figure 3.12 77 K Low-temperature fluorescence emission spectroscopy with 440 nm excitation 
wavelength. Spectra normalised to the PS I emission maxima at 725 nm. 

A. Cells were grown photomixotrophically, wild type (black), ΔSll0933 (red), ΔPsbX (green), and 
ΔPsbX:ΔSll0933 (blue). B. Cells were grown photoautotrophically, wild type (black), ΔSll0933 (red), 
ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). Data shown are the average three independent biological 
replicates with the exception of the photoautotrophic measurements which were repeated twice. 

 

3.5.2 77 K Low-temperature fluorescence emission spectroscopy 

The ΔPsbX mutant revealed a slight reduction in amplitude at both the 685 nm and 695 nm 

peaks when compared to wild type under 440 nm excitation (Figure 3.12A). The data suggests 

a reduced ratio of PS II centres to PS I. The ΔPsbX:ΔSll0933 double mutant was observed to 

have severely reduced fluorescence emission at both 685 nm and 695 nm peaks, much more so 

than the ΔPsbX mutant: indicating quite a large reduction of PS II centres to PS I ratio. This 

correlates with the much lower levels of chlorophyll seen in the whole cell spectra.  

Grown photoautotrophically, the ΔPsbX strain is very similar to wild type, with the exception 

of the 695 nm emission peak being slightly higher (Figure 3.12B). The ΔPsbX:ΔSll0933 

mutant revealed similar fluorescence emission levels to wild type also; however, a reduced 695 

nm peak was observed. Fluorescence emissions were much higher here than when grown 

photomixotrophically, correlating with the whole cell spectra, which showed the 

photoautotrophic cells of the ΔPsbX:ΔSll0933 mutant with chlorophyll levels close to wild 

type.  
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Figure 3.13 77 K Low-temperature fluorescence emission spectroscopy with 580 nm excitation 
wavelength. Spectra normalised to the PS I emission maxima at 725 nm.  

A. Cells were grown photomixotrophically, wild type (black), ΔSll0933 (red), ΔPsbX (green), and 
ΔPsbX:ΔSll0933 (blue). B. Cells were grown photoautotrophically, wild type (black), ΔSll0933 (red), 
ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). Data shown are the average three independent biological 
replicates with the exception of the photoautotrophic measurements which were repeated twice. 

 

Under 580 nm excitation, the ΔPsbX mutant had slightly reduced emission peaks compared to 

wild type at 645 nm and 665 nm (Figure 3.13A). However, a slightly higher 685 nm peak was 

observed, which suggests an inhibition of the transfer of energy from the phycobilisomes. 

Similarly, the ΔPsbX:ΔSll0933 double mutant had lower fluorescence emissions at the 645 nm 

and 665 nm peaks compared to wild type. An increased 685 nm peak was also observed, more 

so than with the ΔPsbX mutant. 

Grown photoautotrophically, the ΔPsbX mutant was similar to wild type, with the exception 

of a slightly increased 685 nm peak (Figure 3.13B). The ΔPsbX:ΔSll0933 double mutant 

demonstrated a slightly increased 665 nm peak and a larger increase at the 685 nm peak than 

the ΔPsbX single mutant.  
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Figure 3.14 Variable chlorophyll a fluorescence induction. 

A. Wild type (black), ΔSll0933 (red), ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). B. In the presence of 40 
μM of DCMU wild type (black), ΔSll0933 (red), ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). Cells were 
grown photomixotrophically. Traces are normalised to initial fluorescence (Fo). Data shown are the 
average of three independent biological replicates. 

3.5.3 Variable chlorophyll a fluorescence induction  

Further investigation into the reduced oxygen levels was done with variable chlorophyll a 

fluorescence to determine if forward electron transfer and recombination characteristics are 

affected in these mutant strains. The ΔPsbX mutant was observed to have a similar shape to 

wild type but with reduced variable fluorescence yield (Figure 3.14A). This suggests a 

decreased level of active PS II centres, which was also the trend observed in the DCMU 

induction trace revealing less than 60% of active PS II centres compared to wild type (Figure 

3.14B). The J to I phase was observed to be quite flat compared to wild type and before rising 

to the P level suggesting an impairment to filling the plastoquinone pool.  

The ΔPsbX:ΔSll0933 double mutant was lacking the characteristic O – P rise, but has a very 

slight P peak. This suggests that QA
- to QB

 transfer is inhibited, which could be due to 

bicarbonate binding being affected; this was also the trend observed in the oxygen evolution 

data. The DCMU trace revealed a substantial decrease in active PS II centres, showing only 

40% of active centres compared to wild type; this is in line with the trend observed in the low-

temperature fluorescence emission. 
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Figure 3.15 Variable chlorophyll a fluorescence induction. 

A. Wild type (black), ΔSll0933 (red), ΔPsbX, ΔPsbX:ΔSll0933. B. In the presence of 40 μM of DCMU 
Wild type (black), ΔSll0933 (red), ΔPsbX, ΔPsbX:ΔSll0933. Cells were grown photoautotrophically. 
Traces are normalised to initial fluorescence (Fo). Data shown are the average of two independent 
biological replicates. 

 

The ΔPsbX mutant, when grown photoautotrophically revealed a large O – J rise, higher than 

wild type (Figure 3.15A), this was not seen when grown photomixotrophically. This suggests 

that QA
- to QB

 transfer is inhibited under these conditions. A flat J – I transition was also 

observed, this was less dramatic in the photomixotrophic grown cells. In addition, a low P peak 

was observed further suggesting a low level of QA
-. Interestingly, the DCMU-treated induction 

curves revealed that the ΔPsbX mutant had PS II levels just a little shy of wild-type levels; 

however, a 40% decrease in active centres was observed when grown photomixotrophically 

(Figure 3.15B).  

The ΔPsbX:ΔSll0933 double mutant, when grown photoautotrophically, exhibited an induction 

curve lacking all the characteristics of the O – P rise; no P peak was observed compared to 

when grown photomixotrophically. The O – J rise, rises faster and to a higher level here 

compared to its photomixotrophic counterpart. This reveals QA
- is staying reduced suggesting 

inhibited QA
- to QB transfer. The DCMU induction curve also showed a slight increase in active 

PS II centres when grown photoautotrophically.  
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3.5.4 Chlorophyll a fluorescence decay 

Further physiological characterisation was done to analyse the acceptor side PS II activity in 

the ΔPsbX mutants (Figure 3.16 and Table 3.5). The ΔPsbX mutant decay trace revealed 

impaired fluorescence decay, indicating that QA to QB electron transfer is inhibited. This 

observation correlates with the induction curve which also showed an impaired forward 

electron transfer. In the presence of DCMU, the ΔPsbX mutant’s fluorescence decay was 

similar to that of wild type (Figure 3.16B). Kinetic analysis revealed that the ΔPsbX mutant 

had an increased half-time (356 ± 35 µs) and a decreased amplitude (55 ± 2.3%) at its fast 

phase (cf. wild type, 278 ± 18 µs, 65 ± 0.4%), reiterating an impaired QA to QB electron transfer. 

The intermediate phase also had an increased half-time (5.4 ± 1.3 ms) and a decrease in 

amplitude (24 ± 3.2%) compared to wild type (cf. wild type, 3.6 ± 0.2 µs, 27 ± 0.3%), which 

suggests QB binding is affected. Furthermore, an acceleration was observed at the slow phase 

(1.6 ± 0.2 s) (cf. wild type 5.0 ± 0.9 s), implying a shift in the equilibrium for the sharing of an 

electron between QA and QB towards QA
-, further indicating an impaired QA to QB electron 

transfer. The slow phase also had quite a significant increase in amplitude (21 ± 0.9%) (cf. wild 

type 8.0 ± 0.1%), indicating a larger fraction of centres are undergoing the back reaction, again 

reiterating inhibited forward electron transfer and a shift in the equilibrium constant. Treated 

with DCMU a similar half-time and amplitude at both phases compared to wild type was 

observed, indicating the back reaction from QA
- is not affected by the absence of PsbX.  

An impairment to fluorescence decay was also observed in the ΔPsbX:ΔSll0933 double 

mutant. Kinetic analysis revealed a slight increase of half-time at the fast (281 ± 15 µs) and 

intermediate components (4.2 ± 0.4 ms). A decrease in amplitude at the fast phase (54 ± 0.8%) 

and a slight increase in amplitude at the intermediate phase (30 ± 0.1%) was also observed. 

The ΔPsbX:ΔSll0933 double mutant appears to have an increased fraction of centres 

recombining with QA
-, evident by the decrease in half-time (1.5 ± 0.2 s) and an increase in 

amplitude (16 ± 0.7%) at the slow phase. The delayed decay at the fast and intermediate 

components and the accelerated decay at the slow phase indicates that forward electron transfer 

is inhibited. In the presence of DCMU, the ΔPsbX:ΔSll0933 double mutant displayed an 

increase in half-time (2.3 ± 0.4 ms) and amplitude in its fast phase (20 ± 0.3%); a decrease in 

half-time (0.4 ± 0.1 s) and amplitude (80 ± 0.4%) in the slow phase is also observed, suggesting 

that QA
- is recombining with something other than the OEC. 
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Figure 3.16 Chlorophyll a fluorescence decay. 

Decay was measured after a single saturating actinic flash. A. Wild type (black), ΔSll0933 (red), 
ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). B. In the presence of 40 μM of DCMU, wild type (black), 
ΔSll0933 (red), ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). Cells were grown photomixotrophically. 
Traces are normalised to initial fluorescence (Fmax) i.e. (F - Fo)/(Fmax - Fo). Data shown are the 
average of three independent biological replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash of photomixotrophically grown cultures in the ΔSll0933 and ΔPsbX mutant 
strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  

t1/2 (µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

Wild type No treatment 278 ± 18 65 ± 0.4 3.6 ± 0.2 27 ± 0.3 5.0 ± 0.9 8.0 ± 0.1 

 DCMU   1.9 ± 0.2 12 ± 0.2 0.54 ± 0.1 88 ± 0.2 

ΔSll0933 No treatment 345 ± 21 62 ± 0.1 4.5 ± 0.2 27 ± 0.5 2.67 ± 0.6 11 ± 0.3 

 DCMU   2.2 ± 0.3 14 ± 0.9 0.57 ± 0.1 86 ± 0.9 

ΔPsbX No treatment 356 ± 35 55 ± 2.3 5.4 ± 1.3 24 ± 3.2 1.6 ± 0.2 21 ± 0.9 

 DCMU   2.03 ± 0.1 15 ± 0.1 0.6 ± 0.1 85 ± 0.1 

ΔPsbX: 

ΔSll0933 

No treatment 281 ± 15 54 ± 0.8 4.2 ± 0.4 30 ± 0.1 1.5 ± 0.2 16 ± 0.7 

 DCMU   2.3 ± 0.4 20 ± 0.3 0.4 ± 0.1 80 ± 0.4 

The experiment was repeated three times and the standard error is shown.  
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Figure 3.17 Chlorophyll a fluorescence decay. 

Decay was measured after a single saturating actinic flash. A. Wild type (black), ΔSll0933 (red), 
ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). B. In the presence of 40 μM of DCMU, wild type (black), 
ΔSll0933 (red), ΔPsbX (green), ΔPsbX:ΔSll0933 (blue). Cells were grown photoautotrophically. 
Traces are normalised to initial fluorescence (Fmax) i.e. (F - Fo)/(Fmax - Fo). Data shown are the 
average of two independent biological replicates. 

 

Grown photoautotrophically a further delay in fluorescence decay was observed in the ΔPsbX 

mutant cells compared to when cells were grown photomixotrophically (Figure 3.17A), 

suggesting a further impaired forward electron transfer when grown photoautotrophically. 

However, the DCMU trace was relatively similar to wild type (Figure 3.17B). The kinetic 

analysis revealed an increased half-time at the fast (370 ± 20 µs) and intermediate phase (4.8 

± 0.1 ms) compared to the wild-type values (294 ± 10 µs and 3.8 ± 0.3 ms, respectively). This 

was coupled with a decrease in amplitude at both the fast (50 ± 2.8%) and intermediate (23 ± 

0.3%) components compared to the wild-type values (63 ± 0.7% and 28 ± 0.5%, respectively). 

A decreased half-time (1.2 ± 20 s) (cf. wild type 4.1 ± 0.8 s), and an increase in amplitude at 

the slow phase (27 ± 3.1%) (cf. wild type 8.0 ± 0.4 %) was also observed. No significant 

changes were observed in the presence of DCMU between the two growth methods.  

The ΔPsbX:ΔSll0933 double mutant displayed a further delay in florescence decay compared 

to when grown photomixotrophically. A slowed half-time (354 ± 20 µs) was observed in the 

fast phase compared to 281 ± 15 µs when cells were grown photomixotrophically. A decrease 

in amplitude (51 ± 1.7%) was also observed relative to when grown photomixotrophically (54 

± 0.8%). In the presence of DCMU, the ΔPsbX:ΔSll0933 double mutant revealed fluorescence 

decay similar to wild type. Kinetic analysis revealed little difference to the 

photomixotrophically grown cells.  
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Table 3.6 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash of photoautotrophically grown cultures in the ΔSll0933 and ΔPsbX mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  

t1/2 (µs) 

Amplitude 

(%) 

Rate 

t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

Wild type No treatment 294 ± 10 63 ± 0.7 3.8 ± 0.3 28 ± 0.5 4.6 ± 1.1 8.0 ± 0.4 

 DCMU   4.0 ± 1.5 13 ± 0.4 0.6 ± 0.1 87 ± 0.4 

ΔSll0933 No treatment 299 ± 1 64 ± 0.2 4.1 ± 0.1 26 ± 0.1 4.1 ± 0.8 10 ± 02 

 DCMU   1.6 ± 0.1 15 ± 0.1 0.6 ± 0.1 85 ± 0.1 

ΔPsbX No treatment 370 ± 20 50 ± 2.8 4.8 ± 0.1 23 ± 0.3 1.2 ± 0.1 27 ± 3.1 

 DCMU   2.1 ± 0.1 15 ± 0.1 0.6 ± 0.1 85 ± 0.1 

ΔPsbX: 

ΔSll0933 

No treatment 354 ± 15 51 ± 1.7 4.6 ± 0.1 24 ± 0.8 1.6 ± 0.2 26 ± 2.5 

 DCMU   2.2 ± 0.2 18 ± 0.7 0.6 ± 0.1 82 ± 0.7 

The experiment was repeated twice and the standard error is shown. 

3.6 Characterisation of the ΔPsbY:ΔSll0933 double mutant  

3.6.1 Oxygen evolution 

The ΔPsbY mutant when grown photomixotrophically, was observed to have a slightly 

decreased rate of oxygen evolved compared to wild type when treated with DCBQ (472 ± 74 

µmoles O2 (mg of Chl)-1 h-1) and DMBQ (386 ± 28 µmoles O2 (mg of Chl)-1 h-1) (Figure 3.18). 

The ΔPsbY:ΔSll0933 double mutant, however, had quite a large reduction in oxygen evolved 

when treated with DCBQ (323 ± 47 µmoles O2 (mg of Chl)-1 h-1), but a similar rate was seen 

when DMBQ (368 ± 2 µmoles O2 (mg of Chl)-1 h-1) was used. In the presence of bicarbonate, 

the ΔPsbY mutant (400 ± 20 µmoles O2 (mg of Chl)-1 h-1) observed rates were lower than wild 

type. The ΔPsbY:ΔSll0933 double mutant (421 ± 71 µmoles O2 (mg of Chl)-1 h-1) evolved 

oxygen at a similar rate. 

The ΔPsbY mutant cells, when grown photoautotrophically, displayed reduced oxygen 

evolution rates compared to wild type with all treatments. The rate at which the ΔPsbY mutant 

evolved oxygen was similar to when the cells are grown photomixotrophically. The 

ΔPsbY:ΔSll0933 double mutant, on the other hand, revealed quite a large reduction in the rate 

of oxygen evolved compared to its photomixotrophically grown cells, when DCBQ (187 

µmoles O2 (mg of Chl)-1 h-1) and DMBQ (220 µmoles O2 (mg of Chl)-1 h-1) were used. This 
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may be due to the photomixotrophically grown culture having a severe reduction of 

chlorophyll, as seen in the whole cell spectra, leading to a much higher level of PS II centres 

in photomixotrophic grown measurements compared to the photoautotrophic measurements; 

this was also the trend observed in the ΔPsbX:ΔSll0933 double mutant. A large increase in the 

rate of oxygen evolved was observed when the ΔPsbY:ΔSll0933 double mutant cells, grown 

photoautotrophically, were treated with bicarbonate (464 µmoles O2 (mg of Chl)-1 h-1), so much 

so, it surpassed wild type by quite a large margin. Bicarbonate seemed to rescue the 

ΔPsbY:ΔSll0933 double mutant cell’s oxygen evolution, indicating that bicarbonate binding is 

effected in the double mutant. 

 

Table 3.7 Oxygen evolution rates in the ΔSll0933 and ΔPsbY mutant strains.                 
PM - Photomixotrophic grown pre-cultures, PA - Photoautotrophic grown pre-cultures. 

Oxygen evolution rate (µmoles O2 (mg of Chl)-1 h-1) 

               Electron acceptor 

Strain DCBQ DMBQ Bicarbonate 

Wild type PM 532 ± 37 458 ± 30 492 ± 9 

Wild type PA 342 ± 29 291 ± 50 294 ± 37 

∆Sll0933 PM 493 ± 34 302 ± 28 221 ± 41 

∆Sll0933 PA 422 ± 57 238 ± 5 302 ± 12 

∆PsbY PM 472 ± 74 386 ± 28 400 ± 20 

∆PsbY PA 327 ± 21 231 ± 6 292 ± 16 

∆PsbY:∆Sll0933 PM 323 ± 47 368 ± 2 421 ± 71 

∆PsbY:∆Sll0933 PA 187 ± 1 220 ± 5 464 ± 72 

The experiment was repeated three times and the standard error is shown with the exception of the 

photoautotrophic measurements which were repeated twice. 
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Figure 3.18 Oxygen evolution. 

Strains were grown under constant illumination of 30 μE m-2 s-1 at 30°C, measured in the presence of 200 

μM DCBQ (A-B), or 200 μM DMBQ (C-D) both in the presence of 1 mM K3Fe(CN)6 , and 15 mM sodium 

bicarbonate (E-F). Down arrows indicate the beginning of actinic illumination, whereas the up arrows 

signify when the light was turned off. A,B,C. Cells were grown photomixotrophically, wild type (black), 

ΔSll0933 (red), ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). D,E,F. Cells were grown photoautotrophically wild 

type (black), ΔSll0933 (red), ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). Data shown are the average three 

independent biological replicates with the exception of the photoautotrophic measurements which were 

repeated twice. 
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Figure 3.19 77 K Low-temperature fluorescence emission spectroscopy with 440 nm excitation 
wavelength. Spectra normalised to the PS I emission maxima at 725 nm. 

A. Cells were grown photomixotrophically, wild type (black), ΔSll0933 (red), ΔPsbY (green), and 
ΔPsbY:ΔSll0933 (blue). B. Cells were grown photoautotrophically, wild type (black), ΔSll0933 (red), 
ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). Data shown are the average three independent biological 
replicates with the exception of the photoautotrophic measurements which were repeated twice. 

 

3.6.2 77 K Low-temperature fluorescence emission spectroscopy 

Low-temperature fluorescence revealed that the ΔPsbY mutant had slight reductions in 

amplitude at both the 685 nm and 695 nm emission peaks when under 440 nm excitation 

(Figure 3.19A), indicating a reduced ratio of PS II to PS I centres. The ΔPsbY:ΔSll0933 double 

mutant was observed to be comparable to wild type, surprisingly more similar to wild type than 

the ΔSll0933 strain. A similar ratio of PS II to PS I centres relative to wild type was seen, but 

a reduced rate of oxygen evolved was observed in the oxygen evolution data. This could 

indicate either the PS II centres have impaired activity or unassembled complexes containing 

CP43 and CP47 are being detected by the emission spectroscopy.  

Grown photoautotrophically, the ΔPsbY mutant was observed to have an increase in amplitude 

at both the 685 nm and 695 nm peaks compared to the wild type (Figure 3.19B); indicating an 

increase in the PS II to PS I ratio when grown photoautotrophically. The ΔPsbY:ΔSll0933 

double mutant, however, again is almost identical to wild type.  



74 

Figure 3.20 77 K Low-temperature fluorescence emission spectroscopy with 580 nm excitation 
wavelength. Spectra normalised to the PS I emission maxima at 725 nm.  

A. Cells were grown photomixotrophically, wild type (black), ΔSll0933 (red), ΔPsbY (green), and 
ΔPsbY:ΔSll0933 (blue). B. Cells were grown photoautotrophically, wild type (black), ΔSll0933 (red), 
ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). Data shown are the average three independent biological 
replicates with the exception of the photoautotrophic measurements which were repeated twice. 

 

Following 580 nm excitation, the ΔPsbY mutant revealed a slightly lower emission compared 

to the wild type at the 645 nm and 665 nm emission peaks, but slightly higher fluorescence 

emission at the 685 nm peak (Figure 3.20A); indicating an inhibition to the transfer of energy 

from the phycobilisomes. The ΔPsbY:ΔSll0933 double mutant revealed a similar fluorescence 

emission levels to that of wild type, at the 645 nm and 665 nm peaks, although slightly higher. 

A large increase in fluorescence emission was observed, however, at the 685 nm peak, 

suggesting obstruction to the transfer of energy from the phycobilisomes.  

The ΔPsbY mutant grown photoautotrophically displayed an increased amplitude at the 645 

nm and 665 nm emission peaks, indicating a higher level of phycobilisomes when grown 

photoautotrophically (Figure 3.20B). In addition, the 685 nm peak was similar to when grown 

photomixotrophically while the ΔPsbY:ΔSll0933 double mutant grown photoautotrophically 

displayed an increased amplitude at the 645 nm and 665 nm emission peaks. This correlates 

with the trend observed in the whole cell spectra, revealing an increase of phycobilisomes in 

the photoautotrophically grown state. The amplitude of the 685 nm peak was slightly less 

prominent in these measurements compared to cells grown photomixotrophically.  
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Figure 3.21 Variable chlorophyll a fluorescence induction. 

A. Wild type (black), ΔSll0933 (red), ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). B. In the presence of 40 
μM of DCMU wild type (black), ΔSll0933 (red), ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). C. Wild type 
(black), ΔSll0933 (red), ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). Cells were grown 
photomixotrophically. Traces in figures A and B are normalised to initial fluorescence (Fo). Trace in 
figure C normalised to fluorescence maxima (Fm). Data shown are the average of three independent 
biological replicates. 

 

3.6.3 Variable chlorophyll a fluorescence induction 

Further investigation was done to determine the cause of the reduction of oxygen evolution in 

the ΔPsbY mutants. Determining if electron transfer was effected gives an insight into if PS II 

is functioning normally. When measuring the variable fluorescence induction in the ΔPsbY 

mutant, the cells demonstrated a trace similar to wild type but with a decreased amplitude 

(Figure 3.21A). The reduced variable fluorescence yield implies a smaller population of 

reduced QA and therefore suggests that there are fewer active PS II centres; which was also 

consistent with the DCMU induction trace (Figure 3.21B).  

The ΔPsbY:ΔSll0933 double mutant displayed quite a considerable reduction of variable 

fluorescence yield; revealing a large decrease in active PS II centres. This trend was also 

observed in the DCMU induction trace, displaying only 60% of active centres compared to 

wild type. The J – I transition was perceived to be quite flat before rising to the P level, 

indicating an impairment to filling the plastoquinone pool. The P peak was also quite low 

suggesting a low level of QA
- (and by inference a reduced level of active PS II). Variable 

fluorescence gives an insight into the change in total fluorescence emitted, it may, however, be 

difficult to assess relative changes between certain inflexion points. In Figure 3.21C relative 

variable fluorescence [(Ft-Fo)/(Fm-Fo)] was plotted to determine the relative changes in the 

rise of the J to I transition. A much faster rise in fluorescence was observed in the 

ΔPsbY:ΔSll0933 double mutant; the elevated J peak suggests inhibited electron transfer. The 

ΔPsbY and ΔSll0933 single mutants revealed slightly elevated variable fluorescence levels that 

are negligible.  
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Figure 3.22 Variable chlorophyll a fluorescence induction. 

A. Wild type (black), ΔSll0933 (red), ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). B. In the presence of 40 
μM of DCMU Wild type (black), ΔSll0933 (red), ΔPsbY (green), ΔPsbY:ΔSll0933 (blue) C. Wild type 
(black), ΔSll0933 (red), ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). Cells were grown 
photoautotrophically. Traces in figures A and B are normalised to initial fluorescence (Fo). Trace in 
figure C normalised to fluorescence maxima (Fm). Data shown are the average of two independent 
biological replicates. 

 

The ΔPsbY mutant grown photoautotrophically displayed an O – J rise that is similar to wild 

type (Figure 3.22A). In the presence of DCMU, the induction trace revealed a level of PS II 

centres similar to that of wild type (Figure 3.22B). Grown photoautotrophically, the 

ΔPsbY:ΔSll0933 double mutant displayed a shape similar to when grown 

photomixotrophically but with a reduced P peak. A lower level of QA
- was seen when grown 

photoautotrophically. A similar number of assembled centres between the two growth methods 

in the DCMU induction curve was observed, however. Relative variable fluorescence revealed 

a similar pattern to when grown photomixotrophically (Figure 3.22C). The ΔPsbY:ΔSll0933 

double mutant displayed a highly elevated J peak. The ΔPsbY and ΔSll0933 mutants also 

displayed an elevated J peak but at a lower level than the ΔPsbY mutant. Higher J peaks were 

observed in all three mutants compared to their photomixotrophically grown counterparts.   

 

 



77 

3.6.4 Chlorophyll a fluorescence decay 

Forward electron transfer was further investigated via chlorophyll a fluorescence decay 

measurements (Figure 3.23 and Table 3.8). The ΔPsbY mutant exhibited a slight inhibition to 

fluorescence decay, indicating inhibited QA to QB electron transfer. In the presence of DCMU, 

the ΔPsbY mutant demonstrates a similar decay compared to wild type. The decay of the 

chlorophyll a fluorescence following a single turnover actinic flash revealed that the ΔPsbY 

mutant had a slightly increased half-time of 311 ± 20 µs for the fast phase (cf. wild type 278 ± 

18 µs), suggesting impaired QA to QB electron transfer. The intermediate phase was also 

observed to have a slight increase in half-time of 4.1 ± 0.3 ms (cf. wild type 3.6 ± 0.2 ms), 

indicating that QB binding is affected. No significant changes in amplitude were observed. The 

slow component, however, had a decreased half-time (2.83 ± 0.1 s) (cf. wild type 5.0 ± 0.9 s) 

suggesting a shift in the equilibrium towards QA
-, this is likely caused by impaired QA to QB 

electron transfer possibly resulting from the apparent impairment in QB binding indicated by 

the increased millisecond component. It was also observed that the slow component had a slight 

increase in amplitude (10 ± 0.3%) (cf. wild type 8.0 ± 0.1%), it appears that, while the effect is 

small, more time is spent in the back reaction possibly due to impaired forward electron transfer 

and a shift in the equilibrium constant. These slight changes in decay kinetics fit the small 

differences observed in the induction curve. No significant changes were observed when in the 

presence of DCMU, suggesting the back reaction is not affected by the absence of ΔPsbY. 

The ΔPsbY:ΔSll0933 double mutant displayed a significantly impaired fluorescence decay, by 

a larger margin than the ΔPsbY mutant. In the presence of DCMU, a lower fluorescence 

emission yield was observed in the ΔPsbY:ΔSll0933 double mutant relative to wild type. This 

is likely due to a lower level of PS II centres, which was also the trend observed in the low-

temperature fluorescence and induction curve. Kinetic modelling revealed a more pronounced 

phenotype compared to the ΔPsbY single mutant. The ΔPsbY:ΔSll0933 double mutant showed 

an increase in half-time at the fast phase (360 ± 0.8 µs) and a decrease in amplitude (58 ± 0.1%) 

(cf. wild type 65 ± 0.4%), which is suggestive of impaired QA to QB electron transfer. The 

intermediate phase also had a minor increase in half-time (4.5 ± 0.1 ms) but had a similar 

amplitude (26 ± 0.1%) relative to wild type (27 ± 0.3%). In addition, the slow component 

revealed a substantial decrease in half-time (0.9 ± 0.1 s), which suggests OEC is largely reduced 

by QA
- and not QB

-, this tells us that the electron is usually at QA and is having trouble being 

oxidised by QB. A large increase in amplitude was also observed at the slow phase (15 ± 0.1%) 
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Figure 3.23 Chlorophyll a fluorescence decay. 

Decay was measured after a single saturating actinic flash. A. Wild type (black), ΔSll0933 (red), 
ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). B. In the presence of 40 μM of DCMU, wild type (black), 
ΔSll0933 (red), ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). Cells were grown photomixotrophically. 
Traces are normalised to initial fluorescence (Fmax) i.e. (F - Fo)/(Fmax - Fo). Data shown are the 
average of three independent biological replicates. 

 

relative to wild type. This further implies inhibited forward electron transfer and a shift in the 

equilibrium constant, which causes an increased number of PS II centres undergoing the back 

reaction to achieve fluorescence relaxation. Fluorescence decay is slowed relative to wild type 

in the ΔPsbY:ΔSll0933 double mutant, this is indicated by the slowed half-time in the fast and 

intermediate components. To achieve fluorescence quenching the active PS II centres are thus 

depending on charge recombination which is indicated by an accelerated half-time at the slow 

phase and an increase in the relative amplitude. No major changes in half-time were observed 

relative to wild type in the presence of DCMU. However, an increased amplitude was observed 

for the fast phase (21 ± 2.3%) (cf. wild type 12 ± 0.2%), accompanied by a decrease in 

amplitude for the slow phase (79 ± 2.2%) (cf. wild type 88 ± 0.2%); this suggests that QA
- is 

recombining with something other than the OEC, likely P680+.  
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Table 3.8 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash of photomixotrophically grown cultures in the ΔSll0933 and ΔPsbY mutant 
strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  

t1/2 

(µs) 

Amplitude 

(%) 

Rate 

t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

Wild type No treatment 278 ± 18 65 ± 0.4 3.6 ± 0.2 27 ± 0.3 5.0 ± 0.9 8.0 ± 0.1 

 DCMU   1.9 ± 0.2 12 ± 0.2 0.54 ± 0.1 88 ± 0.2 

ΔSll0933 No treatment 345 ± 21 62 ± 0.1 4.5 ± 0.2 27 ± 0.5 2.67 ± 0.6 11 ± 0.3 

 DCMU   2.2 ± 0.3 14 ± 0.9 0.57 ± 0.1 86 ± 0.9 

ΔPsbY No treatment 311 ± 20 62 ± 0.9 4.1 ± 0.3 29 ± 1.2 2.83 ± 0.1 10 ± 0.3 

 DCMU   1.5 ± 0.1 14 ± 1.0 0.5 ± 0.1 86 ± 1.0 

ΔPsbY: 

ΔSll0933 

No treatment 360 ± 1.0 58 ± 0.1 4.5 ± 0.1 26 ± 0.1 0.9 ± 0.1 15 ± 0.1 

 DCMU   2.0 ± 0.1 21 ± 2.3 0.5 ± 0.1 79 ± 2.2 

The experiment was repeated three times and the standard error is shown. 

Grown photoautotrophic the ΔPsbY mutant revealed a similar decay to when grown 

photomixotrophically (Figure 3.24). When treated with DCMU very little change was observed 

compared to its photomixotrophic counterpart. Kinetic analysis revealed the ΔPsbY mutant had 

a similar half-time and amplitude between the two growth conditions. 

The ΔPsbY:ΔSll0933 double mutant grown photoautotrophically revealed similar fluorescence 

decay to the ΔPsbY single mutant. Treated with DCMU, a higher fluorescence yield was 

observed in the double mutant relative to when grown photomixotrophically. Kinetic analysis 

revealed a minor decrease in half-time at the fast phase (296 ± 45 µs) (cf. photomixotrophically 

360 ± 0.8 µs) and the intermediate (3.8 ± 0.3 ms) (cf. photomixotrophically 4.5 ± 0.1 ms) phase 

when grown photoautotrophically. The slow component, however, displayed an increase in 

half-time (3.3 ± 1.4 s) (cf. photomixotrophically 0.9 ± 0.1 s). When grown 

photoautotrophically, the ΔPsbY:ΔSll0933 double mutant showed values similar to wild type 

(294 ± 10 µs, 33.8 ± 0.3 ms, and 4.6 ± 1.1 s, respectively), suggesting a less impaired electron 

transfer from QA to QB relative to its photomixotrophically grown counterpart. However, in the 

presence of DCMU, an increase in half-time for the fast phase (5.2 ± 3.5 ms) (cf. 

photomixotrophically 2.0 ± 0.1 ms) was observed, to a rate higher than wild type (4.0 ± 1.5 

ms); this may indicate that QA
- is recombining with something other than the OEC.   
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Figure 3.24 Chlorophyll a fluorescence decay. 

Decay was measured after a single saturating actinic flash. A. Wild type (black), ΔSll0933 (red), 
ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). B. In the presence of 40 μM of DCMU, wild type (black), 
ΔSll0933 (red), ΔPsbY (green), ΔPsbY:ΔSll0933 (blue). Cells were grown photoautotrophically. 
Traces are normalised to initial fluorescence (Fmax) i.e. (F - Fo)/(Fmax - Fo). Data shown are the 
average of two independent biological replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.9 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash of photoautotrophically grown cultures in the ΔSll0933 and ΔPsbY mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate   

t1/2  

(µs) 

Amplitude 

(%) 

Rate 

t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

Wild type No treatment 294 ± 10 63 ± 0.7 3.8 ± 0.3 28 ± 0.5 4.6 ± 1.1 8.0 ± 0.4 

 DCMU   4.0 ± 1.5 13 ± 0.4 0.6 ± 0.1 87 ± 0.4 

ΔSll0933 No treatment 299 ± 1.0 64 ± 0.2 4.1 ± 0.1 26 ± 0.1 4.1 ± 0.8 10 ± 0.2 

 DCMU   1.6 ± 0.1 15 ± 0.1 0.6 ± 0.1 85 ± 0.1 

ΔPsbY No treatment 305 ± 3.0 65 ± 0.2 4.3 ± 0.1 27 ± 0.1 3.5 ± 0.3 9.0 ± 0.3 

 DCMU   2.2 ± 0.3 17 ± 0.5 0.5 ± 0.1 83 ± 0.5 

ΔPsbY: 

ΔSll0933 

No treatment 296 ± 45 59 ± 2.0 3.8 ± 0.3 29 ± 1.2 3.3 ± 1.4 12 ± 0.9 

 DCMU   5.2 ± 3.5 18 ± 1.4 0.6 ± 0.1 82 ± 1.4 

The experiment was repeated twice and the standard error is shown. 
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3.7 Blue-Native PAGE 

The assembly and number of PS II seem to be affected in the mutant strains as indicated by the 

results above. To independently assess this hypothesis, analysis of PS II at the protein level 

was done. A blue native polyacrylamide gel (BN-PAGE) was run to separate the intact mature 

PS II and pre-assembly complexes in the thylakoid membrane, followed by western blotting 

which used specific antibodies to detect the large central subunits of PS II: D1, D2, CP43, and 

CP47. In Figure 3.25 the observed bands represent the PS II dimer, PS II monomer, RC47 

complex, and unassembled complexes. The RC47 band is only observable on the D1 gel and 

slightly on the D2 gel. However, RC47 should be visible on the D1, D2, and CP47 gels. The 

antibodies are either raised to specific peptides or to denatured proteins. It is possible that the 

epitopes for certain antibodies are not as accessible in the RC47 complex as they are in the 

mature PSII monomer or dimer.  

The ΔSll0933 strain was observed to be almost identical to wild type across all antibodies, 

indicating that the ΔSll0933 mutant is not essential for PS II assembly (Figure 3.25). When 

grown photoautotrophically it is also very similar to wild type (Figure 3.26). On the other hand, 

the ΔPsbH mutant formed lower levels of the PS II dimer compared to wild type but assembled 

the PS II monomer at higher levels, this suggests the PsbH protein may have a role in forming 

the PS II dimer. Conversely, all antibodies showed that the ΔPsbX mutant is similar to wild 

type, no significant differences were observed, suggesting the PsbX protein is not essential for 

PS II assembly; in addition, when grown photoautotrophically it is also similar to wild type. 

The ΔPsbY mutant appeared to form lower levels of PS II dimer but a normal amount of the 

PS II monomer compared to wild type. However, grown photoautotrophically a similar level 

of the PS II dimer to wild type is observed. A reduced level of RC47 was observed in all single 

mutants relative to the wild type. 

The ΔPsbH:ΔSll0933 double mutant was observed to be unable to form the PS II dimer, it is 

missing in all the gels. However, a band the same size as the PS II dimer was observed on the 

gel treated with the CP47 antibody, this is an artefact and was also seen in the ΔPsbB mutant 

(Crawford, 2016). The PS II monomer levels also seem to be reduced; however, a build-up of 

RC47 was observed, suggesting an obstruction from converting RC47 to PS II. This correlates 

with the previous data, showing that the ΔPsbH:ΔSll0933 mutant is not photoautotrophic, 

evolves no oxygen with DMBQ and DCBQ, and was shown to have a large reduction in active 
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Figure 3.25 PS II assembly analysis of Synechocystis sp. PCC 6803 mutant strains grown 
photomixotrophically. Thylakoid samples solubilised by 1% DDM and run on a 3-12% BN-page 
gel. Immunodetection of PS II was done after samples with transferred to a PVDF membrane 
with PS II specific antibodies. A. CP43, B. CP47, C. D1, D. D2.                
Lanes: 1. Wild type, 2. ΔPsbH, 3. ΔPsbX, 4. ΔPsbY, 5. ΔSll0933, 6. ΔPsbH:ΔSll0933,       
7. ΔPsbX:ΔSll0933, 8. ΔPsbY:ΔSll0933. Complexes visible are PS II dimer, PS II monomer, RC47: 
PS II intermediate complex without CP43, u.p. unassembled protein complexes. Data shown are the 
representative of two independent biological replicates. 

PS II centres. The exacerbated phenotype in the ΔPsbH:ΔSll0933 double mutant suggest that 

the PsbH protein and Sll0933 assembly factor interact during PS II assembly.  

The ΔPsbX:ΔSll0933 double mutant’s PS II dimer band appears to be less prominent, revealing 

a reduction of PS II dimer levels. The PS II monomer was also at a lower level than the PS II 

dimer. Grown photoautotrophically, the ΔPsbX:ΔSll0933 double mutant was observed to have 

a slight reduction in the level of the PS II monomer, but the dimer appears to be at a normal 

level relative to wild type. This correlates with the whole cell spectra data which revealed large 

reductions in photosynthetic pigments. The ΔPsbY:ΔSll0933 double mutant also had a lower 

level of PS II dimer and an even lower level of the PS II monomer. The ΔPsbY:ΔSll0933 

double mutant, like the ΔPsbX:ΔSll0933 mutant, revealed a reduction in the PS II monomer 

but not the PS II dimer relative to wild type when grown photoautotrophically.  
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Figure 3.26 PS II assembly analysis of Synechocystis sp. PCC 6803 mutant strains grown 
photoautotrophically. Thylakoid samples solubilised by 1% DDM and run on a 3-12% BN-page 
gel. Immunodetection of PS II was done after samples with transferred to a PVDF membrane 
with PS II specific antibodies. A. CP43, B. CP47, C. D1, D. D2.             
Lanes: 1. Wild type, 2. ΔPsbX, 3. ΔPsbY, 4. ΔSll0933, 5. ΔPsbX:ΔSll0933, 6. ΔPsbY:ΔSll0933 
Complexes visible are PS II dimer, PS II monomer, RC47: PS II intermediate complex without CP43, 
u.p. unassembled protein complexes. Data shown are the representative of two independent 
biological replicates.  
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Chapter 4 

 

Results – Physiological characterisation of the D2 

and CP43 point mutants 

∆PsbH and ∆PsbX strains have been shown to exhibit the bicarbonate effect in previous studies 

(Komenda et al., 2002; Biswas, 2018); which is in line with the results in the previous chapter. 

The cause is likely due to an altered acceptor side in cells lacking PsbH and PsbX disrupting 

the bicarbonate binding environment. These two low-molecular-weight proteins have been 

shown to interact with the D2 protein (Hankamer et al., 2001). Hence to investigate the effect 

of removing PsbH and PsbX on the D2 protein, specific point mutations were made in the D2 

protein targeting ligands that have been hypothesised to stabilise bicarbonate binding at the 

acceptor side of PS II or that are ligands of specific water molecules that may be involved in 

the protonation of reduced QB (refer to section 1.7). 

 

4.1 Construction of PsbDI/C mutagenesis system 

To introduce point mutations into the D2 and CP43 proteins of Synechocystis sp. PCC 6803 a 

mutagenesis system was constructed (Figure 4.1, 4.2A). Two genes encode for the D2 protein, 

psbDI, found in the psbDI/C operon, and psbDII (Golden et al., 1989; Golden et al., 1990). In 

order to construct this mutagenesis system, it was first necessary to delete the psbDII copy of 

the gene encoding D2. This step allowed mutations to be introduced into the psbDI copy found 

in the operon with psbC. The strategy adopted also allowed the introduction of mutations into 

the psbC gene encoding the CP43 core antenna protein of PS II and prevented the interruption 

of the expression of the psbC gene. 
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Figure 4.1 Construction of PsbDI/C mutagenesis system. 

The spectinomycin-resistance cassette being ligated into the StuI restriction site in the psbDI/C 
downstream flanking region. The plasmid is first linearised using a StuI restriction enzyme. 

 

A 4722 bp DNA fragment that contains psbDI/C and approximately 1 kb of each side of its 

open-reading frame (ORF) was amplified using primers DI/C-DS and DI/C-US (Table 2.1). 

This DNA fragment was cloned into a pJET expression vector (Thermo Fisher Scientific), 

which was subsequently verified by restriction digestion and Sanger sequencing. Once this was 

completed a selection system was needed, to do this a spectinomycin-resistance cassette was 

cloned into the vector. This was done first by introducing a unique StuI restriction site 73 bp 

into the non-coding downstream flank of the psbDI/C using site-directed mutagenesis. The 

vector was then digested at the StuI site to linearise the vector, followed by the ligation of the 

spectinomycin-resistance cassette into the vector, which was then confirmed by restriction 

digestion (Figure 4.2B). Following site-directed mutagenesis, vectors were transformed into a 

ΔPsbDI/C:ΔPsbDII deletion strain to introduce the point mutations via double homologous 

recombination (Kanesaki et al., 2012). The deletion strain was made by completely replacing 

the psbDI/C ORF with a chloramphenicol-resistance cassette and the psbDII ORF with a 

kanamycin-resistance cassette. Synechocystis 6803 has multiple copies of its genome 

(Kanesaki et al., 2012; Zerulla et al., 2016); to ensure only the modified copy is present, 

transformed Synechocystis 6803 cells were re-streaked on at least four separate occasions in 

the presence of spectinomycin and kanamycin antibiotics in the selection medium. Segregation 

was then confirmed by colony PCR (Figure 4.2C) and Sanger sequencing to ensure cells were 

homozygous for the required genotype.  
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Figure 4.2 Construction of PsbDI/C vector  

A. Plasmid map. Location of psbDI/C is in purple. 
SpecR inserted fragment in the spectinomycin-
resistance cassette. Upstream flank is a non-
coding region. Downstream flank includes the 
spectinomycin-resistance cassette and non-
coding region downstream of psbDI/C.  

B. Electrophoresis gel for verification of psbDI/C 
plasmid by HindIII restriction digest.  

C. Colony PCR to confirm complete segregation 
of psbDI/C mutants. L - Ladder, lane 1 wild type, 
lane 2 ΔPsbDI/C:ΔPsbDII deletion strain, lane 3 
PsbDI/C:PsbDII control strain with spectinomycin-
resistance cassette. 
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Figure 4.3 Photoautotrophic growth curve. 

Wild type (black), PsbDI/C:ΔPsbDII control strain (red), ΔPsbDII (green), ΔPsbDI/C:ΔPsbDII (blue). Data 

shown are the average of three independent biological replicates with the exception of ΔPsbDI/C:ΔPsbDII 

which was measured once.  

 

4.2 Physiological characterisation of PsbDI/C:ΔPsbDII, ΔPsbDII, and 

ΔPsbDI/C:ΔPsbDII control strains 

4.2.1 Photoautotrophic growth curve 

Photoautotrophic growth was assessed to measure the impact of the introduced mutations on 

PS II (Figure 4.3). The PsbDI/C:ΔPsbDII control strain (hereinafter referred to as ‘the control 

strain’) was able to grow photoautotrophically at a similar rate to wild type albeit at a slightly 

faster rate. The ΔPsbDII mutant displayed a slightly faster rate of photoautotrophic growth than 

the control strain at the beginning, however, it was at a similar OD after seven days. The 

ΔPsbDI/C:ΔPsbDII deletion strain (hereinafter ‘the deletion strain’) did not grow 

photoautotrophically as expected due to missing the D2 and CP43 proteins entirely.  

 

  

 

 

 

 

 

 

4.2.2 Oxygen evolution  

To investigate the bicarbonate effect and therefore also forward electron transfer and 

protonation of QB, sodium formate was added. Sodium formate (HCO2
-) removes bound HCO3

- 

from the thylakoid membrane (Eaton-Rye and Govindjee, 1988a; Eaton-Rye and Govindjee, 

1988b). Formate ions are a competitive inhibitor and compete with bicarbonate ions to bind to 

the NHI due to formate being almost identical to bicarbonate besides missing a hydroxyl group 

(Sedoud et al., 2011). Therefore, if the mutation disrupts the binding of the acceptor side 

bicarbonate ligand to the NHI, the bicarbonate ligand would be prone to displacement by 

formate in the mutants.  
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Oxygen evolution for the control strain, the ΔPsbDII mutant, and the deletion strain are shown 

in Figure 4.4 and Table 4.1. Oxygen evolution was detected with both DCBQ and DMBQ as 

electron acceptors. The observed rate of oxygen evolution in the presence of DCBQ for the 

control strain (591 µmoles O2 (mg of Chl)-1 h-1) was similar to wild type (532 µmoles O2 (mg 

of Chl)-1 h-1) and slightly higher than the ΔPsbDII mutant (486 µmoles O2 (mg of Chl)-1 h-1) 

(Figure 4.4A). A similar trend was seen when DMBQ was used as an electron acceptor; 

however, slightly higher rates than wild type (458 µmoles O2 (mg of Chl)-1 h-1) were observed 

in the control strain (551 µmoles O2 (mg of Chl)-1 h-1), the ΔPsbDII mutant (401 µmoles O2 

(mg of Chl)-1 h-1) was observed to evolve less oxygen than wild type (Figure 4.4B). When 

bicarbonate was used the observed rate of oxygen evolution in the ΔPsbDII mutant (514 

µmoles O2 (mg of Chl)-1 h-1) was higher than the control strain (449 µmoles O2 (mg of Chl)-1 

h-1) and wild type (492 µmoles O2 (mg of Chl)-1 h-1), the deletion strain as expected did not 

evolve oxygen with any electron acceptors, including bicarbonate, this agrees with the data 

obtained in the growth curve (Fig. 4.3). A drop in oxygen evolution rate was observed when 

DMBQ and bicarbonate were used in all strains, this was likely due to the rate of electron 

transfer to DMBQ being somewhat slower than to other electron acceptors. A sharp drop in the 

rate of oxygen evolution was observed when DMBQ and formate was used in wild type (169 

µmoles O2 (mg of Chl)-1 h-1), the control strain (201 µmoles O2 (mg of Chl)-1 h-1), and the 

ΔPsbDII mutant (202 µmoles O2 (mg of Chl)-1 h-1). However, the effect of formate was 

reversible as oxygen rates were restored in the presence of DMBQ and formate together with 

bicarbonate in wild type (380 µmoles O2 (mg of Chl)-1 h-1), the control strain (393 µmoles O2 

(mg of Chl)-1 h-1), and the ΔPsbDII mutant (474 µmoles O2 (mg of Chl)-1 h-1).  

Table 4.1 Oxygen evolution rates in the control mutant strains. 

Oxygen evolution rate (µmoles O2 (mg of Chl)-1 h-1) 

Electron acceptor 

Strain DCBQ DMBQ Bicarbonate DMBQ + 

Bicarbonate 

DMBQ + 

Formate 

DMBQ + 

Bicarbonate 

+ Formate 

Wild type 532 ± 37 458 ± 30 492 ± 9 452 ± 44 198 ± 37 380 ± 48 

PsbDI/C: 

ΔPsbDII 

591 ± 22 551 ± 37 449 ± 26 493 ± 84 201 ± 26 393 ± 42 

ΔPsbDII 

 

486 ± 39 401 ± 31 514 ± 17 485 ± 53 202 ± 28 475 ± 75 

ΔPsbDI/C: 

ΔPsbDII 

0 0 0    

The experiment was repeated three times and the standard error is shown.  
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Figure 4.4 Oxygen evolution. 
 
Strains were grown under constant illumination of 30 μE m-2 s-1 at 30°C and measured in the 
presence of (A) 200 μM DCBQ, (B) 200 μM DMBQ, (C) 15 mM sodium bicarbonate, (D) 200 μM 
DMBQ and 15 mM sodium bicarbonate, (E) 200 μM DMBQ and 25 mM sodium formate, and (F) 200 
μM DMBQ and with 15 mM sodium bicarbonate and 25 mM sodium formate. DCBQ and DMBQ is 
always accompanied by the presence of 1 mM K3Fe(CN)6. Down arrows indicate the beginning of 
actinic illumination, whereas the up arrows signify when the light was turned off. Cells were grown 
photomixotrophically. Wild type (black), PsbDI/C:ΔPsbDII control strain (red), ΔPsbDII (green), 
PsbDI/C:ΔPsbDII deletion strain (blue). Data shown are the average three independent biological 
replicates. 
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Figure 4.5 77 K Low-temperature fluorescence emission spectroscopy  

A. 440 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm wild 
type (black), ΔPsbDI/C:ΔPsbDII control strain (red), ΔPsbDII (green), and ΔPsbDI/C:ΔPsbDII deletion 
strain (blue). B. 580 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 
725 nm wild type (black), ΔPsbDI/C:ΔPsbDII control strain (red), ΔPsbDII (green), and 
ΔPsbDI/C:ΔPsbDII deletion strain (blue) (Khaing, unpublished data). Data shown are the average of 
three independent biological replicates. 

 

4.2.3 77 K Low-temperature fluorescence emission spectroscopy 

PS II levels and assembly in the different strains were assessed using low-temperature 

fluorescence emission spectroscopy. The fluorescence emission of the control strain in 440 nm 

excitation was almost identical to wild type (Figure 4.5A). The ΔPsbDII mutant was similar to 

both wild type and the control strain but showed a slight decrease in amplitude at both the 685 

nm and 695 nm emission peaks. The deletion strain, on the other hand, had a slightly lower 

emission from the 685 nm emission peak and was missing the 695 nm emission peak altogether. 

Indicating that CP47 is unable to incorporate into PS II when the D2 protein is missing.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Excitation of whole cells under low-temperature conditions at 580 nm revealed the control 

strain was similar to wild type; however, the 645 nm, 665 nm, and 685 nm peaks revealed 

slightly reduced emissions (Figure 4.5B). The ΔPsbDII mutant also revealed a similar pattern, 

but reduced emission was observed at the 645 nm, 665 nm, and 685 nm peaks. The deletion 

strain, however, displayed severely reduced emission at the 645 nm and 665 nm peaks, 

suggesting a large reduction in phycocyanin and allophycocyanin in the absence of the D2 

protein. The 685 nm peak, conversely, revealed a huge rise in fluorescence, which indicates an 

absence of active PS II centres and therefore the energy from the phycobilisomes is lost by the 

terminal emitter as fluorescence rather than being transferred to an intact PS II.   
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Figure 4.6 Variable chlorophyll a fluorescence induction. 

A Wild type (black), ΔPsbDI/C:ΔPsbDII control strain (red), ΔPsbDII (green), and ΔPsbDI/C:ΔPsbDII 
deletion strain (blue).B. In the presence of 40 μM of DCMU wild type (black), ΔPsbDI/C:ΔPsbDII 
control strain (red), ΔPsbDII (green), and ΔPsbDI/C:ΔPsbDII deletion strain (blue). Traces are 
normalised to initial fluorescence (Fo). Data shown are the average of three independent biological 
replicates. 

 

4.2.4 Variable chlorophyll a fluorescence induction 

Variable chlorophyll a fluorescence induction was measured to further investigate the different 

strains (Figure 4.6). A reduction in variable fluorescence yield was observed in the control 

strain relative to the wild-type strain, suggesting an absence of reduced QA and therefore 

reduced PS II assembly. This was also observed in the DCMU trace, where Fm reaches only 

~80% of wild type. The shape of the curve, however, was similar to that of wild type suggesting 

an unhindered electron transport chain. The ΔPsbDII mutant revealed a slight decrease in 

fluorescence yield compared to wild type; indicating a decrease in QA and active centres; this 

was consistent with the DCMU traces, which revealed a 15% decrease in PS II assembly 

compared to wild type. The shape of the curve, however, is similar to that of wild type. The 

deletion strain is shown to be missing the variable fluorescence rise entirely, indicating an 

absence of active PS II centres. The DCMU trace is almost identical to the trace with no 

treatment, confirming no active centres in the deletion mutant.  
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4.2.5 Chlorophyll a fluorescence decay 

Chlorophyll a fluorescence decay was used to assess if QA
- reoxidation efficiency was effected 

in the control strains in Figure 4.7 and the corresponding kinetics in Tables 4.2, 4.3, 4.4. To 

investigate the bicarbonate effect on the initial stages of illumination, chlorophyll a 

fluorescence decay was performed under different treatments. Formate and bicarbonate 

treatment tested if the binding of the bicarbonate ligand to the NHI was affected. Multiple 

actinic flashes were also performed as it is helpful to investigate the ‘two-electron gate’. The 

plastoquinone QB functions as a two-electron gate, two photochemical reactions are required 

to form QB
2-; therefore QA reduces QB twice. The first electron transfer occurs within 100-200 

µs, while the second electron is transferred at a slower rate at 400 – 600 µs (de Wijn and van 

Gorkom, 2001). Protonation of QB
2- is then required, QB

2- accepts two protons from the stroma 

(cytosol in cyanobacteria) to form PQH2. In this form, PQH2 disassociates from the QB pocket 

due to its lower binding affinity. It is then oxidised in the thylakoid membrane at the 

cytochrome b6f complex and becomes part of the PQ pool, a plastoquinone then binds to the 

empty QB site to repeat this process. Cells were dark adapted to fully oxidise QB before the 

fluorescence decay measurements were performed. With this measurement a single actinic 

flash results in a photochemical reaction forming QA
-QB. The electron then equilibrates 

between QA and QB but is mainly found on QB. A second flash causes a photochemical reaction 

forming QA
-QB

- which then forms QAQB
2- and this is protonated and released and a new QB 

binds. A third flash will thus resemble the first flash and so on. Therefore, if the decay of 

chlorophyll a fluorescence is impaired after multiple flashes, forward electron transfer to QB 

or the protonation of QB is likely inhibited, due to a conformational change in the QB binding 

site (Robinson and Crofts, 1987).  

No significant differences were observed between wild type, the control strain, and the 

ΔPsbDII mutant. A minor inhibition to fluorescence decay was observed in the control strain 

compared to wild type when in the presence of formate, suggesting it may be slightly more 

sensitive to formate treatment. Both wild type and the control strain show an impairment to 

fluorescence decay when treated with formate which incrementally becomes more severe after 

an increasing number of actinic flashes. Wild type revealed a half-time of 324 ± 17 µs in a 

single flash upon the addition of formate and a half-time of 382 ± 34 µs in three flashes. The 

control strain has a half-time of 382 ± 34 µs with a single flash when treated with formate, 

while three flashes increased the half-time to 445 ± 45 µs. This is expected due to formate 
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inhibiting QA to QB transfer by removing the bicarbonate, no dramatic increases were seen in 

other treatments after multiple flashes. In addition, no major changes in amplitude were 

observed. The control strain, however, revealed a slight delay in fluorescence decay in all 

treatments compared to wild type. The ΔPsbDII mutant was quite similar to the control strain 

which is expected. The deletion strain, however, was excluded because there was no PS II 

present as shown by the other measurements performed above. 

 

Table 4.2 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash in control strains.  

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

Wild type No treatment 278 ± 18 65 ± 0.4 3.6 ± 0.2 27 ± 0.3 5.0 ± 0.9 8.0 ± 0.1 

 Bicarbonate 

Formate 

Bicarbonate 

+ Formate  

DCMU 

290 ± 16 

324 ± 17 

315 ± 13 

64 ± 1.1 

61 ± 1.1 

62 ± 0.4 

3.5 ± 0.2 

4.4 ± 0.7 

3.3 ± 0.2 

 

1.9 ± 0.2 

29 ± 1.6 

30 ± 0.5 

30 ± 0.8 

 

12 ± 0.2 

8.5 ± 1.4 

6.1 ± 3.2 

8.5 ± 1.8 

 

0.54 ± 0.1 

7.0 ± 0.5 

9.0 ± 0.5 

8.0 ± 0.4 

 

88 ± 0.2 

PsbDI/C: No treatment 300 ± 4.0 63 ± 0.4 2.9 ± 0.1 30 ± 0.3 8.3 ± 0.8 7.0 ± 0.1 

ΔPsbDII 

Control 

strain 

Bicarbonate 

Formate 

Bicarbonate 

+ Formate  

DCMU 

314 ± 22 

382 ± 34 

348 ± 15 

64 ± 1.9 

64 ± 0.8 

67 ± 1.5 

3.1 ± 0.2 

6.1 ± 0.4 

4.2 ± 0.2 

 

1.9 ± 0.1 

28 ± 1.7 

26 ± 0.8 

25 ± 2.1 

 

15 ± 0.6 

4.4 ± 0.7 

1.5 ± 0.1 

4.5 ± 1.0 

 

0.5 ± 0.1 

8.0 ± 0.5 

10 ± 0.1 

8.0 ± 0.7 

 

85 ± 0.6 

ΔPsbDII No treatment 283 ± 3.0 64 ± 2.1 3.7 ± 0.1 28 ± 0.1 5.0 ± 1.1 8.0 ± 1.4 

 DCMU   1.8 ± 0.4 14 ± 1.3 0.5 ± 0.1 86 ± 1.3 

The experiment was repeated three times and the standard error is shown. 
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Table 4.3 Kinetic analysis of chlorophyll a fluorescence decay following two saturating actinic 
flashes in control strains.  

  Fast Phase  Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

Wild type No treatment 347 ± 2.0 67 ± 1.1 7.6 ± 1.1 20 ± 1.1 2.6 ± 0.4 12 ± 0.2 

 Bicarbonate 

Formate 

Bicarbonate 

+ Formate  

DCMU 

325 ± 26 

349 ± 39 

324 ± 35 

66 ± 8.4 

52 ± 2.2 

62 ± 2.7 

4.14 ± 3.8 

4.8 ± 2.6 

4.2 ± 1.1 

 

8.2 ± 3.9 

22 ± 6.5 

24 ± 4.2 

24 ± 2.0 

 

12 ± 0.7 

2.0 ± 0.7 

0.3 ± 0.1 

0.3 ± 0.1 

 

0.6 ± 0.1 

12 ± 1.9 

24 ± 0.1 

14 ± 0.8 

 

88 ± 0.7 

PsbDI/C: No treatment 367 ± 4.0 67 ± 0.4 8.5 ± 0.5 20 ± 0.7 2.7 ± 0.8 12 ± 1.1 

ΔPsbDII 

Control 

strain 

Bicarbonate 

Formate 

Bicarbonate 

+ Formate  

DCMU 

336 ± 7.0 

386 ± 16 

336 ± 7.0 

66 ± 1.4 

60 ± 0.8 

63 ± 0.1 

6.5 ± 0.9 

8.8 ± 1.1 

5.6 ± 0.1 

 

4.8 ± 0.6 

22 ± 0.4 

22 ± 0.2 

26 ± 0.4 

 

14 ± 0.8 

1.8 ± 0.4 

0.6 ± 0.1 

2.9 ± 1.9 

 

0.5 ± 0.1 

12 ± 1.8 

18 ± 0.5 

11 ± 0.6 

 

86 ± 0.8 

ΔPsbDII No treatment 398 ± 6.0 67 ± 1.8 9.9 ± 0.3 20 ± 0.6 4.5 ± 1.6 12 ± 1.3 

 DCMU   2.6 ± 1.0 10 ± 0.3 0.5 ± 0.3 90 ± 0.3 

The experiment was repeated three times and the standard error is shown. 

 

Table 4.4 Kinetic analysis of chlorophyll a fluorescence decay following three saturating 
actinic flashes in control strains.  

  Fast Phase  Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

Wild type No treatment 391 ± 55 72 ± 6.9 12 ± 3.2 17 ± 5.4 1.9 ± 0.6 10 ± 1.6 

 Bicarbonate 

Formate 

Bicarbonate 

+ Formate  

DCMU 

358 ± 82 

441 ± 61 

384 ± 32 

64 ± 8.8 

51 ± 4.5 

58 ± 2.2 

8.5 ± 4.2 

3.5 ± 1.2 

2.7 ± 0.5 

 

4.5 ± 1.9 

24 ± 6.3 

22 ± 3.4 

26 ± 1.8 

 

11 ± 0.4 

1.1 ± 0.7 

0.2 ± 0.1 

0.2 ± 0.1 

 

0.6 ± 0.1 

13 ± 2.6 

26 ± 0.8 

16 ± 0.1 

 

89 ± 0.4 

PsbDI/C: No treatment 433 ± 10 67 ± 4.1 6.7 ± 3.7 18 ± 0.9 1.7 ± 0.6 16 ± 3.2 

ΔPsbDII 

Control 

strain 

Bicarbonate 

Formate 

Bicarbonate 

+ Formate  

DCMU 

407 ± 51 

482 ± 45 

400 ± 18 

69 ± 5.1 

58 ± 2.6 

64 ± 0.6 

4.3 ± 0.8 

6.5 ± 1.1 

4.8 ± 1.0 

 

2.9 ± 1.0 

20 ± 3.5 

21 ± 1.1 

25 ± 0.2 

 

18 ± 1.7 

1.1 ± 0.8 

0.5 ± 0.2 

2.6 ± 1.3 

 

0.5 ± 0.1 

11 ± 1.6 

21 ± 1.6 

11 ± 0.4 

 

81 ± 1.7 

ΔPsbDII No treatment 376 ± 53 63 ± 5.6 5.5 ± 2.7 24 ± 3.5 0.7 ± 0.4 13 ± 2.0 

 DCMU   4.4 ± 1.1 9.1 ± 1.1 0.5 ± 0.1 91 ± 1.1 

The experiment was repeated three times and the standard error is shown. 
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Figure 4.7 Chlorophyll a fluorescence decay. 

Decay was measured after a one, two, or three saturating actinic flashes. Numbers indicate the 
number of saturating flashes. Wild type (black), ΔPsbDI/C:ΔPsbDII control strain (red), ΔPsbDII 
(green).A. No treatment. B. In the presence of bicarbonate. C. In the presence of formate. D. in the 
presence of bicarbonate and formate. E. In the presence of DCMU. Traces are normalised to initial 

fluorescence (Fo). Data shown are the average of three independent biological replicates. 
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Figure 4.8 PS II assembly analysis of Synechocystis sp. PCC 6803 mutant strains. Thylakoid 
samples solubilised by 1% DDM and run on a 3-12% BN-page gel. Immunodetection of PS II 
was done after samples with transferred to a PVDF membrane with PS II specific antibodies.  
A. CP43, B. D2.                                                          
Lanes: 1. Wild type 2. ΔPsbDI/C:ΔPsbDII deletion strain 3. PsbDI/C:ΔPsbDII control strain Complexes 
visible are PS II dimer, PS II monomer, RC47: PS II intermediate complex without CP43, u.p. 
unassembled protein complexes. Data shown are the representative of two independent biological 
replicates. 

4.2.6 Blue-Native PAGE 

PS II assembly was further investigated via BN-PAGE followed by a western blot (Figure 4.8). 

The control strain was similar to wild type. However, key differences were observed here. A 

minor decrease in PS II dimer could be observed, also no RC47 complexes were observed in 

the control strain. The deletion strain revealed no PS II complexes being assembled. 
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Figure 4.9 Photoautotrophic growth curve. 

A. PsbDI/C:ΔPsbDII control strain (black), D2-H189F (red), D2-H189L (green). B. Wild type (black), 
D2-W253F (blue), D2-W253L (orange). A representative growth curve is shown with the exception of 
PsbDI/C:ΔPsbDII control strain which was repeated three times. 

 

4.3 Physiological characterisation of mutations introduced at D2-

His189 and D2-Trp253 

4.3.1 Photoautotrophic growth curve 

The D2-His189 and the D2-Trp253 mutants were used as controls to reaffirm that the D2 

mutagenesis system was functioning correctly. Physiological experiments were carried out to 

confirm previously published data for the D2-His189 and the D2-Trp253 mutants. The 

competence to grow photoautotrophically were therefore tested in these mutants (Figure 4.9). 

In the case of the H189F mutant, the more conservative mutation was able to grow 

photoautotrophically but at a reduced rate compared to the control strain. The H189L mutant, 

however, exhibited quite a substantial reduction in its ability to grow photoautotrophically. A 

retarded rate of growth was also observed in the W253F mutant, while the W253L strain 

showed no photoautotrophic growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Oxygen evolution  

To determine the cause of the stunted photoautotrophic growth of the D2-His189 and the D2-

Trp253 mutants, their ability to evolve oxygen was measured (Figure 4.10 and Table 4.5). The 

rate of oxygen evolution was measured with DCBQ and DMBQ acting as electron acceptors. 

The oxygen evolution rate in the presence of DCBQ for the H189F (455 µmoles O2 (mg of 



99 

Chl)-1 h-1), the H189L (382 µmoles O2 (mg of Chl)-1 h-1), and W253F mutants (429 µmoles O2 

(mg of Chl)-1 h-1) were reduced compared to the control. In the presence of DMBQ, a similar 

trend was seen, in the H189F (317 µmoles O2 (mg of Chl)-1 h-1), H189L (284 µmoles O2 (mg 

of Chl)-1 h-1), and W253F mutants (347 µmoles O2 (mg of Chl)-1 h-1).  

The effect of using bicarbonate was also investigated together with the impact of adding 

formate to these cells. In the presence of bicarbonate the H189F (563 µmoles O2 (mg of Chl)-1 

h-1), H189L (434 µmoles O2 (mg of Chl)-1 h-1), and W253F mutants (478 µmoles O2 (mg of 

Chl)-1 h-1) revealed an increased rate of oxygen evolution compared to the control strain. In the 

presence of both bicarbonate and DMBQ, a similar trend was observed, however, a slight 

decrease in oxygen evolved was seen compared to when treated with bicarbonate alone. 

Conversely, a decrease in the oxygen evolution rate was observed in the H189F mutant (80 

µmoles O2 (mg of Chl)-1 h-1), the H189L mutant (57 µmoles O2 (mg of Chl)-1 h-1), and the 

W253F mutant (118 µmoles O2 (mg of Chl)-1 h-1) when in the presence of DMBQ and formate. 

All mutants were observed to have a lower rate of oxygen evolved; however, the H189F and 

H819L mutants were observed to have a much lower oxygen evolution rate relative to the 

control strain suggesting a higher sensitivity to formate. The W253F mutant also revealed a 

large decrease in oxygen evolution rate compared to the control strain, displaying a sensitivity 

to formate. The effect of formate on oxygen evolution rates was, however, shown to be 

reversible when treated with DMBQ and bicarbonate when formate was present. Oxygen 

evolution rates recovered but not to the rate without formate. The W253L mutant exhibited no 

oxygen evolution with any treatment (Fig 4.10, Table 4.5). 

Table 4.5 Oxygen evolution rates in D2-His189 and D2-Trp253 mutant strains. 

Oxygen evolution rate (µmoles O2 (mg of Chl)-1 h-1) 

Electron acceptor 

Strain DCBQ DMBQ Bicarbonate DMBQ + 

Bicarbonate 

DMBQ + 

Formate 

DMBQ + 

Bicarbonate 

+ Formate 

PsbDI/C: 

ΔPsbDII 

591 ± 22 551 ± 37 449 ± 26 493 ± 84 201 ± 26 393 ± 42 

H189F 455 ± 47 317 ± 62 563 ± 72 406 ± 45 80 ± 16 302 ± 38 

H189L 382 ± 52 284 ± 21 434 ± 11 259 ± 23 57 ± 11 186 ± 26 

W253F 429 ± 24 347 ± 41 478 ± 21 342 ± 14 118 ± 19 287 ± 27 

W253L 18 ± 4.1 0 9.1 ± 3.7 0 0 1.6 ± 0.9 

The experiment was repeated three times and the standard error is shown. 
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Figure 4.10 Oxygen evolution. 

Strains were grown under constant illumination of 30 μE m-2 s-1 at 30°C and measured in the presence of 
(A) 200 μM DCBQ, (B) 200 μM DMBQ, (C) 15 mM sodium bicarbonate, (D) 200 μM DMBQ and 15 mM 
sodium bicarbonate, (E) 200 μM DMBQ and 25 mM sodium formate, and (F) 200 μM DMBQ and with 15 
mM sodium bicarbonate and 25 mM sodium formate. DCBQ and DMBQ is always accompanied by the 
presence of 1 mM K3Fe(CN)6. Down arrows indicate the beginning of actinic illumination, whereas the up 
arrows signify when the light was turned off. Cells were grown photomixotrophically.  PsbDI/C:ΔPsbDII 

control strain (black), D2-H189F (red), D2-H189L (green), D2-W253F (blue). D2-W253L (Orange). Data 
shown are the average of three independent biological replicates. 
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Figure 4.11 77 K Low-temperature fluorescence emission spectroscopy  

A. 440 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm PsbDI/C: 
ΔPsbDII control strain (black), D2-H189F (red), D2-H189L (green), D2-W253F (blue). D2-W253L (Orange). 
B. 580 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm PsbDI/C: 
ΔPsbDII control strain (black), D2-H189F (red), D2-H189L (green), D2-W253F (blue). D2-W253L (Orange). 
Data shown are the average of three independent biological replicates. 

 

4.3.3 77 K Low-temperature fluorescence emission spectroscopy 

Assembly of PS II was assessed to further characterise the cause of reduced photoautotrophic 

growth and oxygen evolution rates (Figure 4.11). The H189F and H189L mutants both 

demonstrated reduced 685 nm and 695 nm emission peaks compared to the control strain when 

under 440 nm excitation, indicating a reduced ratio of PS II to PS I. The W253F mutant 

revealed similar fluorescence emission to the control strain at 685 nm; however, a reduction of 

fluorescence emission was observed at the 695 nm peak. The W253L mutant revealed a 

reduction in the 685 nm emission peak, while also completely missing the 695 nm emission 

peak. This indicates impairment to PS II assembly, likely caused by an inability to incorporate 

CP47 into PS II.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With 580 nm excitation, reduced 645 nm and 665 nm emission peaks compared to the control 

strain were observed in all mutants, indicating a lower level of phycocyanin, and 

allophycocyanin. All mutants also revealed an increased emission at the 685 nm peak. The 

H189F mutant displayed only a slight increase, the H189L mutant, however, revealed a much 

higher increase; the W253F mutant also has a high 685 nm peak, slightly higher than the H189L 

mutant. This suggests inhibited energy transfer, preventing the transfer of energy from the 

phycobilisome to PS II. The W253L mutant, however, revealed a massive increase at the 685 

nm peak dwarfing the other mutants, which indicates an absence of active centres. 
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Figure 4.12 Variable chlorophyll a fluorescence induction. 

A PsbDI/C:ΔPsbDII control strain (black), D2-H189F (red), D2-H189L (green), D2-W253F (blue). D2-
W253L (orange). B. In the presence of 40 μM of DCMU PsbDI/C:ΔPsbDII control strain (black), D2-
H189F (red), D2-H189L (green), D2-W253F (blue), D2-W253L (orange). Traces are normalised to 
initial fluorescence (Fo). Data shown are the average of three independent biological replicates. 

4.3.4 Variable chlorophyll a fluorescence induction 

The D2-His189 and D2-Trp253 mutants were further assessed via variable chlorophyll a 

fluorescence (Figure 4.12). The H189F mutant demonstrated an induction trace with a similar 

shape to the control strain albeit with reduced variable fluorescence yield. This was also 

observed in the trace in the presence of DCMU, revealing only 80% of active centres compared 

to the control strain. Furthermore, the J – I transition was flat before rising to the P peak, 

indicating an impairment to filling the plastoquinone pool. The H189L mutant displayed quite 

a large reduction in fluorescence, a flat J – I transition, and a small P peak. In the presence of 

DCMU, the H189L mutant Fm peaks at only 60% of the control strain. 

The W253F mutant trace revealed quite a severe reduction in variable fluorescence yield. The 

trace suggests a decrease in assembled PS II centres and also an impairment to filling the 

plastoquinone pool. Fluorescence induction with DCMU revealed that the W253F mutant has 

only 50% of active centres relative to the control strain. The W253L mutant, on the other hand, 

was completely lacking the characteristic variable fluorescence rise, being indistinguishable 

from its DCMU trace. This indicates the absence of active PS II centres in the W253L mutant. 
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4.3.5 Chlorophyll a fluorescence decay 

Data from fluorescence induction suggest that PS II assembly and forward electron transfer are 

affected in the D2-His189 and D2-Trp253 mutants. Further analysis was done via chlorophyll 

a fluorescence decay to investigate the effect these point mutants have on acceptor side electron 

transport (Figure 4.13, Table 4.6). Relative to the control strain the H189F, H189L, and W253F 

mutants displayed impaired fluorescence decay. Kinetic analysis revealed a minor increase in 

half-time for the fast phase in the H189F (352 ± 4.0 µs), H189L (398 ± 21 µs), and W253F 

(334 ± 46 µs) mutants (cf. control strain 300 ± 4.0 µs). A minor increase in half-time was also 

observed for all mutants at the intermediate phase (cf. control strain 2.9 ± 0.1 ms). The H189L 

mutant (3.9 ± 0.3 ms) displayed a larger increase compared to the H189F mutant (3.3 ± 0.3 

ms); however, the largest increase was seen in the W253F mutant (4.6 ±0 .3 ms). From these 

results, all mutants showed signs of inhibited QB binding. Furthermore, a severe decrease in 

half-time was observed in the H189F (1.8 ± 0.2 s), H189L (1.1 ± 0.3 s), and W253F (0.3 ± 0.1 

s) mutants at the slow phase (cf. control strain 8.3 ± 0.8 s); this suggests that a shift in the 

equilibrium between the two states QA
-QB and QAQB

- towards favouring QA
-QB. The 

equilibrium shift causes the back reaction with the S2 states to come chiefly from QA
-. The 

relative amplitude as compared to the control strain was reduced at the fast phase; however, an 

increase at the slow phase was also observed in all three point mutants. The W253F mutant 

was the only mutant to display a dramatic decrease of relative amplitude at the intermediate 

phase (20 ± 4.5%) (cf. control strain 30 ± 0.3%). The W253F mutant was also the mutant with 

the highest increase in relative amplitude at the slow phase (26 ± 1.8%) (cf. control strain 

7.0±0.1%). In the W253F mutant, 26% of the total fluorescence, therefore, occurred at the slow 

phase, but in the control strain, only 7% of the total fluorescence arose at the slow phase. The 

above results suggest that more time is spent at the back reaction due to inhibited forward 

electron transfer, leading to a shift in equilibrium to favour QA
-QB in these mutants. The W253L 

mutant was excluded due to its lack of active PS II centres. 

In the presence of bicarbonate, the D2-His189 mutants revealed similar kinetics to the no-

treatment assays. The W253F mutant, however, revealed an increase in half-time relative to 

the no treatment assay at the slow phase and displayed figures close the control strain. The 

formate assays revealed impaired fluorescence decay in all mutants. The H189F (423 ± 30 µs), 

and H189L (430 ± 26 µs) mutants revealed an increase in half-time at the fast phase relative to 

the control strain (382 ± 34 µs), suggesting that the D2-His189 point mutants are more prone 
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to inhibition by the formate treatment. The W253F mutant (386 ± 57 µs), conversely, revealed 

a similar half-time at the fast phase when compared to the control strain under formate 

treatment. A further accelerated slow phase was also observed in the H189L, and W253F 

mutants in the presence of formate, coupled with an increased amplitude which was observed 

in all three point mutants relative to the control strain, especially the H189L mutant (33 ± 

5.1%)(cf. control strain 10 ± 0.1%). In the presence of bicarbonate and formate, the half-time 

and amplitude in all three point mutants returned to values similar to no treatment, indicating 

that the effects of formate are reversible. An increase in amplitude relative to the control strain 

(15 ± 0.6%) was observed when in the presence of DCMU in the H189L and W253F mutants, 

likely due to an inhibited back reaction forcing QA
- to recombine with something other than the 

OEC (likely P680+).  

 

 

 

 

  

Figure 4.13 Chlorophyll a fluorescence decay. 

Decay was measured after a single saturating actinic flash.                          
PsbDI/C:ΔPsbDII control strain (black), D2-H189F (red), D2-H189L (green), and D2-W253F (Blue). A. 
No treatment. B. In the presence of bicarbonate. C. In the presence of formate. D. in the presence of 
bicarbonate and formate. E. In the presence of DCMU. Traces are normalised to initial fluorescence 

(Fo). Data shown are the average of three independent biological replicates. 



105 

Table 4.6 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash in D2-His189 and D2-Try253 mutant strains.  

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 300 ± 4.0 63 ± 0.4 2.9 ± 0.1 30 ± 0.3 8.3 ± 0.8 7.0 ± 0.1 

Bicarbonate 314 ± 22 64 ± 1.9 3.1 ± 0.2 28 ± 1.7 4.4 ± 0.7 8.0 ± 0.5 

Formate 382 ± 34 64 ± 0.8 6.1 ± 0.4 26 ± 0.8 1.5 ± 0.1 10 ± 0.1 

Bicarbonate + 

Formate 

348 ± 15 67 ± 1.5 4.2 ± 0.2 25 ± 2.1 4.5 ± 1.0 8.0 ± 0.7 

DCMU   1.9±0.1 15±0.6 0.5±0.1 85±0.6 

D2-

H189F 

No treatment 352 ± 4.0 58 ± 4.5 3.3 ± 0.3 30 ± 4.5 1.8 ± 0.2 12 ± 0.1 

 Bicarbonate 364 ± 25 60 ± 2.8 3.9 ± 0.3 28 ± 2.8 1.8 ± 0.1 12 ± 0.1 

 Formate 423 ± 30 53 ± 1.8 4.2 ± 0.6 30 ± 0.8 1.1 ± 0.1 16 ± 0.1 

 Bicarbonate + 

Formate 

404 ± 7.0 59 ± 4.1 3.8 ± 0.1 27 ± 3.7 1.6 ± 0.1 13 ± 0.4 

 DCMU   2.1 ± 0.4 18 ± 1.1 0.4 ± 0.1 82 ± 1.1 

D2-

H189L 

No treatment 398 ± 21 54 ± 1.4 3.9 ± 0.3 32 ± 2.8 1.1 ± 0.3 14 ± 2.6 

 Bicarbonate 379 ± 5.0 55 ± 2.1 3.6 ± 0.2 30 ± 1.1 0.9 ± 0.1 15 ± 0.1 

 Formate 430 ± 26 38 ± 1.7 4.9 ± 0.4 29 ± 3.4 0.6 ± 0.1 33 ± 5.1 

 Bicarbonate + 

Formate 

397 ± 32 53 ± 0.7 4.0 ± 0.4 27 ± 0.1 0.8 ± 0.1 20 ± 0.5 

 DCMU   2.2 ± 0.1 25 ± 0.1 0.4 ± 0.1 75 ± 0.9 

D2-

W253F 

No treatment 334 ± 46 58 ± 3.5 4.6 ± 0.3 20 ± 4.5 0.3 ± 0.1 26 ± 1.8 

Bicarbonate 340 ± 22 64 ± 5.3 4.6 ± 0.8 26 ± 3.2 4.9 ± 0.1 10 ± 0.1 

Formate 386 ± 57 48 ± 2.5 4.7 ± 0.1 30 ± 1.1 0.5 ± 0.1 17 ± 5.6 

Bicarbonate + 

Formate 

332 ± 38 50 ± 4.0 3.7 ± 0.1 30 ± 5.5 2.5 ± 0.2 20 ± 9.5 

 DCMU   1.1 ± 0.1 32 ± 0.1 0.2 ± 0.5 68 ± 1.1 

The experiment was repeated three times and the standard error is shown. 
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Figure 4.14 Photoautotrophic growth curve. 

PsbDI/C:ΔPsbDII control strain (black), CP43-D460A (red), CP43-D460E (green), CP43-D460N 
(blue). A representative growth curve is shown with the exception of PsbDI/C:ΔPsbDII control strain 
which was repeated three times. 

4.4 Physiological characterisation of mutations introduced at CP43-

Asp460 

4.4.1 Photoautotrophic growth curve 

The terminal CP43-Asp460 residue of CP43 has been shown to interact with the PsbT low-

molecular-weight protein of PS II and may play a role in stabilising the photosystem or 

participating in the removal of CP43 as part of the repair process.  To assess the importance of 

the hydrogen-bonding between Asp460 of CP43 and the Arg24 and Arg28 residues at the C-

terminus of PsbT, point mutations in CP43 were created. Competency of the CP43-Asp460 

point mutants to grow photoautotrophically was used to assess the physiological importance of 

the Asp460 residue (Figure 4.14). All three point mutants D460A, D460E, and D460N grew 

photoautotrophically. Aside from the D460A mutant seemingly growing faster initially, all 

point mutants grow at a similar rate to the control strain under standard photoautotrophic 

growth conditions.  
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Figure 4.15 Oxygen evolution. 

Strains were grown under constant illumination of 30 μE m-2 s-1 at 30°C, measured in the presence of 
(A) 200 μM DCBQ, (B) 200 μM DMBQ, (C) 15 mM sodium bicarbonate. DCBQ and DMBQ are always 
accompanied by the presence of 1 mM K3Fe(CN)6. Down arrows indicate the beginning of actinic 
illumination, whereas the up arrows signify when the light was turned off. Cells were grown 
photomixotrophically. PsbDI/C:ΔPsbDII control strain (black), CP43-D460A (red), CP43-D460E 
(green), CP43-D460N (blue). Data shown are the average of two independent biological replicates 
with the exception of the PsbDI/C:ΔPsbDII control strain which was repeated three times. 

4.4.2 Oxygen evolution  

To further probe the CP43-Asp460 mutants, oxygen evolution was measured to assess PS II 

activity in whole cells (Figure 4.15 and Table 4.7). The observed rate of oxygen evolution in 

the presence of DCBQ for the D460A (300 µmoles O2 (mg of Chl)-1 h-1), D460E (377 µmoles 

O2 (mg of Chl)-1 h-1), and D460N (455 µmoles O2 (mg of Chl)-1 h-1) mutants were reduced 

relative to the control strain. The D460N mutant evolved oxygen at a slightly higher rate than 

the D460A and D460E strains. A similar trend was observed when DMBQ was used as an 

electron acceptor. In the presence of bicarbonate the D460A (367 µmoles O2 (mg of Chl)-1 h-

1), D460E (368 µmoles O2 (mg of Chl)-1 h-1), and D460N (374 µmoles O2 (mg of Chl)-1 h-1) 

mutants all had very similar rates of oxygen evolution; however, the rate of oxygen evolution 

in all mutants was still slightly lower than the rate of the control strain.  
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Figure 4.16 77 K Low-temperature fluorescence emission spectroscopy.  

A. 440 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm 
PsbDI/C:ΔPsbDII control strain (black), CP43-D460A (red), CP43-D460E (green), CP43-D460N 
(blue). B. 580 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm 
PsbDI/C:ΔPsbDII control strain (black), CP43-D460A (red), CP43-D460E (green), CP43-D460N 
(blue). Data shown are the average of two independent biological replicates with the exception of the 
PsbDI/C:ΔPsbDII control strain which was repeated three times.. 

 

Table 4.7 Oxygen evolution rates in CP43-Asp460 mutant strains. 

Oxygen evolution rate (µmoles O2 (mg of Chl)-1 h-1) 

                 Electron acceptor 

Strain DCBQ DMBQ Bicarbonate 

PsbDI/C:ΔPsbDII 591 ± 22 551 ± 37 449 ± 26 

D460A 300 ± 31 286 ± 19 367 ± 12 

D460E 377 ± 56 294 ± 4.3 368 ± 14 

D460N 455 ± 40 416 ± 21 374 ± 38 

The experiment was repeated twice and the standard error is shown with the exception of the 
PsbDI/C:ΔPsbDII control strain which was repeated three times. 
 

4.4.3 77 K Low-temperature fluorescence emission spectroscopy 

To assess the cause of the decreased rate of oxygen evolution, assembly of PS II in the CP43-

Asp460 mutant strains were characterised (Figure 4.16). A reduction in fluorescence emission 

at the 685 nm and 695 nm peak was observed relative to the control strain in the D460A and 

D460N mutant cells with 440 nm excitation. The D460E mutant, however, revealed similar 

levels of fluorescence emission to that of the control strain.  
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Figure 4.17 Variable chlorophyll a fluorescence induction. 

A. PsbDI/C:ΔPsbDII control strain (black), CP43-D460A (red), CP43-D460E (green), CP43-D460N (blue). 
B. In the presence of 40 μM of DCMU wild type (black), PsbDI/C:ΔPsbDII control strain (black), CP43-
D460A (red), CP43-D460E (green), CP43-D460N (blue). Traces are normalised to initial fluorescence (Fo). 
Data shown are the average of two independent biological replicates with the exception of the 
PsbDI/C:ΔPsbDII control strain which was repeated three times.. 

 

With 580 nm excitation, a reduction at the 645 nm and 665 nm emission peaks was observed 

in all three CP43-Asp460 mutants relative to the control strain; this indicates a reduced level 

of phycocyanin and allophycocyanin in these mutants. A similar level of fluorescence emission 

to that of the control strain was observed in all three mutants at the 685 nm peak. 

4.4.4 Variable chlorophyll a fluorescence induction 

Disruptions to the electron transport chain may be the cause of the reduction in oxygen 

evolution rates and changes in the assembly of PS II. Variable chlorophyll a fluorescence 

induction assays were conducted to investigate the efficiency of PS II (Figure 4.17). The 

induction trace revealed a similar shape to that of the control strain in the CP43-Asp460 

mutants; however, the D460E and D460N strains appeared to reach the plateau more slowly. 

In the no treatment assay the D460A mutant revealed a reduction in variable fluorescence yield, 

suggesting a decrease in assembled active PS II centres. A reduction in variable fluorescence 

yield was also observed when in the presence of DCMU, the trace revealed an Fm at only 80% 

of the control strain. The D460E mutant had a higher O - J rise than the control strain, leading 

to a higher J - I - P transition of the trace. This indicates that QA
- oxidation is unbalanced, 

suggesting that QA
- to QB electron transport is inhibited. The induction trace in the presence of 

DCMU revealed the D460E mutant had 10% more active centres than the control strain. The 

D460N strain also had a higher O-J rise; however, the trace in the presence of DCMU revealed 

a similar level of active PS II centres to the control strain.  
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Figure 4.18 Chlorophyll a fluorescence decay. 

Decay was measured after a single saturating actinic flash. A. PsbDI/C:ΔPsbDII control strain (black), 
CP43-D460A (red), CP43-D460E (green), and CP43-D460N (blue). B. In the presence of 40 μM of 
DCMU, PsbDI/C:ΔPsbDII control strain (black), CP43-D460A (red), CP43-D460E (green), and CP43-
D460N (blue). Cells were grown photoautotrophically. Traces are normalised to initial fluorescence 
(Fo). Data shown are the average of two independent biological replicates with the exception of the 
PsbDI/C:ΔPsbDII control strain which was repeated three time.. 

 

4.4.5 Chlorophyll a fluorescence decay 

Chlorophyll a fluorescence decay was performed to further analyse the effect the CP43-Asp460 

point mutants have on forward electron transfer (Figure 4.18 and Table 4.8). The D460A 

mutant (356 ± 15 µs) revealed a minor increase in half-time for the fast phase (cf. control strain 

300 ± 4.0 µs). The D460E (263 ± 0.1 µs) and D460N (271 ± 38 µs), however, show a slight 

decrease in half-time for the fast phase. All three point mutants revealed a minor increase in 

half-time in the intermediate phase, suggesting a slight inhibition to QB binding. Furthermore, 

the three point mutants all displayed an accelerated slow phase. The D460E (3.3 ± 0.6 s) and 

D460N (4.1 ± 0.1 s) mutants had a larger decrease in half-time than the D460A mutant (6.8 ± 

1.5 s), this points to a shift in the equilibrium between the two states QA
-QB and QAQB

- towards 

favouring QA
-QB. This was also the trend observed in the variable chlorophyll a fluorescence 

induction assays. No significant changes were observed in amplitude in any of the CP43-

Asp460 mutants. The differences in decay kinetics are minimal, and the CP43-Asp460 point 

mutants showed a similar relaxation of the fluorescence yield to the control strain. It appears 

that the CP43-Asp460 point mutations have little impact on forward electron transfer.  
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Table 4.8 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash in CP43-Asp460 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

ΔPsbDI/C: 

ΔPsbDII 

Control 

Strain 

No treatment 300 ± 4.0 63 ± 0.4 2.9 ± 0.1 30 ± 0.3 8.3 ± 0.8 7.0 ± 0.1 

DCMU   1.9 ± 0.1 15 ± 0.6 0.5 ± 0.1 85 ± 0.6 

CP43-

D460A 

No treatment 356 ± 15 62 ± 2.0 3.6 ± 0.2 31 ± 2.2 6.8 ± 1.5 7.0 ± 0.2 

DCMU   2.4 ± 0.2 17 ± 0.3 0.7 ± 0.1 83 ± 0.3 

CP43-

D460E 

No treatment 263 ± 1.0 66 ± 0.7 3.5 ± 0.3 26 ± 0.2 3.3 ± 0.6 8.0 ± 0.5 

DCMU   2.2 ± 0.8 14 ± 1.0 0.7 ± 0.1 86 ± 1.1 

CP43-

D460N 

No treatment 271 ± 38 64 ± 3.2 3.4 ± 1.1 30 ± 2.1 4.1 ± 0.1 7.0 ± 0.1 

DCMU   2.6 ± 0.1 13 ± 0.1 0.7 ± 0.1 87 ± 0.1 

The experiment was repeated twice and the standard error is shown with the exception of the 
PsbDI/C:ΔPsbDII control strain which was repeated three times. 

 

4.4.6 Photoinhibition  

In a previous study, the ΔPsbT mutant demonstrated an accelerated rate of photodamage and a 

decreased rate of recovery (Bentley et al., 2008). The CP43 protein is involved in the repair 

cycle of PS II, needing to be removed to repair the D1 protein. To investigate if disrupting the 

hydrogen-bonds between CP43-Asp460 and PsbT would produce a phenotype similar to the 

ΔPsbT mutant, the effect of photodamage on PS II was investigated in these mutants.  

The recovery of the mutant strains after exposure to high light was investigated via a 

photoinhibition assay (Figure 4.19). In the course of 180 minutes, the rate of oxygen evolution 

was measured in the presence of DMBQ and K3Fe(CN)6 every 15 min. An initial measurement 

was taken before the cells were exposed to high light treatment for 45 min, followed by 135 

min of recovery. A drop in oxygen evolution activity was observed in all strains under high 

light treatment. All the CP43-Asp460 mutants exhibited reduced oxygen evolution rates below 

that of the control strain, which dropped to 80% of its initial rate. The D460A and D460E 

mutants demonstrated a larger decrease in oxygen evolution rate during high light treatment, 

both dropping down to almost 40% of their initial rate, whereas the D460N mutant only 

dropped to 60%. The CP43-Asp460 point mutants, however, were able to recover after the high 

light stress was removed. Only the control strain and the D460N mutant demonstrated a 

recovery to a rate higher than their initial rate of oxygen evolution. The D460A and D460E 
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Figure 4.19 Photoinhibition assay. 

Cells were resuspended to a chlorophyll a concentration of 10 μg.ml-1 and exposed to high light 
treatment at 2000 μE m-2s-1 for 45 mins and then allowed to recover in a low light intensity of 30 µE.m-

2s-1 for 135 mins. Measured in the presence of 200 μM DMBQ and 1 mM K3Fe(CN)6. PsbDI/C:ΔPsbDII 
control strain (black), CP43-D460A (red), CP43-D460E (green), CP43-D460N (blue). Oxygen 
evolution rates were normalised to time point 0. A representative photoinhibition assay is shown. 

 

mutants recovered but only to their initial rate. The D460A and D460E mutants also exhibited 

a slower recovery rate than the control strain when removed from the high light treatment. The 

D460N strain demonstrated a similar rate of recovery although slightly slower. However, the 

phenotype of the CP43-Asp460 mutants is quite mild and does not compare to the drastic 

phenotype that the ΔPsbT mutant demonstrated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 Physiological characterisation of mutations introduced at D2-

Glu242 

4.5.1 Photoautotrophic growth curve 

The D2-Glu242 residue appears to be important to the hydrogen-bond network surrounding the 

second water molecule W675A that is hypothesised to participate in the hydrogen-bond 

network that donates the second proton to QB during forward electron transfer in PS II. To 

assess the physiological importance of the D2-Glu242 residue on PS II activity, mutants were 

generated with substitutions at the D2-Glu242 position. Photoautotrophic growth was then 

measured in the D2-Glu242 point mutants (Figure 4.20). All four D2-Glu242 point mutants 

were photoautotrophic. The E242D strain, the most conservative mutation, grew at a very 
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Figure 4.20 Photoautotrophic growth curve. 

PsbDI/C:ΔPsbDII control strain (black), D2-E242A (red), D2-E242D (green), D2-E242K (blue), E242Q 
(orange). A representative growth curve is shown with the exception of PsbDI/C:ΔPsbDII control strain 
which was repeated three times. 

similar rate to the control strain. The E242A, E242K, and E242Q mutants all grew at a similar 

rate, which was at a rate slightly slower than the control strain.  

 

 

 

 

 

 

 

 

 

 

 

 

4.5.2 Oxygen evolution  

A reduced rate of photoautotrophic growth was observed in the D2-Glu242 mutants. To 

investigate if PS II functionality is affected and the cause of the reduced photoautotrophic 

growth in these mutants, oxygen evolution was measured (Figure 4.21 and Table 4.9). A similar 

rate of oxygen evolution relative to the control strain was observed when DCBQ was used as 

an electron acceptor in the E242A (544 µmoles O2 (mg of Chl)-1 h-1), E242D (572 µmoles O2 

(mg of Chl)-1 h-1), and E242Q (585 µmoles O2 (mg of Chl)-1 h-1) mutants. In contrast, a large 

decrease was observed in the E242K (265 µmoles O2 (mg of Chl)-1 h-1) mutant which was 

below 40% of the control strains rate. In the presence of DMBQ, a similar trend was observed 

in the E242D and E242K mutants. However, the E242A (295 µmoles O2 (mg of Chl)-1 h-1) and 
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E242Q (346 µmoles O2 (mg of Chl)-1 h-1) mutants revealed a much larger decrease in oxygen 

evolution relative to when in the presence of DCBQ. This suggests that DMBQ is inhibitory; 

this could be caused by the mutation causing a disruption in the hydrogen-bond network around 

the bicarbonate that effects the QB binding site. 

In the presence of bicarbonate, the E242A (423 µmoles O2 (mg of Chl)-1 h-1) and E242D (448 

µmoles O2 (mg of Chl)-1 h-1) mutants show a similar rate of oxygen evolution relative to the 

control strain. A reduction in oxygen evolution, however, was observed in the E242K (323 

µmoles O2 (mg of Chl)-1 h-1) and E242Q (366 µmoles O2 (mg of Chl)-1 h-1) mutants. A similar 

trend was observed in the presence of DMBQ and bicarbonate in the E242D (448 µmoles O2 

(mg of Chl)-1 h-1) and E242Q (401 µmoles O2 (mg of Chl)-1 h-1) mutants; however, a decreased 

rate in the E242A (371 µmoles O2 (mg of Chl)-1 h-1) and E242K (231 µmoles O2 (mg of Chl)-

1 h-1) mutants was observed.  

In contrast, a large drop in oxygen evolved was seen in all the D2-Glu242 mutants when in the 

presence of both DMBQ and formate. Interestingly, the E242A (259 µmoles O2 (mg of Chl)-1 

h-1) and E242Q mutants (300 µmoles O2 (mg of Chl)-1 h-1) both were evolving oxygen higher 

than the control strain in the presence of DMBQ and formate. The effects of formate, however, 

were reversible when the cells were in the presence of DMBQ, formate, and bicarbonate. The 

E242A and E242Q mutants appear to be less sensitive to formate than the control strain. This 

may be due to the mutation altering the environment around the bicarbonate. 

 

Table 4.9 Oxygen evolution rates in D2-Glu242 mutant strains. 

Oxygen evolution rate (µmoles O2 (mg of Chl)-1 h-1) 

             Electron acceptor 

Strain DCBQ DMBQ Bicarbonate DMBQ + 

Bicarbonate 

DMBQ + 

Formate 

DMBQ + 

Bicarbonate 

+ Formate 

PsbDI/C: 

ΔPsbDII 

591 ± 22 551 ± 37 449 ± 26 493 ± 84 201 ± 26 393 ± 42 

E242A 544 ± 20 295 ± 25 423 ± 17 371 ± 16 259 ± 3.9 305 ± 10 

E242D 572 ± 17 467 ± 89 448 ± 90 453 ± 75 107 ± 16 357 ± 70 

E242K 265 ± 10 202 ± 22 323 ± 17 231 ± 46 33 ± 1.4 268 ± 27 

E242Q 585 ± 69 346 ± 23 366 ± 22 401 ± 18 300 ± 29 354 ± 27 

The experiment was repeated three times and the standard error is shown with the exception of 

E242K which was repeated twice. 
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Figure 4.21 Oxygen evolution. 

Strains were grown under constant illumination of 30 μE m-2 s-1 at 30°C and measured in the presence of 
(A) 200 μM DCBQ, (B) 200 μM DMBQ, (C) 15 mM sodium bicarbonate, (D) 200 μM DMBQ and 15 mM 
sodium bicarbonate, (E) 200 μM DMBQ and 25 mM sodium formate, and (F) 200 μM DMBQ and with 15 
mM sodium bicarbonate and 25 mM sodium formate. DCBQ and DMBQ is always accompanied by the 
presence of 1 mM K3Fe(CN)6. Down arrows indicate the beginning of actinic illumination, whereas the up 
arrows signify when the light was turned off. Cells were grown photomixotrophically. PsbDI/C:ΔPsbDII 

control strain (black), D2-E242A (red), D2-E242D (green), D2-E242K (blue). D2-E242Q (orange). Data 
shown are the average of three independent biological replicates with the exception of E242K which was 

repeated twice. 
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Figure 4.22 77 K Low-temperature fluorescence emission spectroscopy. 

A. 440 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm 
PsbDI/C:ΔPsbDII control strain (black), D2-E242A (red), D2-E242D (green), D2-E242K (blue), D2-
E242Q (orange). B. 580 nm excitation wavelength. Spectra normalised to the PS I emission maxima 
at 725 nm PsbDI/C:ΔPsbDII control strain (black), D2-E242A (red), D2-E242D (green), D2-E242K 
(blue), D2-E242Q (orange). Data shown are the average of three independent biological replicates 
with the exception of E242K which was repeated twice. 

 

4.5.3 77 K Low-temperature fluorescence emission spectroscopy 

Low-temperature fluorescence emission spectroscopy was used to determine if PS II assembly 

was affected in the D2-Glu242 mutants and if it was the cause of the reduced oxygen evolution 

rates (Figure 4.22). A large increase in fluorescence emission with 440 nm excitation was 

observed in the E242A mutant at the 685 nm and 695 nm peaks relative to the control strain, 

suggesting a change in PS II to PS I ratio. An increase in fluorescence emission was also 

observed in the E242K mutant at 685 nm, however, a similar level at the 695 nm peak to the 

control strain was observed. The increase of fluorescence emission at 685 nm could be due to 

unassembled complexes containing CP43. The E242D and E242Q mutants both revealed a 

reduction at both 685 nm and 695 nm emission peaks, suggesting a reduced PS II to PS I ratio 

in these two mutants. 

 

 

 

  

 

 

 

 

  

 

 

With 580 nm excitation, the E242A mutant revealed a slight increase of fluorescence emission 

at the 665 nm peak, an increase was also observed at the 685 nm peak, suggesting restricted 

energy transfer from the phycobilisome to PS II. The E242D and E242K mutants revealed 

similar fluorescence emissions to the control strain, although, the E242D mutant had slightly 

lower fluorescence at both 665nm and 685 nm, and the E242K mutant has slightly lower 

fluorescence only at the 665 nm.  
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Figure 4.23 Variable chlorophyll a fluorescence induction. 

A PsbDI/C:ΔPsbDII control strain (black), D2-E242A (red), D2-E242D (green), D2-E242K (blue), D2-
E242Q (orange). B. In the presence of 40 μM of DCMU PsbDI/C:ΔPsbDII control strain (black), D2-E242A 
(red), D2-E242D (green), D2-E242K (blue), D2-E242Q (orange). Traces are normalised to initial 
fluorescence (Fo). Data shown are the average of three independent biological replicates with the exception 
of E242K which was repeated twice. 

4.5.4 Variable chlorophyll a fluorescence induction 

To characterise the effects of the D2-Glu242 point mutants on the acceptor side electron 

transport, variable chlorophyll a fluorescence assay was performed (Figure 4.23). All the D2-

Glu242 point mutants revealed high variable fluorescence yield at the O - J rise relative to the 

control strain, this could be caused by an imbalance in QA
- oxidation, an indication of an 

inhibited electron transport chain. The J – I transition of the induction curve was flat, indicating 

an impairment to filling the plastoquinone pool. Although the O – J rise was much higher than 

in the control strain, a lower P peak was observed in the mutants. This may be caused by an 

increase of PQ due to impaired forward electron transfer to QB, leading to a more oxidised PQ 

pool, quenching the fluorescence causing the low P peak; this could also point to a lower level 

of active centres. However, the DCMU trace revealed that only the E242D mutant had a lower 

level of active centres relative to the control strain. The E242D mutant was shown to have only 

~70% of active centres relative to the control strain, which was also the trend observed in the 

low-temperature fluorescence emission trace. A higher number of active centres was observed 

in the E242A and E242K mutants, about 10% higher than the control strain, this was also the 

trend observed in the low-temperature fluorescence emission trace. This increase may be 

caused by an upregulation of inefficient mutant PS II, in order to achieve an effective rate of 

photosynthesis. It could also be due to the mutants containing less PS I; the induction curve 

measures only PS II, therefore, if there is less PS I it will appear there is more PS II.  
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4.5.5 Chlorophyll a fluorescence decay 

Acceptor side electron transport was further investigated in the D2-Glu242 point mutants by 

performing chlorophyll a fluorescence decay (Figure 4.24 and Table 4.10, 4.11, 4.12). Impaired 

fluorescence relaxation was observed in all D2-Glu242 mutants. The kinetic analysis revealed 

a slowed fast phase in the E242A (426 ± 7 µs), E242D (412 ± 50 µs), and E242K (370 ± 18 

µs) mutants (cf. control strain 300 ± 4.0 µs), suggesting impaired QA
- to QB electron transfer. 

A large increase in half-time was also observed in the intermediate phase in all D2-Glu242 

mutants, the E242A (7.2 ± 0.2 ms) was the most pronounced (cf. control strain 2.9 ± 0.1 ms), 

indicating hampered QB binding. Furthermore, an increase in amplitude at the intermediate 

phase and a decrease at the fast phase was observed in all the D2-Glu242 mutants. This implies 

that the D2-Glu242 mutants have a larger percentage of PS II centres with unoccupied QB sites, 

indicating that mutations at the D2-Glu242 position cause inhibited QB binding. This was the 

same trend observed in the fluorescence induction assays. Inhibited QB binding is further 

supported by the decrease in half-time at the slow phase observed in all D2-Glu242 mutants, 

this suggests a shift in the equilibrium between the two states QA
-QB and QAQB

- towards 

favouring QA
-QB.  

Following multiple actinic flashes, the fluorescence decay and subsequent kinetic analysis 

revealed that the D2-Glu242 mutants all had increased half-time at the intermediate phase 

under two and three actinic flashes. An incremental increase of half-time as the number of 

flashes increased was observed. Evidently, this is likely due to the D2-Glu242 mutation causing 

a problem with the formation of PQH2, which is further supported by the incremental decrease 

of half-time in the slow phase as the flashes increase. This equilibrium shift causes the back 

reaction with the S2 states to come chiefly from QA
-.   

In the presence of bicarbonate, there was a negligible difference compared to the no treatment 

assays in the D2-Glu242 mutants excluding the E242D mutant. No significant differences were 

also observed when treated with formate and both bicarbonate and formate together with the 

exception of the E242D mutant. It appears that D2-Glu242 mutants with the exception of the 

E242D strain have reduced susceptibility to formate, which was also the trend observed in the 

oxygen evolution data. This was also evident in the two and three flashes assays, while the 

control strain was affected by formate treatment and revealed an increased half-time and 

delayed fluorescence decay, Figure 4.24C revealed that the E242A and E242Q mutants had 

significantly faster decay than the control strain. This could be due to a drastic change in the 
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bicarbonate environment, leading to either formate being unable to remove the bicarbonate or 

bicarbonate dissociating from its binding site. The E242D mutant, however, revealed a formate 

effect. An increase in half-time was observed at the fast and intermediate phase, followed by a 

reduction of half-time at the slow phase relative to the no treatment assay. An increase in 

amplitude at the slow phase was also observed. In the presence of both bicarbonate and formate, 

figures were restored close to the no treatment assay in the E242D mutant.  

In the presence of DCMU, the E242A, E242Q, and E242K mutants revealed an increase in 

half-time at the fast phase; suggesting the back reaction was effected, and QA was unable to be 

oxidised. This was increased with a higher number of flashes.  

Table 4.10 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash in D2-Glu242 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 300 ± 4.0 63 ± 0.4 2.9 ± 0.1 30 ± 0.3 8.3 ± 0.8 7.0 ± 0.1 

Bicarbonate 314 ± 22 64 ± 1.9 3.1 ± 0.2 28 ± 1.7 4.4 ± 0.7 8.0 ± 0.5 

Formate 382 ± 34 64 ± 0.8 6.1 ± 0.4 26 ± 0.8 1.5 ± 0.1 10 ± 0.1 

Bicarbonate + 

Formate 

348 ± 15 67 ± 1.5 4.2 ± 0.2 25 ± 2.1 4.5 ± 1.0 8.0 ± 0.7 

DCMU   1.9 ± 0.1 15 ± 0.6 0.5 ± 0.1 85 ±0 .6 

D2-E242A No treatment 426 ± 7.0 53 ± 0.2 7.2 ± 0.2 39 ± 0.5 5.9 ± 0.4 8.0 ± 0.3 

 Bicarbonate 400 ± 27 54 ± 0.1 6.9 ± 0.3 39 ± 0.1 4.9 ± 0.9 7.0 ± 0.1 

 Formate 411 ± 17 52 ± 0.6 7.0 ± 0.1 40 ± 0.2 5.6 ± 0.9 8.0 ± 0.5 

 Bicarbonate + 

Formate 

395 ± 18 54 ± 0.8 6.7 ± 0.2 39 ± 0.7 6.7 ± 1.1 7.0 ± 0.2 

 DCMU   3.4 ± 0.2 15 ± 0.7 0.9 ± 0.1 86 ± 0.7 

D2-E242D No treatment 412 ± 50 51 ± 2.0 3.6 ± 0.2 40 ± 2.1 6.6 ± 1.5 9.0 ± 0.6 

 Bicarbonate 429 ± 63 51 ± 3.1 3.6 ± 0.2 42 ± 2.6 7.2 ± 2.3 7.0 ± 0.6 

 Formate 556 ± 90 53 ± 2.1 6.2 ± 0.4 35 ± 1.1 4.1 ± 1.2 12 ±  1.1 

 Bicarbonate + 

Formate 

452 ± 82 49 ± 3.0 3.6 ± 0.2 43 ± 2.1 8.7 ± 0.4 8.0 ± 0.9 

 DCMU   2.7 ± 0.4 14 ± 0.6 1.1 ± 0.1 87 ± 0.6 

D2-E242K No treatment 370 ± 18 48 ± 0.2 5.8 ± 0.1 41 ± 0.3 4.7 ± 0.1 12 ± 0.1 

DCMU   5.3 ± 0.2 15 ± 0.2 1.0 ± 0.1 85 ± 0.1 

D2-E242Q No treatment 267 ± 38 52 ± 0.4 3.9 ± 0.2 42 ± 1.8 4.9 ± 0.1 6.0 ± 0.2 

Bicarbonate 268 ± 42 53 ± 2.1 3.9 ± 0.1 41 ± 1.2 5.9 ± 0.1 6.0 ± 1.3 

Formate 295 ± 51 52 ± 3.8 4.2 ± 0.1 42 ± 2.2 3.9 ± 1.1 7.0 ± 0.5 

Bicarbonate + 

Formate 

269 ± 28 51 ± 2.2 3.7 ± 0.8 43 ± 2.1 5.0 ± 0.2 6.0 ± 0.1 

 DCMU   7.2 ± 0.1 12 ± 0.1 0.9 ± 0.1 88 ± 0.1 

The experiment was repeated three times and the standard error is shown with the exception of the 

E242K which was repeated twice. 
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Table 4.11 Kinetic analysis of chlorophyll a fluorescence decay following two saturating 
actinic flashes in D2-Glu242 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 367 ± 4.0 67 ± 0.4 8.5 ± 0.5 20 ± 0.7 2.7 ± 0.8 12 ± 1.1 

Bicarbonate 336 ± 7.0 66 ± 1.4 6.5 ± 0.9 22 ± 0.4 1.8 ± 0.4 12 ± 1.8 

Formate 386 ± 16 6.0 ± 0.8 8.8 ± 1.1 22 ± 0.2 0.6 ± 0.1 18 ± 0.5 

Bicarbonate + 

Formate 

336 ± 7.0 63 ± 0.1 5.6 ± 0.1 26 ± 0.4 2.9 ± 1.9 11 ± 0.6 

DCMU   4.8 ± 0.6 14 ± 0.8 0.5 ± 0.1 86 ± 0.8 

D2-E242A No treatment 369 ± 13 52 ± 0.4 9.1 ± 0.4 37 ± 0.6 3.0 ± 0.7 11 ± 0.8 

 Bicarbonate 377 ± 13 53 ± 0.1 9.2 ± 0.5 38 ± 0.1 3.1 ± 0.1 9.0 ± 0.2 

 Formate 357 ± 19 51 ± 1.0 8.0 ± 0.2 39 ± 0.8 2.4 ± 1.0 10 ± 0.1 

 Bicarbonate + 

Formate 

375 ± 20 52 ± 0.6 8.0 ± 0.1 38 ± 0.4 4.5 ± 2.1 10 ± 0.2 

 DCMU   9.0 ± 3.2 15 ± 0.7 0.8 ± 0.1 85 ± 0.7 

D2-E242D No treatment 417 ± 35 52 ± 1.3 5.1 ± 0.5 32 ± 1.1 3.0 ± 0.8 16 ± 0.4 

 Bicarbonate 411 ± 26 54 ± 2.4 4.8 ± 0.6 35 ± 1.9 4.2 ± 1.4 11 ± 0.5 

 Formate 540 ± 78 53 ± 3.9 13 ± 4.6 30 ± 2.2 2.2 ± 1.1 17 ± 1.8 

 Bicarbonate + 

Formate 

438 ± 58 55 ± 0.2 5.3 ± 0.2 33 ± 0.6 6.0 ± 1.1 12 ± 0.3 

 DCMU   2.9 ± 0.6 16 ± 0.8 1.1 ± 0.1 84 ± 0.8 

D2-E242K No treatment 408 ± 21 44 ± 2.3 7.0 ± 0.6 39 ± 1.2 5.5 ± 1.1 17 ± 0.1 

DCMU   2.6 ± 0.2 12 ± 0.2 0.9 ± 0.1 89 ± 0.1 

D2-E242Q No treatment 372 ± 3.0 55 ± 1.1 5.7 ± 0.1 35 ± 1.1 2.4 ± 0.1 10 ± 0.1 

Bicarbonate 344 ± 12 51 ± 3.2 5.0 ± 0.2 39 ± 2.1 4.8 ± 1.1 10 ± 0.2 

Formate 374 ± 5.0 54 ± 1.1 6.0 ± 0.5 35 ± 0.2 2.3 ± 0.9 11 ± 0.1 

Bicarbonate + 

Formate 

371 ± 13 52 ± 0.1 5.5 ± 0.1 37 ± 0.1 2.7 ± 0.1 11 ± 0.3 

 DCMU   5.8 ± 0.1 13 ± 0.1 0.6 ± 0.1 87 ± 1.1 

The experiment was repeated three times and the standard error is shown with the exception of the 

E242K which was repeated twice.  
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Table 4.12 Kinetic analysis of chlorophyll a fluorescence decay following three saturating 
actinic flashes in D2-Glu242 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 433 ± 10 67 ± 4.1 6.7 ± 3.7 18 ± 0.9 1.7 ± 0.6 16 ± 3.2 

Bicarbonate 407 ± 51 69 ± 5.1 4.3 ± 0.8 20 ± 3.5 1.1 ± 0.8 11 ± 1.6 

Formate 482 ± 45 58 ± 2.6 6.5 ± 1.1 21 ± 1.1 0.5 ± 0.2 21 ± 1.6 

Bicarbonate + 

Formate 

400 ± 18 64 ± 0.6 4.8 ± 1.0 25 ± 0.2 2.6 ± 1.3 11 ± 0.4 

DCMU   2.9 ± 1.0 18 ± 1.7 0.5 ± 0.1 81 ± 1.7 

D2-E242A No treatment 442 ± 3.0 58 ± 0.1 11 ± 1.6 34 ± 0.6 1.6 ± 0.6 9. 0± 0.4 

 Bicarbonate 428 ± 10 58 ± 0.6 9.5 ± 0.4 34 ± 0.4 1.1 ± 0.4 9.0 ± 0.2 

 Formate 443 ± 15 55 ± 1.1 9.5 ± 0.2 34 ± 0.1 1.3 ± 0.3 11 ± 1.2 

 Bicarbonate + 

Formate 

452 ± 8.0 58 ± 0.4 9.1 ± 0.2 34 ± 0.2 1.4 ± 0.2 8.0 ± 0.4 

 DCMU   8.0 ± 1.1 13 ± 1.1 0.8 ± 0.1 87 ± 1.1 

D2-E242D No treatment 407 ± 13 47 ± 2.0 4.2 ± 0.2 32 ± 0.4 0.6 ± 0.1 21 ± 2.3 

 Bicarbonate 468 ± 82 55 ± 0.2 4.0 ± 0.4 34 ± 0.8 3.4 ± 2.6 11 ± 1.0 

 Formate 629 ± 84 47 ± 2.6 7.1 ± 2.5 32 ± 0.6 5.3 ± 2.7 21 ± 2.0 

 Bicarbonate + 

Formate 

488 ± 67 52 ± 1.6 3.9 ± 0.3 36 ± 1.8 7.0 ± 3.8 12 ± 1.0 

 DCMU   1.8 ± 0.3 15 ± 0.1 1.2 ± 0.1 85 ± 0.1 

D2-E242K No treatment 431 ± 12 47 ± 0.2 7.8 ± 0.2 37 ± 0.1 4.9 ± 0.2 16 ± 0.1 

DCMU   5.4 ± 0.2 16 ± 0.1 1.1 ± 0.1 84 ± 0.1 

D2-E242Q No treatment 375 ± 3.2 51 ± 0.2 4.6 ± 0.1 34 ± 0.1 0.7 ± 0.1 15 ± 0.1 

Bicarbonate 345 ± 12 55 ± 1.1 4.1 ± 0.3 33 ± 0.4 0.2 ± 0.1 11 ± 0.1 

Formate 356 ± 6.0 50 ± 1.2 3.6 ± 0.2 37 ± 0.8 0.3 ± 0.1 14 ± 0.1 

Bicarbonate + 

Formate 

382 ± 8.0 53 ± 0.1 4.6 ± 0.2 40 ± 1.3 3.7 ± 0.8 8.0 ± 0.1 

 DCMU   8.9 ± 0.1 11 ± 1.2 0.6 ± 0.1 89 ± 0.1 

The experiment was repeated three times and the standard error is shown with the exception of the 

E242K which was repeated twice. 
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Figure 4.24 Chlorophyll a fluorescence decay. 

Decay was measured after a one, two, or three saturating actinic flashes. Numbers indicate the number of 
saturating flashes. PsbDI/C:ΔPsbDII control strain (black), D2-E242A (red), D2-E242D (green), D2-E242K 
(blue), D2-E242Q (orange). A. No treatment. B. In the presence of bicarbonate.  C. In the presence of 
formate. D. in the presence of bicarbonate and formate. E. In the presence of DCMU. Traces are 
normalised to initial fluorescence (Fo). Data shown are the average of three independent biological 
replicates with the exception of E242K which was repeated twice. 
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Figure 4.25 Photoautotrophic growth curve. 

PsbDI/C:ΔPsbDII control strain (black), D2-K264A (red), D2-K264E (green). A representative growth 

curve is shown with the exception of PsbDI/C:ΔPsbDII control strain which was repeated three times. 

4.6 Physiological characterisation of mutations introduced at D2-Lys 

264 

4.6.1 Photoautotrophic growth curve 

The amino acid residue D2-Lys264 is hydrogen-bonded to D2-Glu242 and to D1-Glu244 

which is hydrogen-bonded to W675A. It may also be hydrogen-bonded to D2-His268 which 

ligates to the NHI. An interaction with D2-Tyr244 also looks probable. Hence this residue may 

lead to substantial changes if mutated. Accordingly, the effect of substitutions at D2-Lys264 

was investigated. The K264A and K264E mutants were both photoautotrophic (Figure 4.25). 

However, the K264A mutant revealed a decreased rate of photoautotrophic growth; it was able 

to grow slightly faster than the control strain in the beginning but fell behind after 48 h. The 

K264E mutant revealed quite retarded growth, at a rate lower than the K264A mutant and the 

control strain.  

 

 

 

 

 

 

 

 

4.6.2 Oxygen evolution  

To determine the cause of the reduced photoautotrophic growth and the effect the D2-Lys264 

substitutions have on PS II function, the rate the mutants strains evolve oxygen was measured 

(Figure 4.26 and Table 4.13). A large reduction in oxygen evolution rate relative to the control 

strain was observed in the K264A mutant when in the presence of both DCBQ (341 µmoles O2 
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(mg of Chl)-1 h-1) and DMBQ (151 µmoles O2 (mg of Chl)-1 h-1). However, in the presence of 

bicarbonate (417 µmoles O2 (mg of Chl)-1 h-1), a similar rate of oxygen evolution relative to 

the control strain was observed. A slight decrease in oxygen evolution was seen when treated 

with both DMBQ and bicarbonate compared to when just in the presence of bicarbonate alone. 

Conversely, in the presence of DMBQ and formate (109 µmoles O2 (mg of Chl)-1 h-1) a similar 

rate of oxygen evolution to when in the presence of DMBQ alone was observed. However, the 

rate of oxygen was restored when in the presence of DMBQ, bicarbonate, and formate (305 

µmoles O2 (mg of Chl)-1 h-1).  

The K264E mutant, in the presence of DCBQ (333 µmoles O2 (mg of Chl)-1 h-1) had a reduced 

rate of oxygen evolution relative to the control strain but was at a similar rate to the K264A 

strain. Treated with bicarbonate (297 µmoles O2 (mg of Chl)-1 h-1), a rate lower than in the 

presence of DCBQ was observed but higher than when DMBQ (119 µmoles O2 (mg of Chl)-1 

h-1) was used. The K264E mutant in the presence of DMBQ, DMBQ and bicarbonate (138 

µmoles O2 (mg of Chl)-1 h-1), DMBQ and formate (92 µmoles O2 (mg of Chl)-1 h-1), and 

DMBQ, bicarbonate, and formate (115 µmoles O2 (mg of Chl)-1 h-1) all show oxygen evolution 

rates similar to each other. It appears that the K264E mutant is insensitive to bicarbonate and 

formate treatment. However, in the presence of bicarbonate alone, more than a two-fold 

increase in oxygen evolution rate was observed, relative to when in the presence of both DMBQ 

and bicarbonate. This suggests that DMBQ is inhibitory, possibly due to the mutation causing 

a disruption in the hydrogen-bond network or displacing bicarbonate affecting the QB binding 

site. 

Table 4.13 Oxygen evolution rates in D2-Lys264 mutant strains 

Oxygen evolution rate (µmoles O2 (mg of Chl)-1 h-1) 

Strain DCBQ DMBQ Bicarbonate DMBQ + 

Bicarbonate 

DMBQ + 

Formate 

DMBQ + 

Bicarbonate 

+ Formate 

                           Electron acceptor 

PsbDI/C: 

ΔPsbDII 

591 ± 22 551 ± 37 449 ± 26 493 ± 84 201 ± 26 393 ± 42 

K264A 341 ± 42 151 ± 16 417 ± 16 391 ± 10 109 ± 9.0 305 ± 4.0 

K264E 333 ± 21 119 ± 8.0 297 ± 34 138 ± 5.0 92 ± 5.0 115 ± 7.0 

The experiment was repeated three times and the standard error is shown.  
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Figure 4.26 Oxygen evolution. 

Strains were grown under constant illumination of 30 μE m-2 s-1 at 30°C and measured in the presence of 
(A) 200 μM DCBQ, (B) 200 μM DMBQ, (C) 15 mM sodium bicarbonate, (D) 200 μM DMBQ and 15 mM 
sodium bicarbonate, (E) 200 μM DMBQ and 25 mM sodium formate, and (F) 200 μM DMBQ and with 15 
mM sodium bicarbonate and 25 mM sodium formate. DCBQ and DMBQ is always accompanied by the 
presence of 1 mM K3Fe(CN)6. Down arrows indicate the beginning of actinic illumination, whereas the up 
arrows signify when the light was turned off. Cells were grown photomixotrophically. PsbDI/C:ΔPsbDII 

control strain (black), D2-K264A (red), D2-K264E (green). Data shown are the average of three 
independent biological replicates. 
 



126 

Figure 4.27 77 K Low-temperature fluorescence emission spectroscopy  

A. 440 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm 
PsbDI/C:ΔPsbDII control strain (black), D2-K264A (red), D2-K264E (green).                                                
B. 580 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm 
PsbDI/C:ΔPsbDII control strain (black), D2-K264A (red), D2-K264E (green).               
Data shown are the average of three independent biological replicates. 

 

4.6.3 77 K Low-temperature fluorescence emission spectroscopy 

To investigate the cause of the impaired oxygen evolution rate, low-temperature fluorescence 

emission spectroscopy was performed to assess the assembly of PS II in the D2-Lys264 

mutants (Figure 4.27). A decrease in fluorescence emission at 685 nm and 695 nm were 

observed in the K264A mutant with 440 nm excitation, suggesting a decreased PS II to PS I 

ratio. The K264E mutant, however, had similar fluorescence emission at the 685 nm peak when 

compared to the control strain but decreased fluorescence emission at the 695 nm peak, 

suggesting a reduction of PS II centres with an incorporated CP47.  

 

 

 

 

 

 

 

 

 

 

 

 

With 580 nm excitation, a decrease in fluorescence emission at the 665 nm peak was observed 

in the K264A mutant when compared to the control strain, suggesting a lower level of 

allophycocyanin. The K264E mutant, on the other hand, had an increase of fluorescence 

emission at the 645 nm peak, suggesting an increase of phycocyanin levels. Both the K264A 

and K264E mutants, however, revealed an increase at the 685 nm peak, although, the K264E 

mutant demonstrated a much larger increase of fluorescence emission than the K264A mutant; 

this suggests a restricted transfer of energy from the phycobilisome to PS II.  
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Figure 4.28 Variable chlorophyll a fluorescence induction. 

A. PsbDI/C:ΔPsbDII control strain (black), D2-K264A (red), D2-K264E (green). B. In the presence of 
40 μM of DCMU PsbDI/C:ΔPsbDII control strain (black), D2-K264A (red), D2-K264E (green).                
Traces are normalised to initial fluorescence (Fo). Data shown are the average of three independent 
biological replicates. 

 

4.6.4 Variable chlorophyll a fluorescence induction 

To characterise the effects of the D2-Lys264 substitutions on the acceptor side electron 

transport, variable chlorophyll a fluorescence assay was performed on the mutant strains 

(Figure 4.28). The K264A mutant revealed a similar O – J rise to the control strain; however, 

the J – I transition was flat, indicating an impairment in filling the plastoquinone pool. A much 

lower P peak relative to the control strain was also observed, this may be due to an increase of 

PQ due to the impaired forward electron transfer to QB, causing the PQ pool to be more oxidised 

quenching the fluorescence. However, it could also just be caused by a lower level of active 

PS II centres which is consistent with the DCMU trace. The DCMU trace revealed that the 

K264A mutant has only ~ 70% of active centres relative to the control strain. The K264E 

mutant, however, was completely lacking the characteristic variable fluorescence rise, 

revealing a similar shape to when in the presence of DCMU, indicating that QA
-QB

 transfer is 

inhibited. This may be due to a number of factors but most likely due to inhibition of the 

protonation of QB. The DCMU trace revealed that the K264E mutant only has ~80% of active 

centres relative to the control strain.  
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4.6.5 Chlorophyll a fluorescence decay 

Acceptor side electron transfer and QB binding were further probed in the D2-Lys264 mutants, 

using chlorophyll a fluorescence decay (Figure 4.29 and Table 4.14, 4.15, 4.16). Significant 

impairment to fluorescence decay was observed in both the K264A and K264E mutants. 

Kinetic analysis revealed a large increase of half-time in the fast phase for both the K264A 

(758 ± 81 µs) and K264E mutants (616 ± 90 µs) (cf. control strain 300 ± 4.0 µs), indicating an 

impairment to QA
- to QB electron transfer. Likewise, a substantial increase in half-time was also 

observed in the intermediate phase for the K264A (8.3 ± 0.9 ms) and K264E mutants (11 ± 1.2 

ms) (cf. control strain 2.9 ± 0.1 ms); this is likely due to QB binding being inhibited, more so 

in the K264E mutant. An increase in amplitude in both D2-Lys264 mutants was also seen in 

the intermediate phase; this is likely caused by D2-Lys264 mutants having a larger percentage 

of PS II centres with unoccupied QB sites, caused by inhibited QB binding. This was further 

supported by the large reduction of half-time at the slow phase in both the K264A (2.8 ± 0.2 s) 

and K264E (0.8 ± 0.2 s) mutants. In addition, a large increase in amplitude was also observed 

at the slow phase for the K264A (13±0.2%) and K264E (19±0.7%) mutants relative to the 

control strain (7.0±0.1%). Reduced half-time and increased amplitude at the slow phase 

indicates a shift in the equilibrium between the two states QA
-QB and QAQB

- towards favouring 

QA
-QB; causing the back reaction with the S2 states to come chiefly from QA

-. 

Kinetic analysis following multiple actinic flashes revealed an incremental deceleration at both 

the fast (758 ± 81 µs – 875 ± 30 µs) (cf. control strain 367 ± 4.0 µs – 433 ± 10 µs) and 

intermediate (14 ± 4.0 ms – 36 ± 3.2 ms) phase (cf. control strain 8.5 ± 0.5 ms – 6.7 ± 3.7 ms) 

as the flashes increased in the K264A mutant. In addition, an acceleration was observed in the 

slow phase (0.9 ± 0.4 s – 1.5 ± 0.1 s) (cf. control strain 2.7 ± 0.8 s – 1.7 ± 0.6 s), however, a 

larger increase in amplitude was observed (27 ± 1.9 % - 20 ± 1.0 %) (cf. control strain 12 ± 

1.1% – 20 ± 1.0 %). All the above results suggest a problem forming PQH2 likely due to 

forward electron transfer to QB or the protonation of QB being impaired. The K264E mutant, 

on the other hand, does not show a significant increase in half-time at the fast or intermediate 

phase with multiple actinic flashes. There is, however, a decrease in half-time (0.4 ± 0.1 s – 0.3 

± 0.1 s) and a large increase in amplitude at the slow phase (27 ± 3.6 % - 34 ± 2.2 %).  

The K264A mutant in the presence of bicarbonate showed some recovery of forward electron 

transfer. An accelerated fast (381 ± 55 µs) and intermediate (4.5 ± 0.1 ms) phase was observed 

relative to the no treatment assay; the slow phase appeared to be unaffected. However, a 



129 

formate effect was not observed. In the presence of formate, no major differences were 

observed in fluorescence decay and half-time; this could be caused by a disruption in the 

bicarbonate binding environment, which was also the trend observed in the oxygen evolution 

data. The K264A mutant treated with bicarbonate and formate together revealed a similar 

phenotype to when in the presence of bicarbonate alone. The multiple flash assays in the 

presence of bicarbonate and bicarbonate plus formate revealed a similar trend. In the presence 

of formate, the K264A mutant revealed a decay similar to the no treatment assay measurement, 

further pointing to the K264A mutant being insensitive to formate.  

The K264E mutant, on the other hand, showed very similar rates in all treatments. The K264E 

mutant appears to be insensitive to both bicarbonate and formate; this was also the trend 

observed in the oxygen evolution data. However, in the two and three actinic flash assays, a 

slight increase in half-time in the intermediate phase was observed when in the presence of 

formate. This may be due to the full effect of bicarbonate removal being only seen after a full 

turnover of the two-electron gate (Govindjee et al., 1976).  

Treated with DCMU, the K264A (3.4 ± 0.7 ms) and K264E (4.7 ± 0.4 ms) mutants (cf. control 

strain 1.9 ± 0.1 ms) both revealed an increase in half-time at the fast phase. The half-time 

increases incrementally with a higher number of actinic flashes. At the fast phase, the K264E 

mutant had a half-time of 8.7 ± 0.1 ms and 14 ± 3.6 ms at the second and third flash respectively 

(cf. control strain 4.8 ± 0.6 ms – 2.9 ± 1.0 ms). The K264A mutant, however, had a much larger 

increase in half-time at the fast phase; 21 ± 5.3 ms with two flashes and 36 ± 3.7 ms with three 

flashes. The amplitude, however, decreases at the fast phase. This increase in half-time at the 

fast phase indicates that that QA
- recombining with the OEC is inhibited and QA

- is recombining 

with other electron donors, likely P680+ or YZ
+.  
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Table 4.14 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash in D2-Lys264 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 300 ± 4.0 63 ± 0.4 2.9 ± 0.1 30 ± 0.3 8.3 ± 0.8 7.0 ± 0.1 

Bicarbonate 314 ± 22 64 ± 1.9 3.1 ± 0.2 28 ± 1.7 4.4 ± 0.7 8.0 ± 0.5 

Formate 382 ± 34 64 ± 0.8 6.1 ± 0.4 26 ± 0.8 1.5 ± 0.1 10 ± 0.1 

Bicarbonate + 

Formate 

348 ± 15 67 ± 1.5 4.2 ± 0.2 25 ± 2.1 4.5 ± 1.0 8.0 ± 0.7 

DCMU   1.9 ± 0.1 15 ± 0.6 0.5 ± 0.1 85 ± 0.6 

D2-K264A No treatment 640 ± 15 56 ± 1.4 8.3 ± 0.9 31 ± 1.5 2.8 ± 0.2 13 ± 0.2 

 Bicarbonate 381 ± 55 51 ± 1.2 4.5 ± 0.1 38 ± 1.0 1.5 ± 0.6 11 ± 0.6 

 Formate 563 ± 6.0 46 ± 0.4 15 ± 0.1 37 ± 1.4 1.3 ± 0.1 17 ± 1.0 

 Bicarbonate + 

Formate 

452 ± 54 52 ± 1.2 5.4 ± 0.3 37 ± 1.1 1.4 ± 0.5 12 ± 0.2 

 DCMU   3.4 ± 0.7 16 ± 0.5 1.0 ± 0.1 84 ± 0.5 

D2-K264E No treatment 504 ± 56 43 ± 1.9 11 ± 1.2 39 ± 1.3 0.8 ± 0.2 19 ± 0.7 

 Bicarbonate 476 ± 88 44 ± 0.4 11 ± 0.3 38 ± 0.4 0.8 ± 0.1 18 ± 0.1 

 Formate 444 ± 15 39 ± 0.8 11 ± 1.0 39 ± 0.7 0.7 ± 0.2 22 ± 0.1 

 Bicarbonate + 

Formate 

448 ± 70 42 ± 1.5 10 ± 0.1 42 ± 1.6 0.8 ± 0.1 16 ± 0.1 

 DCMU   4.7 ± 0.4 18 ± 0.7 0.6 ± 0.1 83 ± 0.7 

The experiment was repeated three times and the standard error is shown in Tables 4.14, 4.15, and 4.16. 

Table 4.15 Kinetic analysis of chlorophyll a fluorescence decay following two saturating 
actinic flashes in D2-Lys264 mutant strains.  

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 367 ± 4.0 67 ± 0.4 8.5 ± 0.5 20 ± 0.7 2.7 ± 0.8 12 ± 1.1 

Bicarbonate 336 ± 7.0 66 ± 1.4 6.5 ± 0.9 22 ± 0.4 1.8 ± 0.4 12 ± 1.8 

Formate 386 ± 16 6.0 ± 0.8 8.8 ± 1.1 22 ± 0.2 0.6 ± 0.1 18 ± 0.5 

Bicarbonate + 

Formate 

336 ± 7.0 63 ± 0.1 5.6 ± 0.1 26 ± 0.4 2.9 ± 1.9 11 ± 0.6 

DCMU   4.8 ± 0.6 14 ± 0.8 0.5 ± 0.1 86 ± 0.8 

D2-K264A No treatment 758 ± 81 37 ± 2.9 14 ± 4.0 36 ± 3.2 0.9 ± 0.4 27 ± 1.9 

 Bicarbonate 420 ± 49 44 ± 5.3 6.4 ± 1.4 37 ± 3.5 0.5 ± 0.1 19 ± 1.8 

 Formate 601 ± 12 40 ± 2.2 18 ± 0.7 43 ± 0.8 1.3 ± 0.1 16 ± 1.5 

 Bicarbonate + 

Formate 

423 ± 16 44 ± 1.2 6.5 ± 0.4 37 ± 0.4 0.4 ± 0.1 19 ± 0.9 

 DCMU   21 ± 5.3 18 ± 0.4 1.0 ± 0.1 82 ± 0.4 

D2-K264E No treatment 616 ± 90 30 ± 1.1 10 ± 0.6 43 ± 2.5 0.4 ± 0.1 27 ± 3.6 

 Bicarbonate 553 ± 82 26 ± 1.6 7.9 ± 0.3 42 ± 1.8 0.2 ± 0.1 32 ± 3.4 

 Formate 705 ± 99 33 ± 0.6 16 ± 2.8 42 ± 2.0 0.5 ± 0.1 25 ± 1.4 

 Bicarbonate + 

Formate 

631 ± 89 29 ± 0.5 9.3 ± 1.0 41 ± 2.7 0.3 ± 0.1 30 ± 3.2 

 DCMU   8.7 ± 0.1 15 ± 1.5 0.6 ± 0.1 85 ± 1.5 
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Table 4.16 Kinetic analysis of chlorophyll a fluorescence decay following three saturating 
actinic flashes in D2-Lys264 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 433 ± 10 67 ± 4.1 6.7 ± 3.7 18 ± 0.9 1.7 ± 0.6 16 ± 3.2 

Bicarbonate 407 ± 51 69 ± 5.1 9.6 ± 4.8 20 ± 3.5 1.1 ± 0.8 11 ± 1.6 

Formate 482 ± 45 58 ± 2.6 6.5 ± 1.1 21 ± 1.1 0.5 ± 0.2 21 ± 1.6 

Bicarbonate + 

Formate 

400 ± 18 64 ± 0.6 4.8 ± 1.0 25 ± 0.2 2.6 ± 1.3 11 ± 0.4 

DCMU   2.9 ± 1.0 18 ± 1.7 0.5 ± 0.1 81 ± 1.7 

D2-K264A No treatment 875 ± 30 49 ± 1.6 21 ± 2.0 31 ± 0.6 1.5 ± 0.4 20 ± 1.0 

 Bicarbonate 434 ± 16 47 ± 1.2 4.7 ± 0.3 32 ± 1.4 0.3 ± 0.1 21 ± 0.7 

 Formate 717 ± 32 47 ± 0.7 20 ± 2.2 38 ± 0.6 0.9 ± 0.4 16 ± 1.0 

 Bicarbonate + 

Formate 

484 ± 12 51 ± 1.2 6.7 ± 0.3 29 ±0 .6 0.3 ± 0.1 20 ± 0.7 

 DCMU   36 ± 3.7 14 ± 0.6 1.0 ± 0.1 86 ± 0.6 

D2-K264E No treatment 668 ± 25 36 ± 3.1 14 ± 0.4 30 ± 0.8 0.3 ± 0.1 34 ± 2.2 

 Bicarbonate 594 ± 9.0 35 ± 3.0 11 ± 0.2 31 ± 0.3 0.3 ± 0.1 34 ± 3.3 

 Formate 639 ± 41 39 ± 4.8 18 ± 5.3 33 ± 2.5 0.5 ± 0.3 29 ± 7.3 

 Bicarbonate + 

Formate 

575 ± 60 35 ± 2.8 11 ± 1.0 32 ± 1.4 0.3 ± 0.1 33 ± 4.1 

 DCMU   14 ± 3.6 13 ± 1.9 0.5 ± 0.1 87 ± 1.9 
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Figure 4.29 Chlorophyll a fluorescence decay. 

Decay was measured after a one, two, or three saturating actinic flashes. Numbers indicate the 
number of saturating flashes. PsbDI/C:ΔPsbDII control strain (black), D2-K264A (red), D2-K264E 
(green). A. No treatment. B. In the presence of bicarbonate. C. In the presence of formate. D. in the 
presence of bicarbonate and formate. E. In the presence of DCMU. Traces are normalised to initial 

fluorescence (Fo). Data shown are the average of three independent biological replicates. 
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Figure 4.30 Photoautotrophic growth curve. 

PsbDI/C:ΔPsbDII control strain (black), D2-T243A (red), D2-T243K (green A representative growth 

curve is shown with the exception of PsbDI/C:ΔPsbDII control strain which was repeated three times. 

4.7 Physiological characterisation of mutations introduced at D2-Thr 

243 

4.7.1 Photoautotrophic growth curve 

The D2-Thr243 amino acid residue is hydrogen-bonded to W675A a water molecule 

hypothesised to participate in the hydrogen-bond network that donates the second proton to 

QB. The rate at which the D2-Thr243 mutants grow photoautotrophically was used to assess 

the effect of substituting the D2-Thr243 residue on PS II. Both the T243A and T243K mutants 

were able to grow photoautotrophically at a similar rate; however, at a reduced rate compared 

to the control strain (Figure 4.30).  
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4.7.2 Oxygen evolution  

The rate of oxygen evolution was determined to further assess the effect of the D2-Thr243 

mutation on PS II function (Figure 4.31 and Table 4.17). A decrease in oxygen evolution rate 

was observed in the T243A (180 µmoles O2 (mg of Chl)-1 h-1) and T243K (261 µmoles O2 (mg 

of Chl)-1 h-1) mutants in the presence of DCBQ when compared to the control strain. Likewise, 

a similar trend was observed when DMBQ was used as the electron acceptor. In both cases, the 

T243K mutant displayed an oxygen evolution rate higher than the T243A mutant. Oxygen 

evolution rates, however, recovered in both the T243A (505 µmoles O2 (mg of Chl)-1 h-1) and 

T243K (492 µmoles O2 (mg of Chl)-1 h-1) mutants to a rate similar to the control strain when 

treated with bicarbonate. In addition, a similar trend was observed in the presence of DMBQ 

and bicarbonate, at a decreased rate, however. Conversely, when the mutants were treated with 

DMBQ and formate a large decrease in oxygen evolution was observed. The T243K mutant 

(126 µmoles O2 (mg of Chl)-1 h-1) revealed a lower rate of oxygen evolution relative to the 

control strain, the T243A mutant (53 µmoles O2 (mg of Chl)-1 h-1), on the other hand, had an 

even larger decrease, revealing a formate effect. It appears that both the T243A and T243K 

mutants have a sensitivity to formate, the T243A mutant more so than the T243K mutant. 

Increased sensitivity to formate is likely due to bicarbonate having a low binding affinity to the 

NHI due to an altered bicarbonate environment. However, the formate effect was reversed 

when treated with DMBQ, bicarbonate, and formate. 

 

Table 4.17 Oxygen evolution rates in D2-Thr243 mutant strains 

Oxygen evolution rate (µmoles O2 (mg of Chl)-1 h-1) 

              Electron acceptor 

Strain DCBQ DMBQ Bicarbonate DMBQ + 

Bicarbonate 

DMBQ + 

Formate 

DMBQ + 

Bicarbonate 

+ Formate 

PsbDI/C: 

ΔPsbDII 

591 ± 22 551 ± 37 449 ± 26 493 ± 84 201 ± 26 393 ± 42 

T243A 180 ± 15 176 ± 17 505 ± 51 356 ± 23 53 ± 5.9 326 ± 26 

T243K 261 ± 48 268 ± 50 492 ± 46 342 ± 43 126 ± 19 301 ± 21 

The experiment was repeated three times and the standard error is shown.  
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Figure 4.31 Oxygen evolution. 

Strains were grown under constant illumination of 30 μE m-2 s-1 at 30°C and measured in the presence of 
(A) 200 μM DCBQ, (B) 200 μM DMBQ, (C) 15 mM sodium bicarbonate, (D) 200 μM DMBQ and 15 mM 
sodium bicarbonate, (E) 200 μM DMBQ and 25 mM sodium formate, and (F) 200 μM DMBQ and with 15 
mM sodium bicarbonate and 25 mM sodium formate. DCBQ and DMBQ is always accompanied by the 
presence of 1 mM K3Fe(CN)6. Down arrows indicate the beginning of actinic illumination, whereas the up 
arrows signify when the light was turned off. Cells were grown photomixotrophically. PsbDI/C:ΔPsbDII 
control strain (black), D2-T243A (red), D2-T243K (green). Data shown are the average of three 
independent biological replicates. 
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4.7.3 77 K Low-temperature fluorescence emission spectroscopy 

Low-temperature fluorescence emission spectroscopy was used to determine if PS II assembly 

was affected in the D2-Thr243 mutants (Figure 4.32). An increase in fluorescence emission 

was observed at the 685 nm peak in the T243A mutant with 440 nm excitation. The increased 

fluorescence emission at the 685 nm peak could be due to an increased level of unincorporated 

CP43/CP47 complexes. Decreased fluorescence emission at both the 685 nm and 695 nm peaks 

were observed for the T243K mutant, indicating a reduced ratio of PS II to PS I.  

  

 

 

 

 

 

 

 

 

 

 

Figure 4.32 77 K Low-temperature fluorescence emission spectroscopy  

A. 440 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm 
PsbDI/C:ΔPsbDII control strain (black), D2-T243A (red), D2-T243K (green).       
B. 580 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm 
PsbDI/C:ΔPsbDII control strain (black), D2-T243A (red), D2-T243K (green).                                   
Data shown are the average of three independent biological replicates. 

 

The T243K mutant with 580 nm excitation, revealed lower fluorescence emission at 645 nm 

and 665 nm peaks, indicating a reduced level of phycocyanin and allophycocyanin. In addition, 

an increase at the 685 nm peak was observed in both the T243A and T243K mutants. A larger 

increase was observed in the T243A mutant, while the T234K mutant revealed a peak only 

slightly higher than the control strain. This is indicative of hampered transfer of energy from 

the phycobilisome to PS II, at different degrees of severeness.  
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Figure 4.33 Variable chlorophyll a fluorescence induction. 

A. PsbDI/C:ΔPsbDII control strain (black), D2-T243A (red), D2-T243K (green).        
B. In the presence of 40 μM of DCMU PsbDI/C:ΔPsbDII control strain (black), D2-T243A (red), D2-
T243K (green). Traces are normalised to initial fluorescence (Fo).                                                               
Data shown are the average of three independent biological replicates. 

 

4.7.4 Variable chlorophyll a fluorescence 

Acceptor side electron transport was characterised in mutants carrying substitutions at D2-

Thr243 by variable chlorophyll a fluorescence (Figure 4.33). Both the T243A and T243K 

mutants showed a slightly higher O – J rise, indicating an imbalance in QA
- oxidation. This led 

to a higher J – I transition; however, it was flat, indicating an impairment in filling the 

plastoquinone pool. In addition, the low P peak indicates a low level of active PS II centres, 

this was also the trend seen in the DCMU trace. The T243A mutant displayed only ~ 80% of 

active centres compared to the control strain. Likewise, the T243K demonstrated a decrease in 

Fm, revealing only ~ 70% of active centres relative to the control strain.  
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4.7.5 Chlorophyll a fluorescence decay 

Chlorophyll a fluorescence decay was used to further investigate forward electron transfer in 

the D2-Thr243 mutants (Figure 4.34 and Table 4.18, 4.19, 4.20). A substantial inhibition to 

fluorescence decay was observed in both the assembled centres of the T243A and T243K 

mutants. Kinetic analysis revealed a delay at the fast phase for both mutants. The T243A mutant 

had a half-time of 512 ± 62 µs, and the T243K mutant has a half-time of 568 ± 40 µs (cf. control 

strain 300 ± 4.0 µs), this suggests inhibited QA
- to QB electron transfer. Similarly, a slowed 

intermediate phase was observed, the T243A mutant had a half-time of 4.5 ± 0.2 ms, and the 

T243K mutant is at 4.9 ± 0.2 ms (cf. control strain 2.9 ± 0.1 ms); this is indicative of inhibited 

QB binding. In addition, an acceleration was observed at the slow phase, coupled with an 

increase in amplitude. This indicates a shift in the equilibrium between the two states QA
-QB 

and QAQB
-. 

Multiple actinic flash arrays were performed on the D2-Thr243 mutants. The T243A mutant 

demonstrated an incremental increase of half-time at both the fast (670 ± 92 µs – 816 ± 38 µs) 

(cf. control strain 367 ± 4.0 µs – 433 ± 10 µs) and intermediate (12 ± 2.2 ms – 15 ± 1.2 ms) 

(cf. control strain 8.5 ± 0.5 ms – 6.7 ± 3.7 ms) phase as the flashes increase. This was also the 

trend observed in the T243K mutant, the fast phase half-time increased from 638±92 µs to 

721±99 µs and the middle phase increased from 13±5.0 ms to 14±9.0 ms with two and three 

flashes, respectively. A decrease was, however, observed at the slow phase for both mutants, 

with both two and three flashes. This was likely caused by an inhibited forward electron transfer 

to QB or the protonation of QB, suggesting that PQ - QB exchange is inhibited.  

Bicarbonate was, however, able to restore the electron transport rates in both the T243A and 

T243K mutants. The T243A mutant had a half-time of 373 ± 51 µs at the fast phase and a half-

time of 3.7 ± 0.2 ms at the intermediate phase in the presence of bicarbonate. Likewise, the 

T243K mutant revealed a half-time of 305 ± 31 µs at the fast phase and a half-time of 4.1 ± 0.5 

at the intermediate phase. However, even in the presence of bicarbonate, an acceleration at the 

slow phase and a large increase in amplitude were observed, suggesting that PQ - QB exchange 

was still inhibited in the presence of bicarbonate. The formate effect was observed in both the 

T243A and T243K mutants, both appear to be more sensitive to formate than the control strain. 

A substantial increase of half-time at the fast and middle phase was observed in the presence 

of formate and is incrementally increased with more flashes. This was coupled with a decrease 



139 

in half-time at the slow phase, which incrementally decreases with more flashes. The effects of 

formate, however, were reversible when in the presence of bicarbonate and formate. 

In the presence of DCMU, the T243A (3.1 ± 0.6 ms) and T243K (3.2 ± 0.8) mutants (cf. control 

strain 1.9 ± 0.1 ms) both revealed an increase of half-time at the fast phase. This was 

incrementally increased with a higher number of flashes. The T243A mutant has a half-time of 

9.7 ± 3.2 ms and 13 ± 3.4 ms following two and three actinic flashes, respectively, at the fast 

phase (cf. control strain 4.8 ± 0.6 ms – 2.9 ± 1.0 ms). The T243K mutant had a half-time of 9.6 

± 0.1 ms and 13 ± 2.3 ms following two and three flashes. Increases in half-time at the fast 

phase are likely due to an inhibition of QA
- recombining with the OEC. 

 

Table 4.18 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash in D2-Thr243 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 300 ± 4.0 63 ± 0.4 2.9 ± 0.1 30 ± 0.3 8.3 ± 0.8 7.0 ± 0.1 

Bicarbonate 314 ± 22 64 ± 1.9 3.1 ± 0.2 28 ± 1.7 4.4 ± 0.7 8.0 ± 0.5 

Formate 382 ± 34 64 ± 0.8 6.1 ± 0.4 26 ± 0.8 1.5 ± 0.1 10 ± 0.1 

Bicarbonate + 

Formate 

348 ± 15 67 ± 1.5 4.2 ± 0.2 25 ± 2.1 4.5 ± 1.0 8.0 ± 0.7 

DCMU   1.9 ± 0.1 15 ± 0.6 0.5 ± 0.1 85 ± 0.6 

D2-T243A No treatment 512 ± 62 49 ± 1.4 4.5 ± 0.2 32 ± 0.6 3.4 ± 0.4 19 ± 1.5 

 Bicarbonate 373 ± 51 48 ± 1.0 3.7 ± 0.2 39 ± 2.1 3.1 ± 0.6 14 ± 1.4 

 Formate 760 ± 10 50 ± 2.0 12 ± 1.8 33 ± 2.2 2.2 ± 0.1 17 ± 0.3 

 Bicarbonate + 

Formate 

448 ± 48 52 ± 0.5 4.6 ± 0.2 35 ± 0.2 4.3 ± 1.6 13 ± 0.7 

 DCMU   3.1 ± 0.6 16 ± 0.6 0.7 ± 0.1 84 ± 0.7 

D2-T243K No treatment 568 ± 40 44 ± 3.2 4.9 ± 0.1 45 ± 2.8 5.1 ± 2.2 11 ± 0.4 

 Bicarbonate 305 ± 31 42 ± 2.4 4.1 ± 0.5 48 ± 2.9 1.0 ± 0.2 10 ± 0.2 

 Formate 663 ± 52 45 ± 2.1 12 ± 2.3 31 ± 3.2 1.5 ± 0.6 25 ± 1.5 

 Bicarbonate + 

Formate 

381 ± 66 38 ± 2.7 4.6 ± 0.5 46 ± 3.3 1.1 ± 0.1 16 ± 6.1 

 DCMU   3.2 ± 0.8 17 ± 1.4 0.8 ± 0.1 83 ± 1.4 

The experiment was repeated three times and the standard error is shown in Tables 4.18, 4.19, and 

4.20. 
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Table 4.19 Kinetic analysis of chlorophyll a fluorescence decay following two saturating 
actinic flashes in D2-Thr243 mutant strains.  

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 367 ± 4.0 67 ± 0.4 8.5 ± 0.5 20 ± 0.7 2.7 ± 0.8 12 ± 1.1 

Bicarbonate 336 ± 7.0 66 ± 1.4 6.5 ± 0.9 22 ± 0.4 1.8 ± 0.4 12 ± 1.8 

Formate 386 ± 16 6.0 ± 0.8 8.8 ± 1.1 22 ± 0.2 0.6 ± 0.1 18 ± 0.5 

Bicarbonate + 

Formate 

336 ± 7.0 63 ± 0.1 5.6 ± 0.1 26 ± 0.4 2.9 ± 1.9 11 ± 0.6 

DCMU   4.8 ± 0.6 14 ± 0.8 0.5 ± 0.1 86 ± 0.8 

D2-T243A No treatment 670 ± 92 48 ± 1.7 12 ± 2.2 23 ± 1.0 1.9 ± 0.5 29 ± 0.9 

 Bicarbonate 427 ± 57 46 ± 2.6 5.6 ± 1.2 28 ± 4.5 0.7 ± 0.5 25 ± 1.9 

 Formate 930 ± 37 44 ± 0.4 29 ± 1.5 30 ± 0.1 1.9 ± 0.2 26 ± 0.5 

 Bicarbonate + 

Formate 

561 ± 29 55 ± 0.9 10 ± 0.6 26 ± 0.1 1.5 ± 0.1 19 ± 1.0 

 DCMU   9.7 ± 3.2 18 ± 2.2 0.6 ± 0.1 82 ± 2.2 

D2-T243K No treatment 638 ± 92 42 ± 5.5 13 ± 5.0 31 ± 4.4 1.2 ± 0.4 27 ± 1.1 

 Bicarbonate 461 ± 52 45 ± 1.0 6.5 ± 0.2 34 ± 0.1 0.8 ± 0.1 21 ± 0.1 

 Formate 742 ± 64 47 ± 0.9 11 ± 0.1 27 ± 0.4 0.6 ± 0.1 26 ± 0.1 

 Bicarbonate + 

Formate 

571 ± 35 52 ± 2.2 9.8 ± 0.1 30 ± 1.8 1.2 ± 0.1 18 ± 0.1 

 DCMU   9.6 ± 0.1 17 ± 0.1 0.7 ± 0.1 83 ± 0.1 

Table 4.20 Kinetic analysis of chlorophyll a fluorescence decay following three saturating 
actinic flashes in D2-Thr243 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 433 ± 10 67 ± 4.1 6.7 ± 3.7 18 ± 0.9 1.7 ± 0.6 16 ± 3.2 

Bicarbonate 407 ± 51 69 ± 5.1 9.6 ± 4.8 20 ± 3.5 1.1 ± 0.8 11 ± 1.6 

Formate 482 ± 45 58 ± 2.6 6.5 ± 1.1 21 ± 1.1 0.5 ± 0.2 21 ± 1.6 

Bicarbonate + 

Formate 

400 ± 18 64 ± 0.6 4.8 ± 1.0 25 ± 0.2 2.6 ± 1.3 11 ± 0.4 

DCMU   2.9 ± 1.0 18 ± 1.7 0.5 ± 0.1 81 ± 1.7 

D2-T243A No treatment 816 ± 38 54 ± 0.8 15 ± 1.2 20 ± 0.8 2.6 ± 0.4 26 ± 1.6 

 Bicarbonate 541 ± 70 56 ± 3.9 6.0 ± 1.1 25 ± 2.2 0.7 ± 0.2 20 ± 1.7 

 Formate 1005 ± 35 48 ± 2.5 37 ± 2.8 28 ± 1.9 1.4 ± 0.4 24 ± 0.6 

 Bicarbonate + 

Formate 

584 ± 99 58 ± 4.7 12 ± 6.1 24 ± 2.4 1.0 ± 0.6 19 ± 2.3 

 DCMU   13 ± 3.4 12 ± 0.6 0.7 ± 0.1 88 ± 0.6 

D2-T243K No treatment 721 ± 99 46 ± 7.8 14 ± 9.0 27 ± 5.4 1.1 ± 0.3 27 ± 2.4 

 Bicarbonate 523 ± 32 49 ± 2.1 5.6 ± 0.1 30 ± 1.1 0.4 ± 0.1 22 ± 0.7 

 Formate 945 ± 53 51 ± 1.2 19 ± 0.1 25 ± 1.1 0.9 ± 0.1 24 ± 0.8 

 Bicarbonate + 

Formate 

582 ± 14 49 ± 1.0 7.0 ± 0.2 30 ± 0.1 0.4 ± 0.1 21 ± 0.1 

 DCMU   13 ± 2.3 13 ± 0.1 0.7 ± 0.1 87 ± 0.4 
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Figure 4.34 Chlorophyll a fluorescence decay. 

Decay was measured after a one, two, or three saturating actinic flashes. Numbers indicate the 
number of saturating flashes. PsbDI/C:ΔPsbDII control strain (black), D2-T243A (red), D2-T243K 
(green).A. No treatment. B. In the presence of bicarbonate. C. In the presence of formate. D. in the 
presence of bicarbonate and formate. E. In the presence of DCMU. Traces are normalised to initial 

fluorescence (Fo). Data shown are the average of three independent biological replicates. 
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Figure 4.35 Photoautotrophic growth curve. 

PsbDI/C:ΔPsbDII control strain (black), D2-Y244A (red), D2-Y244F (green), D2-Y244H (blue). A 

representative growth curve is shown with the exception of PsbDI/C:ΔPsbDII control strain which was 

repeated three times.  

4.8 Physiological characterisation of mutations introduced at D2-

Tyr244 

4.8.1 Photoautotrophic growth curve 

The amino acid residue D2-Tyr244 is hydrogen-bonded to the bicarbonate, mutations here 

may, therefore, perturb the orientation and/or hydrogen-bond network around the bicarbonate. 

Assessment of the importance of the D2-Tyr244 amino acid residue to a functional PS II 

complex was initially tested by the ability of strains carrying substitutions at D2-Tyr244 to 

grow photoautotrophically (Figure 4.35). All three D2-Tyr244 mutants (Y244A, Y244H and 

Y244F) were able to grow photoautotrophically; however, a drop in growth was observed. The 

Y244F and Y244H mutants grew at a similar rate, but at an impaired rate compared to the 

control strain. The Y244A mutant, however, revealed a severely retarded rate of 

photoautotrophically growth.  
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4.8.2 Oxygen evolution  

To investigate the reduced photoautotrophic growth in the D2-Tyr244 mutants, oxygen 

evolution rates were investigated (Figure 4.36 and Table 4.21). A large decrease in oxygen 

evolution was observed in the Y244A (131 µmoles O2 (mg of Chl)-1 h-1), Y244F (216 µmoles 

O2 (mg of Chl)-1 h-1), and Y244H (196 µmoles O2 (mg of Chl)-1 h-1) mutants when in the 

presence of DCBQ relative to the control strain. A similar trend was observed when DMBQ is 

used, although, at rates lower than when in the presence of DCBQ; the Y244A mutant, evolved 

only trace amounts of oxygen in the presence of DMBQ. However, in the presence of 

bicarbonate, a recovery of oxygen evolution rates was observed. The Y244F (582 µmoles O2 

(mg of Chl)-1 h-1) and Y224H (719 µmoles O2 (mg of Chl)-1 h-1) mutants were both able to 

evolve oxygen at a higher rate than the control strain in the presence of bicarbonate. This may 

be caused by an altered stoichiometry of PS II to PS I in the mutants such that more PS II 

centres were added in the assay on a chlorophyll basis. Likewise, the Y244A mutant (384 

µmoles O2 (mg of Chl)-1 h-1) revealed an improvement in the presence of bicarbonate but the 

oxygen evolution rate was still well below the rate of the control strain. A drop in oxygen 

evolution relative to when treated with bicarbonate alone was also observed when the D2-

Tyr244 mutant cells were in the presence of DMBQ and bicarbonate. The Y244F (301 µmoles 

O2 (mg of Chl)-1 h-1) and Y244H (374 µmoles O2 (mg of Chl)-1 h-1) mutant’s oxygen evolution 

rates dropped by almost half compared to when in the presence of bicarbonate alone. 

Furthermore, a much larger drop was observed in the Y244A mutant (59 µmoles O2 (mg of 

Chl)-1 h-1) in the presence of DMBQ and bicarbonate. This suggests DMBQ is inhibitory, 

possibly due to a disruption in the hydrogen-bond network which displaces bicarbonate 

affecting the QB binding site.  
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Table 4.21 Oxygen evolution rates in D2-Tyr244 mutant strains 

Oxygen evolution rate (µmoles O2 (mg of Chl)-1 h-1) 

            Electron acceptor 

Strain DCBQ DMBQ Bicarbonate DMBQ + 

Bicarbonate 

DMBQ + 

Formate 

DMBQ + 

Bicarbonate 

+ Formate 

PsbDI/C: 

ΔPsbDII 

591 ± 22 551 ± 37 449 ± 26 493 ± 84 201 ± 26 393 ± 42 

Y244A 131 ± 6.0 37 ± 5.0 384 ± 12 59 ± 15 10 ± 3.0 41 ± 4.0 

Y244F 212 ± 20 56 ± 10 582 ± 47 301 ± 42 21 ± 3.0 139 ± 16 

Y244H 196 ± 4.0 94 ± 15 719 ± 32 374 ± 6.0 76 ± 6.0 294 ± 9.0 

The experiment was repeated twice and the standard error is shown with the exception of the PsbDI/C: 
ΔPsbDII control strain which was repeated three times. 

In addition, a large decrease in oxygen evolution when in the presence of DMBQ and formate 

was observed, at rates much lower than the control strain; the Y244A (10 µmoles O2 (mg of 

Chl)-1 h-1) and Y244F (21 µmoles O2 (mg of Chl)-1 h-1) mutants evolved almost no oxygen. 

However, bicarbonate appeared to alleviate the associated inhibition, oxygen rates recovered 

when in the presence of DMBQ, bicarbonate, and formate. The Y244H mutant (294 µmoles 

O2 (mg of Chl)-1 h-1) revealed the highest rate of recovery, followed by the Y244F mutant (139 

µmoles O2 (mg of Chl)-1 h-1); the Y244A mutant (41 µmoles O2 (mg of Chl)-1 h-1), however, 

revealed very little improvement. All D2-Tyr244 mutants show a higher degree of sensitivity 

to formate, evidently, this was likely caused to a drastic change in the bicarbonate environment 

due to the D2-Tyr244 residue being directly hydrogen-bonded to the bicarbonate, leading to 

bicarbonate dissociating from its binding site. 
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Figure 4.36 Oxygen evolution. 

Strains were grown under constant illumination of 30 μE m-2 s-1 at 30°C and measured in the presence of 
(A) 200 μM DCBQ, (B) 200 μM DMBQ, (C) 15 mM sodium bicarbonate, (D) 200 μM DMBQ and 15 mM 
sodium bicarbonate, (E) 200 μM DMBQ and 25 mM sodium formate, and (F) 200 μM DMBQ and with 15 
mM sodium bicarbonate and 25 mM sodium formate. DCBQ and DMBQ is always accompanied by the 
presence of 1 mM K3Fe(CN)6. Down arrows indicate the beginning of actinic illumination, whereas the up 
arrows signify when the light was turned off. Cells were grown photomixotrophically. PsbDI/C:ΔPsbDII 
control strain (black), D2-Y244A (red), D2-Y244F (green), Y244H (blue). Data shown are the average of 
two independent biological replicates with the exception of the PsbDI/C: ΔPsbDII control strain which was 
repeated three times. 
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Figure 4.37 77 K Low-temperature fluorescence emission spectroscopy.  

A. 440 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm 
PsbDI/C:ΔPsbDII control strain (black), D2-Y244A (red), D2-Y244F (green), Y244H (blue).     
B. 580 nm excitation wavelength. Spectra normalised to the PS I emission maxima at 725 nm 
PsbDI/C:ΔPsbDII control strain (black), D2-Y244A (red), D2-Y244F (green), Y244H (blue).             
Data shown are the average of two independent biological replicates with the exception of the 
PsbDI/C: ΔPsbDII control strain which was repeated three times. 

 

4.8.3 77 K Low-temperature fluorescence emission spectroscopy 

To investigate the cause of the impaired oxygen evolution rates, assembly of PS II in the D2-

Tyr244 mutants was investigated (Figure 4.37). The Y244A mutant revealed a similar level of 

fluorescence emission to the control strain at the 685 nm peak; however, the 695 nm peak 

revealed a reduction, indicating an inhibition to incorporate CP47 into the PS II reaction centre. 

The Y244F mutant, however, revealed an increase of fluorescence emission at both 685 nm 

and 695 nm peaks, indicating an increase in PS II to PS I ratio, this could be caused by 

unassembled complexes containing CP43 and CP47 (only 685 nm), or an increase in inefficient 

PS II centres to achieve an effective rate of photosynthesis. An alternate hypothesis is that the 

ratio of PS I and PS II was changed during biogenesis in these mutants causing the distribution 

of chlorophyll to be altered in the mutants. The Y244H mutant revealed a similar level of 

fluorescence emissions to the control strain, however, a slight decrease in fluorescence at the 

695 nm peak is observed.  

 

 

 

 

 

 

 

 

 

 

 

With 580 nm excitation, the Y244H mutant displayed a slight increase in fluorescence emission 

at 645 nm and 665 nm peaks, The Y244A and Y244F mutants, on the other hand, revealed 

similar levels relative to the control strain. All three D2-Tyr244 mutants, however, had an 

increase at the 685 nm peak, most notably the Y244A mutant, suggesting an inhibition to the 

transfer of energy from the phycobilisome to PS II. 
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Figure 4.38 Variable chlorophyll a fluorescence induction. 

A PsbDI/C:ΔPsbDII control strain (black), D2-Y244A (red), D2-Y244F (green), Y244H (blue).        
B. In the presence of 40 μM of DCMU PsbDI/C:ΔPsbDII control strain (black), D2-Y244A (red), D2-
Y244F (green), Y244H (blue). Traces are normalised to initial fluorescence (Fo). Data shown are the 
average of two independent biological replicates with the exception of the PsbDI/C: ΔPsbDII control 
strain which was repeated three times. 

 

4.8.4 Variable chlorophyll a fluorescence induction 

The D2-Tyr244 mutants were further investigated by variable chlorophyll a fluorescence to 

assess acceptor side electron transport (Figure 4.38). All the D2-Tyr244 mutants were lacking 

the characteristic variable fluorescence rise. A slight P peak was observed in the Y244F and 

Y244H mutants, likewise, the Y244A mutant revealed a slight P peak but this appeared later 

than in the control strain; this is evidence of inhibited forward electron transfer. Furthermore, 

the D2-Tyr244 mutants showed a reduced level of assembled PS II centres in the induction 

trace treated with DCMU. The Y244F mutant had the higher level of active PS II centres at 

~80% of the control strain, the Y244H mutant reveals only ~65%, while the Y244A mutant 

was at less than 40% of active centres relative to the control strain. The DCMU trace does not 

support a higher level of PS II for the Y244F mutant as suggested by the fluorescence emission 

spectroscopy; this suggests a change in PS II to PS I ratio caused by a reduction in both PS II 

and PS I. 
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4.8.5 Chlorophyll a fluorescence decay 

Acceptor side electron transport efficiency was further investigated in the D2-Tyr244 mutants 

(Figure 4.39 and Tables 4.22, 4.23, 4.24). A much slower fluorescence decay was observed in 

all the D2-Tyr244 mutants. Kinetic analysis revealed that under no treatment the Y244A (429 

± 37 µs), Y244F (555 ± 33 µs), and Y244H (576 ± 46 µs) mutants (cf. control strain 300 ± 4.0 

µs) all had a delayed fast phase, indicating impaired QA
- to QB electron transfer. In addition, 

the intermediate phase was also shown to be slower in the Y244A (6.8 ± 1.7 ms), Y244F (18 

± 4.0 ms), and Y244H (20 ± 2.7 ms) mutants (cf. control strain 2.9 ± 0.1 ms), suggesting 

inhibited QB binding. An increase in amplitude at the intermediate phase was also seen in all 

three mutants, this is likely due to a larger percentage of PS II centres with unoccupied QB sites 

due to impaired QB binding. Conversely, a decrease in half-time was observed at the slow phase 

with the Y244A (2.5 ± 1.1 s), Y244F (3.5 ± 2.8 s), and Y244H (4.6 ± 0.7 s) mutants (cf. control 

strain 8.3 ± 0.8 s). An increase in amplitude was also observed in all three D2-Tyr244 mutants 

at the slow phase. These results indicate a shift in the equilibrium between the two states QA
-

QB and QAQB
- towards favouring QA

-QB, causing an increased recombination rate of the back 

reaction to the reoxidation of QA
-.  

The Y244A mutant, when subjected to a series of actinic flashes revealed a further delayed 

intermediate phase (13 ± 0.5 ms – 10 ± 0.5 ms) (cf. control strain 8.5 ± 0.5 ms – 6.7 ± 3.7 ms) 

this could possibly be caused by a problem with the formation or delayed release of PQH2 . A 

decrease in half-time (0.7 ± 0.1 s – 0.3 ± 0.1 s) (cf. control strain 4.8 ± 0.6 ms – 2.9 ± 1.0 ms) 

and an increase in amplitude was also demonstrated at the slow phase (30 ± 5.6 % - 28± 1.3 

%) (cf. control strain 14 ± 0.8 % – 18 ± 1.7 %). A problem in forming PQH2 leads to OEC 

being largely reduced by QA
-. A similar pattern was observed in the Y244F mutant; an increase 

in half-time was seen at the intermediate phase (33 ± 2.4 – 35 ± 2.5 ms), and an increase in 

amplitude at the slow phase (20 ± 2.1 % - 17 ± 2.7 %) was observed with two and three actinic 

flashes, respectively. Also, the Y244H mutant revealed a large increase in amplitude (32 ± 48 

%) at the slow phase after two flashes. When subjected to three flashes, however, a significant 

delay at the fast phase (721 ± 30 µs) and also at the intermediate phase (37 ± 2.6 ms) was 

observed that was not seen after two flashes. As mentioned before this is likely due to the full 

effect of the absence of bicarbonate (due to weak binding) being seen only after a full turnover 

of the two-electron gate (Govindjee et al., 1976).  
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Bicarbonate treatment was able to rescue all mutants to varying degrees. The Y244H mutant 

displayed the highest recovery, an accelerated fast phase (431 ± 17 µs), accelerated 

intermediate phase (7.8 ±1 .2 ms), and a delayed slow phase (7.7 ± 2.2 s) relative to the when 

the no treatment sample was observed. The Y244F mutant also exhibited an accelerated fast 

(435 ± 85 µs) and intermediate phase (7.2 ± 3.3 ms), but the slow phase (0.1 ± 0.1 s) was still 

extremely accelerated. The Y244A mutant demonstrated a similar pattern, revealing an 

accelerated fast phase (347 ± 50 µs), but a relevantly unchanged intermediate phase (6.5 ± 0.7 

ms) and a further decrease in half-time at the slow phase (1.1 ± 0.3 s). A formate effect was 

observed for all three D2-Tyr244 mutants at varying levels, the fast phase seemed unaffected, 

but a delayed intermediate phase with the Y244F (8.5 ± 0.7 ms) and Y244H (14 ±1 .2 ms) 

mutants was observed. The Y244H mutant had an increase in amplitude at the intermediate 

phase (46 ± 1.3 %) and a large decrease in amplitude at the fast phase (39 ± 3.3 %). A decrease 

in half-time was observed at the slow phase for the Y244A (1.1 ± 0.3 s) and Y244F (0.2 ± 0.1 

s) mutants, coupled with a significant increase in amplitude in both mutants. The Y244A 

mutant also displayed a delayed fast phase (557 ± 78 µs). However, the Y244A mutant in the 

presence of bicarbonate and formate was able to reverse the effects on the fast phase but not 

the intermediate phase. The Y244F mutant in the presence of bicarbonate and formate had an 

increase in half-time at the slow phase and a decrease in amplitude. The Y244H mutant 

exhibited rates similar to when in the presence of bicarbonate alone. The Y244F mutant 

interestingly had an incremental increase in amplitude at the slow phase with more flashes 

when in bicarbonate, formate, and both bicarbonate and formate treatments. All the above 

results suggest inhibited forward electron transfer, where the intermediate phase is especially 

affected in the D2-Tyr244 mutants. 

Treated with DCMU, a large delay in fluorescence decay was observed in the Y244F and 

Y224H mutants. The Y244A mutant, conversely, had a faster decay, interestingly it disappears 

after the first flash; this suggests a new putative one-electron acceptor that stays reduced before 

the second turnover. An incremental delay in fluorescence decay in all D2-Tyr244 mutants was 

observed as the number of actinic flashes the mutants were subjected to increased. Kinetic 

analysis revealed an increase in amplitude at the fast phase in the Y244A (32 ± 1.4 %) and 

Y244F (26 ± 2.2 %) mutants (cf. control strain 15 ± 0.6 %); a slight increase of half-time was 

also observed in all mutants. Increases in amplitude at the fast phase are likely due to an 

inhibition of QA
- recombining with the OEC. Conversely, an increase of half-time was observed 

at the slow phase for the Y244F (4.3 ± 0.2%) and Y244H (4.0 ± 0.1%) mutants (cf. control 
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strain 0.5 ± 0.1 ms). There is, however, a huge incremental increase of half-time at the fast 

phase with each flash. The Y244A mutant had a half-time of 3.8 ± 1.4 ms at one flash (cf. 

control strain 1.9 ± 0.1 ms), 40 ± 0.5 ms at two flashes (cf. control strain 4.8 ± 0.6 ms), and 52 

± 7.8 with three flashes (cf. control strain 2.9 ± 1.0 ms). In addition, the Y244F mutant had a 

half-time of 2.1 ± 0.5 ms at one flash, 102 ± 13ms at two flashes, and 135 ± 7.0 with three 

flashes. Finally, the Y244H mutant revealed a half-time of 4.2 ± 1.0 ms at one flash, 44 ± 11 

ms at two flashes, and 88 ± 5.4 ms with three flashes. The results reveal that the D2-Tyr244 

substitutions strongly affect the back reaction, which is indicative of an affected donor side.  

 

 

Table 4.22 Kinetic analysis of chlorophyll a fluorescence decay following a single saturating 
actinic flash in D2-Tyr244 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 300 ± 4.0 63 ± 0.4 2.9 ± 0.1 30 ± 0.3 8.3 ± 0.8 7.0 ± 0.1 

Bicarbonate 314 ± 22 64 ± 1.9 3.1 ± 0.2 28 ± 1.7 4.4 ± 0.7 8.0 ± 0.5 

Formate 382 ± 34 64 ± 0.8 6.1 ± 0.4 26 ± 0.8 1.5 ± 0.1 10 ± 0.1 

Bicarbonate + 

Formate 

348 ± 15 67 ± 1.5 4.2 ± 0.2 25 ± 2.1 4.5 ± 1.0 8.0 ± 0.7 

DCMU   1.9 ± 0.1 15 ± 0.6 0.5 ± 0.1 85 ± 0.6 

D2-Y244A No treatment 429 ± 37 49 ± 2.1 6.8 ± 1.7 37 ± 2.0 2.5 ± 1.1 14 ± 0.3 

 Bicarbonate 323 ± 15 53 ± 1.6 6.5 ± 0.7 35 ± 1.5 1.1 ± 0.3 13 ± 0.4 

 Formate 557 ± 78 35 ± 1.2 8.9 ± 1.1 41 ± 0.4 0.3 ± 0.1 23 ± 1.0 

 Bicarbonate + 

Formate 

347 ± 50 54 ± 2.3 9.5 ± 1.8 34 ± 2.3 1.7 ± 0.8 12 ± 0.1 

 DCMU   3.8 ± 1.4 32 ± 1.4 0.9 ± 0.1 68 ± 1.4 

D2-Y244F No treatment 555 ± 33 45 ± 1.5 18 ± 4.0 42 ± 0.3 3.5 ± 2.8 13 ± 1.2 

 Bicarbonate 435 ± 85 42 ± 11 7.2 ± 3.3 39 ± 4.9 0.1 ± 0.1 19 ± 3.2 

 Formate 482 ± 24 33 ± 1.9 8.5 ± 0.7 42 ± 3.9 0.2 ± 0.1 25 ± 2.5 

 Bicarbonate + 

Formate 

597 ± 74 43 ± 1.5 13 ± 2.2 42 ± 3.0 3.1 ± 1.5 15 ± 2.9 

 DCMU   2.1 ± 0.5 26 ± 2.2 4.3 ± 0.2 74 ± 2.2 

D2-Y244H No treatment 576 ± 15 46 ± 1.7 20 ± 2.7 35 ± 0.4 4.6 ± 0.7 19 ± 1.7 

Bicarbonate 431 ± 17 50 ± 1.1 7.8 ± 1.2 36 ± 1.9 7.7 ± 2.2 14 ± 1.2 

Formate 592 ± 13 39 ± 2.2 14 ± 1.2 46 ± 1.3 4.0 ± 1.5 15 ± 0.9 

Bicarbonate + 

Formate 

473 ± 17 51 ± 1.5 8.5 ± 1.5 37 ± 2.1 6.4 ± 2.3 12 ± 0.7 

 DCMU   4.2 ± 1.0 19 ± 0.1 4.0 ± 0.1 81 ± 0.1 

The experiment was repeated twice and the standard error is shown with the exception of the 

PsbDI/C: ΔPsbDII control strain which was repeated three times. 
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Table 4.23 Kinetic analysis of chlorophyll a fluorescence decay following two saturating 
actinic flashes in D2-Tyr244 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 367 ± 4.0 67 ± 0.4 8.5 ± 0.5 20 ± 0.7 2.7 ± 0.8 12 ± 1.1 

Bicarbonate 336 ± 7.0 66 ± 1.4 6.5 ± 0.9 22 ± 0.4 1.8 ± 0.4 12 ± 1.8 

Formate 386 ± 16 6.0 ± 0.8 8.8 ± 1.1 22 ± 0.2 0.6 ± 0.1 18 ± 0.5 

Bicarbonate + 

Formate 

336 ± 7.0 63 ± 0.1 5.6 ± 0.1 26 ± 0.4 2.9 ± 1.9 11 ± 0.6 

DCMU   4.8 ± 0.6 14 ± 0.8 0.5 ± 0.1 86 ± 0.8 

D2-Y244A No treatment 451 ± 22 37 ± 3.5 13 ± 0.5 34 ± 2.1 0.7 ± 0.1 30 ± 5.6 

 Bicarbonate 477 ± 63 46 ± 2.0 12 ± 2.7 34 ± 1.3 0.7 ± 0.6 20 ± 3.3 

 Formate 586 ± 56 32 ± 2.3 9.5 ± 1.2 40 ± 0.8 0.2 ± 0.1 29 ± 1.4 

 Bicarbonate + 

Formate 

414 ± 49 44 ± 3.2 12 ± 1.7 37 ± 1.7 0.8 ± 0.2 18 ± 1.7 

 DCMU   40 ± 0.5 27 ± 0.1 0.9 ± 0.1 73 ± 0.2 

D2-Y244F No treatment 687 ± 34 37 ± 1.2 33 ± 2.4 43 ± 0.8 2.7 ± 0.2 20 ± 2.1 

 Bicarbonate 573 ± 90 42 ± 7.4 18 ± 8.6 38 ± 6.4 0.5 ± 0.2 20 ± 9.0 

 Formate 510 ± 93 32 ± 9.0 8.6 ± 1.2 37 ± 1.6 0.3 ± 0.1 31 ± 11 

 Bicarbonate + 

Formate 

425 ± 24 37 ± 1.3 11 ± 1.3 36 ± 0.2 0.2 ± 0.1 28 ± 2.2 

 DCMU   102 ± 13 22 ± 0.6 3.5 ± 0.2 78 ± 0.6 

D2-Y244H No treatment 573 ± 44 33 ± 4.9 23 ± 7.0 36 ± 0.1 2.6 ± 1.3 32 ± 4.8 

Bicarbonate 505 ± 31 50 ± 1.1 13 ± 0.5 34 ± 2.2 5.2 ± 0.2 16 ± 1.9 

Formate 514 ± 99 33 ± 4.4 13 ± 5.1 36 ± 8.6 1.1 ± 1.0 31 ± 4.2 

Bicarbonate + 

Formate 

505 ± 35 51 ± 0.4 13 ± 1.2 34 ± 0.3 5.8 ± 1.7 15 ± 0.7 

 DCMU   44 ± 11 19 ± 0.9 3.3 ± 0.1 81 ± 0.6 

The experiment was repeated twice and the standard error is shown with the exception of the 

PsbDI/C: ΔPsbDII control strain which was repeated three times. 
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Table 4.24 Kinetic analysis of chlorophyll a fluorescence decay following three saturating 
actinic flashes in D2-Tyr244 mutant strains. 

  Fast Phase Intermediate Phase Slow Phase 

Strain Treatment Rate  t1/2 

(µs) 

Amplitude 

(%) 

Rate t1/2 

(ms) 

Amplitude 

(%) 

Rate  

t1/2 (s) 

Amplitude 

(%) 

PsbDI/C: 

ΔPsbDII 

Control 

strain 

No treatment 433 ± 10 67 ± 4.1 6.7 ± 3.7 18 ± 0.9 1.7 ± 0.6 16 ± 3.2 

Bicarbonate 407 ± 51 69 ± 5.1 4.3 ± 0.8 20 ± 3.5 1.1 ± 0.8 11 ± 1.6 

Formate 482 ± 45 58 ± 2.6 6.5 ± 1.1 21 ± 1.1 0.5 ± 0.2 21 ± 1.6 

Bicarbonate + 

Formate 

400 ± 18 64 ± 0.6 4.8 ± 1.0 25 ± 0.2 2.6 ± 1.3 11 ± 0.4 

DCMU   2.9 ± 1.0 18 ± 1.7 0.5 ± 0.1 81 ± 1.7 

D2-Y244A No treatment 534 ± 28 43 ± 3.1 10 ± 0.5 28 ± 1.8 0.3 ± 0.1 28 ± 1.3 

 Bicarbonate 427 ± 45 41 ± 3.7 5.0 ± 1.3 29 ± 2.3 0.2 ± 0.1 31 ± 1.6 

 Formate 481 ± 12 30 ± 0.1 10 ± 0.4 32 ± 1.8 0.2 ± 0.1 38 ± 1.9 

 Bicarbonate + 

Formate 

453 ± 24 43 ± 0.1 7.9 ± 0.4 30 ± 1.0 0.2 ± 0.1 27 ± 1.0 

 DCMU   52± 7.8 24 ± 0.3 0.9 ± 0.1 76 ± 0.3 

D2-Y244F No treatment 698 ± 50 39 ± 2.5 35 ± 2.5 44 ± 0.5 3.7 ± 0.5 17 ± 2.7 

 Bicarbonate 420 ± 99 34 ± 4.1 9.3 ± 4.8 29 ± 5.1 0.2 ± 0.2 37 ± 9.0 

 Formate 554 ± 28 18 ± 0.8 9.7 ± 1.1 31 ± 1.5 0.2 ± 0.1 51 ± 2.3 

 Bicarbonate + 

Formate 

457 ± 19 31 ± 0.8 8.7 ± 0.1 29 ± 1.9 0.1 ± 0.1 39 ± 2.7 

 DCMU   135 ± 7.0 24 ± 1.0 4.0 ± 0.3 76 ± 1.0 

D2-Y244H No treatment 721 ± 30 42 ± 0.9 37 ± 2.6 37 ± 0.6 3.3 ± 0.1 22 ± 0.3 

Bicarbonate 644 ± 41 54 ± 0.1 21 ± 1.8 31 ± 1.8 2.4 ± 0.3 15 ± 0.5 

Formate 846 ± 32 36 ± 1.6 28 ± 1.5 47 ± 1.5 2.6 ± 0.7 18 ± 0.2 

Bicarbonate + 

Formate 

645 ± 34 50 ± 0.4 22 ± 2.3 35 ± 0.5 6.1 ± 0.5 15 ± 0.1 

 DCMU   88 ± 5.4 19 ± 1.5 3.6 ± 0.1 81 ± 1.5 

The experiment was repeated twice and the standard error is shown with the exception of the 

PsbDI/C: ΔPsbDII control strain which was repeated three times. 

  



153 

Figure 4.39 Chlorophyll a fluorescence decay. 

Decay was measured after a one, two, or three saturating actinic flashes. Numbers indicate the number of 
saturating flashes. PsbDI/C:ΔPsbDII control strain (black), D2-Y244A (red), D2-Y244F (green), Y244H 
(blue). A. No treatment. B. In the presence of bicarbonate. C. In the presence of formate. D. in the 
presence of bicarbonate and formate. E. In the presence of DCMU. Traces are normalised to initial 
fluorescence (Fo). Data shown are the average of two independent biological replicates with the exception 
of the PsbDI/C: ΔPsbDII control strain which was repeated three times. 
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Chapter 5 

 

Discussion – The role of the PsbH, PsbX, and PsbY 

low-molecular-weight proteins and the Sll0933 

assembly factor 
 

5.1 The role and interaction of PsbH and assembly factor Sll0933 in PS II 

assembly 

 

Investigation into the role and transmembrane interactions of the Sll0933 assembly factor and 

the PsbH protein was carried out, by the physiological characterisation of the ΔPsbH and 

ΔSll0933 single mutants, and the ΔPsbH:ΔSll0933 double mutant. This revealed several 

alterations to the assembly and function of PS II relative to wild type.  

The inactivation of the Sll0933 assembly factor did not severely effect PS II function or 

assembly. The ΔSll0933 mutant grew at a rate similar to wild type under photoautotrophic 

conditions (Figure 3.2); this was the trend seen in Armbruster et al. (2010) and also Bučinská 

et al. (2018). The level of PS II and its subunits were observed to be similar to that of wild type 

in the BN-PAGE and western-blot assays (Figure 3.25), confirming studies done by Rengstl et 

al. (2013) and Bučinská et al. (2018). However, a decrease in active assembled PS II centres 

was observed in the fluorescence induction assay (Figure 3.7), explaining the lower rate of 

oxygen evolved (Figure 3.4 and Table 3.1). Contrary to Rengstl et al. (2013), a decrease in PS 

II to PS I ratio was observed in the low-temperature fluorescence spectroscopy (Figure 3.5a). 

Previous work has found that the Sll0933 assembly factor has a role of integrating CP47 into 

the RC to form the RC47 complex (Rengstl et al., 2011; Rengstl et al., 2013); this may explain 
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why a similar number of PS II complexes were seen in the western blot but a reduced level of 

active assembled PS II centres in the induction assay relative to wild type was observed. No 

significant differences were observed when the ΔSll0933 mutant pre-cultures were grown 

photoautotrophically and photomixotrophically. The induction assays revealed minor 

alterations to forward electron transfer, a decrease in active PS II centres, and an inhibition to 

filling the plastoquinone pool (Figure 3.8). Furthermore, the fluorescence decay assay revealed 

a slight delay in fluorescence decay (Figure 3.10). The kinetic analysis revealed a slightly 

decelerated fast and intermediate phase as well as an accelerated slow phase (Table 3.2), 

suggesting slightly altered acceptor side electron transfer in the ΔSll0933 mutant likely due to 

altered assembly of PS II.  

The ΔPsbH mutant has quite a substantial effect on PS II function; a severe phenotype was 

observed in this study. The ΔPsbH mutant was able to grow photoautotrophically in standard 

conditions but at a retarded rate relative to wild type (Figure 3.2), which is consistent with 

observations made in previous studies (Mayes et al., 1993; Bučinská et al., 2018). The ΔPsbH 

mutant also revealed a large reduction in the rate of oxygen evolution relative to wild type, 

when artificial electron acceptors DCBQ and DMBQ were used (Figure 3.4 and Table 3.1), 

which is in agreement with a previous study (Mayes et al., 1993). A large reduction of active 

PS II centres was observed in the induction assay (Figure 3.7), explaining the decreased rate of 

oxygen evolved. However, when bicarbonate was used, the oxygen evolution rates were close 

to that of wild type, which is possibly due to bicarbonate being able to restore the association 

between the bicarbonate ligand and the NHI. This is in line with previous studies that show 

that the absence of the ΔPsbH protein destabilises the binding of bicarbonate possibly leading 

to a large portion of PS II centres without a bicarbonate bound at the acceptor side (Komenda 

et al., 2002). This is also in agreement with the induction assay, indicating an impairment to 

filling the plastoquinone pool, and the chlorophyll a fluorescence decay assay (Figure 3.9), 

displaying inhibited forward electron transfer. The chlorophyll a fluorescence decay assay 

revealed a large increase in half-time at the fast and intermediate phase accompanied by a 

decrease at the slow phase (Table 3.2), indicating altered acceptor side electron transfer. The 

increase at the fast phase indicates a problem with QA to QB electron transfer, likely due to an 

altered QB site and destabilised bicarbonate binding, this is consistent with observations made 

in previous studies (Mayes et al., 1993; Komenda and Barber, 1995; Bergantino et al., 2003). 

The large decrease in half-time and increase in amplitude at the slow phase indicates a shift in 

the equilibrium between the two states QA
-QB and QAQB

- towards favouring QA
-QB, causing 
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the back reaction with the S2 states to come chiefly from QA
-. However, a huge increase in 

amplitude was observed at the fast phase when treated with DCMU, accompanied by 

incomplete decay. This suggests a blocked back reaction, likely due to an absent S2 state, this 

was also the trend observed in a study done by Mayes et al. (1993).  

Although PsbH was not essential to PS II, it appears to plays an important role in assembly. 

The low-temperature fluorescence emission spectroscopy revealed an apparent inability to 

incorporate CP47 into the PS II reaction centre (Figure 3.5a), previous studies have suggested 

that the removal of PsbH weakens the binding of CP47 to the PSII dimer (Komenda et al., 

2002). This could be the cause of the reduced level of the PS II dimer and an increase in the 

monomer observed in the western blot, which was also the trend observed in previous studies 

(Komenda et al., 2002; Komenda et al., 2005; D'Haene et al., 2015), due to assembly not being 

able to proceed past the RC assembly phase. The results suggest PsbH having a role in 

dimerisation, however, this is unlikely due to the location of PsbH. The variable fluorescence 

induction assay also revealed a substantial decrease in active PS II centres (Figure 3.7). A 

recent study done by D'Haene et al. (2015) revealed that PsbH is associated with the 

chlorophyll responsible for the 695 nm emission and the 695 nm emission in low-temperature 

fluorescence spectra upon 440 nm excitation was therefore absent in the ΔPsbH mutant. This 

is in line with our low-temperature fluorescence emission spectroscopy done with 440 nm 

excitation, however, when the ΔPsbH mutant cells were excited with a 580 nm light the 695 

nm emission was observed (Figure 3.6a). The data reported in this thesis suggest that in the 

absence of PsbH, the PS II chlorophyll is present and therefore PS II is assembled but the 

energy from the phycobilisome is not able to be transferred to the PS II core antenna.  

Both the Sll0933 and PsbH mutants were photoautotrophic, and therefore neither protein is 

essential to the assembly and function of PS II. However, the double mutant ΔPsbH:ΔSll0933 

was not photoautotrophic contrary to a study done by Bučinská et al. (2018) (Figure 3.2), which 

suggested the ΔPsbH:ΔSll0933 double mutant grew photoautotrophically albeit at an extremely 

retarded rate. PS II levels were severely reduced in the ΔPsbH:ΔSll0933 double mutant, the 

fluorescence induction assay revealed practically no active PS II centres (Figure 3.7) and the 

western blot displayed no observable PS II dimer and reduced PS II monomer (Figure 3.25), 

this is consistent with the results from Bučinská et al. (2018). It seems there is an additive effect 

when PsbH is inactivated along with the Sll0933 assembly factor. The ΔSll0933 mutant had a 

minor phenotype, but when PsbH is missing it is essential. Both PsbH and the Sll0933 assembly 

factor are linked to synthesis and binding of CP47; it is likely PS II assembly cannot proceed 
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due to the absence of CP47 in the ΔPsbH:ΔSll0933 double mutant. Even so, the 

ΔPsbH:ΔSll0933 double mutant is still dominated by the ΔPsbH single mutant phenotype, 

suggesting that PsbH is more important for assembly and a functioning PS II complex. No 

oxygen was evolved when DMBQ was used as an electron acceptor, but trace amounts can be 

seen with DCBQ (Figure 3.4 and Table 3.1), suggesting an additive effect on an already 

inhibited QA to QB transfer in the ΔPsbH:ΔSll0933 double mutant. Bicarbonate was able to 

rescue oxygen evolution in the double mutant, suggesting that the native quinone is able to 

support oxygen evolution in this strain but the artificial quinones could not, further suggesting 

an altered QB binding site. The oxygen evolution rate in the presence of bicarbonate does not, 

however, reach the rate of the ΔPsbH single mutant. A higher 685 nm peak was also seen in 

the low-temperature fluorescence emission spectroscopy with 580 nm excitation, higher than 

both single mutants; this is likely caused by the altered assembly (Figure 3.6a). Bučinská et al. 

(2018) suggested that the Sll0933 assembly factor binds first and then is replaced by PsbH, the 

results reported also suggest a transmembrane interaction between the Sll0933 assembly factor 

and the PsbH protein during assembly due to the compounding effects of inactivating both the 

Sll0933 assembly factor and the PsbH protein.  

In the fluorescence induction assay, the ΔPsbH:ΔSll0933 double mutant completely lacks the 

characteristic O – P rise (Figure 3.7), likely caused by no active PS II dimers being assembled 

and therefore no forward electron transport occurring. This is a much more devastating 

phenotype than either of the single mutants. It appears that in terms of the effect on electron 

transport, the ΔPsbH mutant phenotype is dominant, the ΔSll0933 mutant revealed little effect 

on electron transport. Due to the fact that the Sll0933 assembly factor is not present in the 

mature complex, the electron transport reactions should operate in the absence of the Sll0933 

assembly factor. The results suggest that both PsbH and the Sll0933 assembly factor play a role 

during assembly, but only PsbH has a large role for the function of the electron transfer 

reactions at both the acceptor side and donor side. 
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5.2 The role of PsbX and its interaction with assembly factor Sll0933 in 

PS II assembly 

 

Investigation into the role of the PsbX protein, and its transmembrane interactions with the 

Sll0933 assembly factor was carried out by the physiological characterisation of the ΔPsbX 

strain and the ΔPsbX:ΔSll0933 double mutant.  

The ΔPsbX mutant revealed a mild phenotype where no significant changes were observed in 

photoautotrophic growth in standard conditions relative to wild type (Figure 3.2), which is in 

line with the literature (Shi et al., 1999; Funk, 2000; Katoh and Ikeuchi, 2001). However, a 

reduction in oxygen evolution was observed when the artificial quinone electron acceptors 

DCMQ and DMBQ were used (Figure 3.11 and Table 3.4); this was also the trend seen in 

Katoh and Ikeuchi (2001). In contrast, in the presence of bicarbonate, oxygen evolution rates 

improved, likely due to bicarbonate being able to restore the association between the 

bicarbonate ligand and the NHI, suggesting that bicarbonate binding to the NHI is affected. 

The room temperature chlorophyll fluorescence induction assay revealed an impairment to 

filling the plastoquinone pool suggesting inhibited forward electron transfer (Figure 3.14). This 

was also the trend observed in the fluorescence decay, the kinetic analysis revealed increased 

half-time at both the fast and intermediate phases (Figure 3.16 and Table 3.5). In addition, the 

slow phase had a large decrease in half-time and a large increase in amplitude suggesting more 

time is spent in the back reaction. This indicates a shift in the equilibrium towards favouring 

QA
-QB. However, the back reaction rate was unaffected, which is in line with a study done by 

Funk (2000). Previous studies have suggested that the PsbX protein has a role in optimising 

QA function and quinone turnover at the QB site; this is likely the cause of the increase of half-

time at the intermediate phase in the ΔPsbX mutant due to altered plastoquinone binding at the 

QB binding site. However, bicarbonate treatment appears to alleviate the ΔPsbX mutant 

phenotype, although not completely, suggesting that the phenotype in the ΔPsbX mutant could 

be due to PsbX playing a role in bicarbonate binding; however, PsbX is more than 40 Å away 

from the bicarbonate, so it is unlikely to have a direct role in bicarbonate binding. When grown 

photoautotrophically the ΔPsbX mutant showed a more inhibited forward electron transfer rate 

relative to when grown photomixotrophically. A more altered QB site was also observed in the 

fluorescence induction and decay assays (Figures 3.15, 3.17 and Table 3.6). In this section, the 

focus was more on assembly; more research is needed on the role of the PsbX protein in 

acceptor side electron transfer.  



160 

Low-temperature fluorescence spectra following 440 nm excitation of the ΔPsbX mutant 

displayed an emission spectrum very similar to wild type. A slight decrease was observed, 

however, at the 685 nm and 695 nm emission peaks (Figure 3.12a), confirming observations 

made by Funk (2000). Furthermore, low-temperature fluorescence with 580 nm excitation 

revealed a slight increase at the 685 nm peak suggesting a minor effect on energy transfer 

(Figure 3.13a), this is also in line with observations made by Funk (2000). Furthermore, the 

induction assay revealed a substantial decrease in active PS II centres, which was observed in 

previous studies (Shi et al., 1999; Funk, 2000). However, western blotting revealed similar 

levels of the PS II dimer and PS II monomer, although a reduction of RC47 was observed 

(Figure 3.25). Our current assembly model hypothesises that PsbX associates with the CP47 

pre-assembly complex. This could be the cause of the reduced RC47 levels in the ΔPsbX 

mutant due to the absence of PsbX destabilising PS II, causing the decrease in active assembled 

PS II centres. All the above results suggest that PsbX is not essential for the formation or 

functioning of PS II, but it does play a role in both. Grown photoautotrophically the ΔPsbX 

mutant revealed an increase in the number of active PS II centres but a more impaired forward 

electron transfer compared to when grown photomixotrophically. Nevertheless, no major 

disparities were observed between the two growth conditions.  

The ΔPsbX:ΔSll0933 double mutant revealed a slight reduction in photoautotrophic growth 

rate relative to wild type (Figure 3.2). A reduction was also observed in oxygen evolution rate 

when in the presence of both artificial electron acceptors DCBQ and DMBQ (Figure 3.11 and 

Table 3.4). This was, however, not seen when in the presence of bicarbonate, suggesting 

bicarbonate binding is affected. Low-temperature fluorescence with 580 nm excitation 

revealed an increase in the 685 nm peak that was at the same level as seen in the ΔSll0933 

single mutant (Figure 3.13a), suggesting a disconnection of phycobilisomes (or energy transfer 

from phycobilisomes) to PS II. The fluorescence induction assay revealed a substantial 

reduction of active PS II centres, and a severely affected forward electron transfer (Figure 

3.14); this was not seen in both the ΔPsbX and ΔSll0933 single mutants, suggesting an additive 

effect. A larger decrease in PS II to PS I ratio was also observed with 440 nm excitation in the 

low-temperature fluorescence emission spectra (Figure 3.12a). Furthermore, the western blot 

revealed a further decrease in both the PS II dimer and PS II monomer (Figure 3.25). However, 

this decrease in PS II centres does not seem to effect photoautotrophic growth, suggesting 

Synechocystis 6803 produces more photosystems than needed at least under the light levels 
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examined. Assembly appears to be further perturbed in the ΔPsbX:ΔSll0933 double mutant, 

this is not surprising due to the roles both PsbX and Sll0933 play in PS II assembly.  

However, the fluorescence decay revealed the ΔPsbX:ΔSll0933 double mutant had a faster 

decay than the ΔPsbX single mutant but slower than the ΔSll0933 strain (Figure 3.16 and Table 

3.5), suggesting QB reduction is occurring faster or alternate electron acceptors were accessible 

(e.g. Cyt b559). The fluorescence decay suggests that the ΔPsbX phenotype is dominant here, 

likely due to PsbX playing a role in optimising QA function and quinone turnover at the QB 

site. The fluorescence induction, however, suggests a much more altered forward electron 

transfer (Figure 3.14), likely due to the inactivation of both PsbX and the Sll0933 assembly 

factor having an additive effect on assembly. The back reaction revealed no significant 

changes. 

The room temperature fluorescence measurements done in this study are based on chlorophyll 

a concentration due to chlorophyll a fluorescence reflecting the amount of QA
- and thus the 

level of PS II (Philbrick et al., 1991; Chu et al., 1994; Diner, 1998). However, the whole cell 

absorption spectra revealed a large decrease in chlorophyll a, phycobilisome, and carotenoid 

levels in the ΔPsbX:ΔSll0933 double mutant (Figure 3.3). This was also seen in the 

ΔPsbY:ΔSll0933 double mutant and possibly the ΔPsbH:ΔSll0933 double mutant (the 

ΔPsbH:ΔSll0933 double mutant also displayed a yellow-green colour when grown 

photomixotrophically but did not grow photoautotrophically). This may suggest the cells are 

abandoning photoautotrophic growth in the photomixotrophic cultures, due to an increase of 

reactive oxygen species (ROS) stress caused by the low levels of carotenoids. If so, the Sll0933 

assembly factor may have a role in carotenoid incorporation or stability. Due to this 

observation, pre-cultures of the mutant strains were grown photoautotrophically and then 

physiologically characterised. The photoautotrophically grown ΔPsbX:ΔSll0933 double 

mutant revealed a large decrease in oxygen evolution compared to cells grown 

photomixotrophically in the presence of DCBQ and DMBQ; bicarbonate, however, was able 

to restore oxygen evolution rates (Figure 3.11 and Table 3.4). A large jump in oxygen 

evolution, however, was not observed when the ΔPsbX:ΔSll0933 double mutant grown 

photomixotrophically was treated with bicarbonate; if a larger amount of PS II was being added 

compared to the photoautotrophically grown pre-culture measurements a large increase in 

oxygen evolution rate would be expected but was not observed. It is possible that 15 mM of 

bicarbonate is not enough to saturate the large amount of mutant PS II in the photomixotrophic 

measurements, a future experiment could be to treat this mutant with different concentrations 
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of bicarbonate. In addition, the low-temperature fluorescence emission revealed a similar level 

of chlorophyll fluorescence to wild type while the photomixotrophically grown measurement 

displayed a large decrease in fluorescence (Figure 3.12). The fluorescence induction revealed 

a lower level of QA
- when grown photoautotrophically; a similar level of active PS II centres 

was observed when in the presence of DCMU, however (Figure 3.15). The western blot 

revealed a similar level of PS II dimer and PS II monomer relative to wild type in the 

ΔPsbX:ΔSll0933 double mutant when pre-cultures were grown photoautotrophically (Figure 

3.26). The results above point to a reduction of PS II being loaded in the photoautotrophic 

measurements indicating that when grown photoautotrophically, photosynthetic pigments and 

PS II assembly is prioritised due to having no alternate source of energy and carbon unlike 

when grown photomixotrophically. Due to this more cells were present in the 

photomixotrophically assays due to the reduction of chlorophyll a concentration. Further 

research is needed here, a different method is needed to measure the amount of PS II to compare 

the effects of the two different growth methods. Fluorescence decay revealed similar 

impairment to electron transfer as when grown photomixotrophically. Only a slight increase of 

the fast phase was observed (Figure 3.17 and Table 3.6), suggesting the ΔPsbX mutant 

phenotype is dominant here. The results suggest that PsbX and the Sll0933 assembly factor 

possibly interact directly during assembly. If PsbX and the Sll0933 assembly factor were to 

interact it would be at the level of assembly, rather than the function of the assembled complex, 

due to the fact a large additive effect on forward electron transfer was not observed and that 

the Sll0933 assembly factor was not present in the mature complex.  

 

5.3 The role of PsbY and its interaction with assembly factor Sll0933 in 

PS II assembly 

 

Investigation into the role of the PsbY protein, and its transmembrane interactions with the 

Sll0933 assembly factor was carried out by the physiological characterisation of the ΔPsbY 

mutant and the ΔPsbY:ΔSll0933 double mutant.  

No significant changes in photoautotrophic growth or photosynthetic properties were observed 

in the ΔPsbY mutant relative to wild type. The ΔPsbY mutant grew at a similar rate compared 

to wild type (Figure 3.2), which is in agreement with previous studies (Meetam et al., 1999; 

Neufeld et al., 2004; Kawakami et al., 2007). A slight reduction in oxygen evolution was 
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observed when the artificial quinone electron acceptors DCBQ and DMBQ were used (Figure 

3.18 and Table 3.7). However, in the presence of bicarbonate, a similar rate to wild type was 

observed, suggesting bicarbonate binding may be affected, which is the trend observed in 

previous studies (Meetam et al., 1999; Biswas and Eaton-Rye, 2018). The ΔPsbY mutant 

revealed a minor effect on forward electron transfer, the fluorescence induction assay revealed 

a similar shape to wild type but variable fluorescence yield was reduced, which suggests a 

reduction in active PS II centres which the DCMU-treated samples also show in the variable 

fluorescence induction assay (Figure 3.22); this is consistent with results observed in previous 

studies (Meetam et al., 1999; Biswas and Eaton-Rye, 2018). A flat J to I phase was also 

observed suggesting an impairment to filling the plastoquinone pool, this could be caused by 

an altered QB binding site or a change in redox state of the plastoquinone pool. In addition, 

fluorescence decay, following a single-turnover actinic flash, revealed a slight delay at the fast 

and intermediate phases as well as an acceleration at the slow phase (suggesting a shift in the 

equilibrium towards favouring QA
-QB, causing a faster back reaction) (Figure 3.23 and Table 

3.8); however, no effect was observed on the rate of the back reaction, which is consistent with 

results observed in previous studies (Meetam et al., 1999; Biswas and Eaton-Rye, 2018). The 

results suggest that the PsbY protein does not play a significant role in electron transfer 

reactions.  

Low-temperature fluorescence emission displayed an emission spectrum similar to wild type 

(Figure 3.19a); however, the fluorescence induction assay suggests a decrease in active PS II 

centres (Figure 3.21). This was also the trend observed in the western blot where a lower level 

of PS II dimer was observed (Figure 3.25). However, when pre-cultures were grown 

photoautotrophically a similar level of PS II dimer to wild type was observed (Figure 3.26), 

which is also the trend observed in the fluorescence induction assay (Figure 3.22). A higher 

level of PS II to PS I ratio was also observed in the low-temperature fluorescence emission 

spectroscopy (Figure 3.19b). No significant difference was observed in forward electron 

transfer in the fluorescence decay assay compared to its photomixotrophically grown 

counterpart (Figure 3.23 and Table 3.8). The results suggest that PsbY may have a function 

during assembly, due to a reduction in oxygen evolution observed in the ΔPsbY mutant, which 

was likely caused by the decrease in active PS II centres. PsbY seems to be nonessential to PS 

II under low-stress growth conditions, but previous studies have suggested a role under adverse 

growth conditions (absence of calcium and chloride) (Neufeld et al., 2004; Biswas and Eaton-

Rye, 2018). The results in this study show that when grown photoautotrophically, there is an 
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increase in PS II centres compared to when grown photomixotrophically. The decrease in PS 

II when grown photomixotrophically could possibly be due to ROS stress. 

The ΔPsbY:ΔSll0933 double mutant revealed a slight reduction in photoautotrophic growth 

rate under standard conditions (Figure 3.2). A reduction in oxygen evolution was also observed 

when DCBQ and DMBQ were used; however, in the presence of bicarbonate, a similar rate to 

wild type was seen (Figure 3.18 and Table 3.7). Low-temperature fluorescence spectra 

following 440 nm excitation revealed a similar PS II to PS I ratio (Figure 3.19a); a decrease in 

PS II centres was observed in the fluorescence induction assay (Figure 3.21), however. The 

BN-PAGE and western blot (Figure 3.25) also revealed a decrease in PS II dimers, PS II 

monomers, and an accumulation of the RC47 complex. All three Sll0933 double mutants show 

a similar level of reduced PS II monomer, this could be due to an inability to incorporate CP47 

into PS II similar to the phenotype observed in the ΔPsbH:ΔSll0933 double mutant halting 

assembly (Figure 3.5). The PsbH, PsbY proteins, and the Sll0933 assembly factor are all part 

of the CP47 pre-complex. Both PsbH and Sll0933 are suggested to have a role in incorporating 

CP47 into PS II, and thus a large additive effect was observed when both are inactivated. Recent 

evidence has been presented to suggest PsbX may in fact bind to the RC complex before the 

CP47-pre-complex joins (J. Komenda unpublished results). The PsbX and PsbY proteins, 

however, have not been linked to the maturation of CP47, but reduced levels of PS II monomer 

was found in the ΔPsbX:ΔSll0933 and ΔPsbY:ΔSll0933 mutants that were not observed in the 

ΔSll0933 single mutant. In addition, low-temperature fluorescence emission following 580 nm 

excitation revealed an increase in the 685 nm peak higher than both the ΔPsbY and ΔSll0933 

single mutants, suggesting an additive effect on the disconnection of phycobilisomes to PS II 

(Figures 3.20a). It is possible that the LMW proteins in the CP47 pre-complex all assist the 

Sll0933 assembly factor in some way during assembly. Further research is needed here.  

The fluorescence induction assay in the presence of DCMU suggests a similar level of active 

PS II centres to that of the ΔSll0933 single mutant in the ΔPsbY:ΔSll0933 double mutant 

(Figure 3.21b). However, the no treatment fluorescence induction assay, revealed a much lower 

P peak than the ΔSll0933 single mutant, revealing a lower level of QA
- (Figure 3.21a); this 

suggests the donor side of PS II may be affected. Also, the relative fluorescence induction assay 

revealed an elevated J peak suggesting inhibited electron transfer. A delay in fluorescence 

decay following a single-turnover flash was also observed, more so than in both the single 

mutants. The kinetic analysis revealed a delayed fast and intermediate phase, coupled with a 

large acceleration of the slow phase, suggesting a shift in the equilibrium towards favouring 
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QA
-QB (Figure 3.23 and Table 3.8) The lower level of QA

- and the accelerated slow phase may 

be signs that the donor side of PS II is affected in this double mutant. This was, however, not 

reflected in the fluorescence decay assay in the presence of DCMU, showing no significant 

effect in the back reaction.   

Similar to the ΔPsbX:ΔSll0933 double mutant, the ΔPsbY:ΔSll0933 double mutant revealed a 

substantial decrease in chlorophyll a, phycobilisome, and carotenoid levels in the whole cell 

spectra assay (Figure 3.3). A large decrease in oxygen evolution when in the presence of DCBQ 

and DMBQ was also observed when pre-cultures were grown photoautotrophically; however, 

a large increase was observed when in the presence of bicarbonate (Figure 3.18 and Table 3.7). 

A larger PS II to PS I ratio and a less inhibited forward electron transfer was observed compared 

to when grown photomixotrophically (Figure 3.19b). The inhibited electron transport chain 

when the ΔPsbY:ΔSll0933 double mutant was grown photomixotrophically may be due to an 

increased level of ROS, therefore this was not seen when grown photoautotrophically. The 

western blot revealed a higher level of PS II monomer when pre-cultures were grown 

photoautotrophically (Figure 3.26). Similar to the ΔPsbX:ΔSll0933 double mutant, the results 

suggest that more PS II is being loaded in the measurements due to a reduction of chlorophyll 

a in the photomixotrophically grown cells, indicating that when grown photoautotrophically, 

photosynthetic pigments and PS II assembly is prioritised due to no alternate source of energy 

and carbon unlike when grown photomixotrophically. The results suggest PsbY and the 

Sll0933 assembly factor possibly interact during assembly. Altered electron transfer reactions 

at both the acceptor side and donor side were observed, likely due to assembly being affected 

in the double mutant, more research is also needed here. However, a larger decrease in PS II 

centres than in the single mutants suggest an additive effect in the assembly of PS II. The 

function of the PsbY protein is still unclear, but it may play a role during adverse growth 

conditions and assembly. 
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5.4 Conclusions and future directions   

This section of the research project investigated the role of LMW proteins PsbH, PsbX, PsbY 

and the assembly factor Sll0933 in the assembly and function in PS II. Double mutants were 

also made to characterise any transmembrane interactions the LMW proteins have with the 

Sll0933 assembly factor.  

Both the PsbH and PsbX proteins seem to have a role in the function of QB or the QB binding 

site. Titration with DMBQ or oxygen evolution assay treatment with DCMU would be useful 

to further investigate this, as DMBQ and DCMU bind at the QB site. Results with such an 

approach may reveal changes at the QB binding site and conformational changes in PS II. The 

role of PsbY is still unclear but it has been suggested PsbY plays a role in adverse growth 

conditions. A series of different growth conditions such as high light or high or low pH media 

could further elucidate the role of PsbY. The ΔSll0933 mutant failed to produce a strong 

phenotype, suggesting that it has a role in assembly. A yeast two-hybrid analysis would be 

interesting to see what intermediate complexes the Sll0933 assembly factor associates with 

during assembly. 

All three Sll0933 double mutants revealed a yellowish-green colour when grown 

photomixotrophically. The whole cell absorption spectra revealed a large decrease in 

chlorophyll a, phycobilisomes and carotenoid levels in the ΔPsbX:ΔSll0933 and 

ΔPsbY:ΔSll0933 double mutants when grown photomixotrophically (Figure 3.3). This likely 

caused a disproportionate amount of PS II being loaded in the photomixotrophically grown 

measurements. A different method is needed to calculate the number of PS II centres in the 

measurements, to accurately assess the difference in phenotype between photomixotrophically 

and photoautotrophically grown ΔSll0933 double mutants, such as manual cell counting. More 

research is also needed to investigate the cause of the reduced level of photosynthetic pigments 

in the ΔSll0933 double mutants, such as quantifying the level of ROS in these double mutants 

using a reagent that fluoresces when in the presence of ROS for instance dichlorofluorescein 

dye. In addition, all three ΔSll0933 double mutants show a similarly reduced level of PS II 

monomer, this may suggest the LMW proteins in the CP47 pre-complex assist the Sll0933 

assembly factor in some way. It would be interesting to see if inactivating other LMW proteins 

in the CP47 pre-complex such as PsbL, PsbT, and PsbM in a ΔSll0933 background would yield 

similar results, such as the reduction in PS II monomer and photosynthetic pigment levels. 2D-

PAGE will also be useful to observe which intermediate assembly pre-complexes are 
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accumulating and hence are not being incorporated into PS II, thus allowing the determination 

of which step assembly has been slowed or halted.  

Another similar trait that all three ΔSll0933 double mutants share is inhibited acceptor side 

electron transport suggesting altered bicarbonate binding to the NHI. Bicarbonate and formate 

treatment in oxygen evolution rates and fluorescence decay after single-turnover actinic flashes 

could reveal the state of bicarbonate binding. Both the PsbH and PsbX proteins are shown to 

interact with the D2 protein (Hankamer et al., 2001): therefore, to investigate the role the D2 

protein has in stabilising the bicarbonate at the acceptor side, specific point mutations were 

made at D2 protein residues to disrupt bicarbonate binding at the acceptor side of PS II and to 

disrupt interactions with bound waters which interact with bicarbonate and that may be 

involved in the protonation of QB discussed in Shevela et al. (2012). 
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Chapter 6 

 

Discussion - The role of the D2 protein in the 

binding of bicarbonate and the protonation 

reactions required for the formation of plastoquinol 
 

6.1 Physiological characteristics of the PsbDI/C:ΔPsbDII, ΔPsbDII, and 

ΔPsbDI/C:ΔPsbDII control strains 

 

In Synechocystis 6803, the D2 protein is encoded by two genes psbDI and psbDII. psbDI and 

psbDII have identical amino acid sequences and therefore encode an identical D2 polypeptide; 

however, there are differences in 76 positions in the genetic sequence (both are 1056 nucleotide 

in length) (Williams and Chisholm, 1987; Golden and Steams, 1988). Although the D2 

polypeptide encoded by psbDI and psbDII are identical, psbDII is monocistronic while psbDI 

is bicistronic as it is cotranscribed with psbC (Golden and Steams, 1988; Golden et al., 1990; 

Bustos and Golden, 1992). Due to the polypeptide encoded by psbDI and psbDII being 

identical the advantage of having two identical but independently transcribed genes must be 

due to a quantitative nature, it is likely an advantage in a situation when there is a high rate of 

D2 turnover or when changing the ratio between D2 and CP43 under high-stress conditions 

such as high light and low temperature (Golden and Steams, 1988). Previous studies have 

shown that the inactivation of psbDII does not affect photoautotrophic growth and thus this 

copy of the gene is not essential (Golden and Steams, 1988).  
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In the case of psbDI, the last 14 nucleotides of psbDI at the 3’ end overlaps with the first 14 

nucleotides of psbC at its 5’ end, the GUG start codon of psbC is located 14 bp upstream of the 

end of psbDI (Williams and Chisholm, 1987; Carpenter et al., 1990). Inactivation of psbDI/C 

in Synechococcus sp. PCC 7942 leads to the strain being unable to grow photoautotrophically, 

likely from the absence of CP43 making the psbDI/C operon essential (Golden et al., 1989). 

However, psbDI/C deletion strains that were created with a psbC operon downstream of 

psbDII, resulted in impaired competence of the mutant cells, although they were able to grow 

photoautotrophically. This indicates that the psbDII locus cannot produce wild type quantity 

of the protein and psbDI/C is required to provide sufficient levels of D2 and CP43 for optimal 

growth (Golden et al., 1989). The expression of psbDII is 10-fold less than psbDI/C under 

normal growth conditions (Golden and Steams, 1988; Yu and Vermaas, 1990; Bustos and 

Golden, 1992). Studies done on Synechococcus sp. PCC 7942 also revealed a 500% 

upregulation of psbDII expression under high light treatment (Bustos and Golden, 1992; 

Anandan and Golden, 1997). This, however, was not observed in Synechocystis 6803 (Viczián 

et al., 2000; Hihara et al., 2001; van Alphen, 2017). Although, UV-B irradiation of 

Synechocystis 6803 cells resulted in a six-fold increase of transcription of psbDII: both high 

light and UV-B increases the production of ROS and ROS may be the signal for psbDII 

transcription (Viczián et al., 2000). Therefore, to introduce mutations into the D2 protein, 

psbDII was first inactivated and the mutations were introduced at the psbDI locus as this 

ensured the expression of wild-type psbDII would not conceal the effect of the introduced 

mutations. 

The results show that the control strain and the ΔPsbDII mutant are both phenotypically similar 

to each other and wild type. Both the control strain and the ΔPsbDII mutant grew 

photoautotrophically in standard growth conditions at a rate similar to wild type (Figure 4.3), 

which is consistent with previous studies done on the ΔPsbDII mutant (Golden and Steams, 

1988; Golden et al., 1990; Bustos and Golden, 1992). Oxygen evolution rates were also similar 

for PS II specific and whole chain reactions (Figure 4.4). Low-temperature fluorescence 

emission following 440 nm excitation revealed an emission spectrum very similar to wild type 

in the control strain and the ΔPsbDII mutant (Figure 4.5a). However, variable fluorescence 

induction revealed that both the control strain and the ΔPsbDII mutant had reduced levels of 

active PS II centres (Figure 4.6). This was also the trend observed in the BN-PAGE and 

western-blot (Figure 4.8) where a reduced level of PS II dimer and RC47 was observed in the 

control strain when using the D2 specific antibody, likely caused by a lower level of the D2 
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protein. No significant changes were observed in electron transfer reactions. Although the 

control strain and the ΔPsbDII mutant are similar to wild type, all three are distinctively 

different from each other. Due to the slightly altered phenotype of the PsbDI/C:ΔPsbDII strain, 

it was used as the control strain in place of the wild type.  

The ΔPsbDI/C:ΔPsbDII deletion strain was not photoautotrophic and evolved no oxygen 

(Figure 4.3). Low-temperature fluorescence with an excitation of 440 nm revealed an absence 

of 695 nm emission meaning no PS II was assembled (Figure 4.5a). Excitation at 580 nm 

revealed a reduction in phycobilisomes and large emission at the 685 nm peak due to the energy 

from the phycobilisomes being lost by the terminal emitter as fluorescence indicating the 

absence of PS II centres (Figure 4.5b). Furthermore, no active PS II centres were observed in 

the fluorescence induction (Figure 4.6), which is also consistent with the BN-PAGE and 

western blot (Figure 4.8) showing no PS II monomers or dimers were formed. This is expected 

as both the D2 and CP43 proteins were absent in this strain and therefore the assembly of PS 

II is not possible. A previous study done by Komenda et al. (2004) revealed that accumulation 

of the D2 protein is a key regulatory step in PS II assembly; the absence of D2 caused a decrease 

in synthesis of the majority of membrane proteins, which may be due to epistatic synthesis 

preventing synthesis of proteins that cannot be assembled to conserve energy. Fluorescence 

induction (Figure 4.6) revealed that no electron transfer reactions occurred in the 

ΔPsbDI/C:ΔPsbDII deletion strain. 

 

6.2 The role of the histidine residue at the 189th position in the D2 protein 

Tyrosine-D (TyrD/YD) is a redox active residue located at the 160th position on the D2 protein; 

it is an electron donor to P680 on the donor side of PS II (Debus et al., 1988; Vermass et al., 

1988; Deak et al., 1994). Unlike Tyrosine-Z (TyrZ/YZ), YD is not involved in the steady-state 

electron transfer reactions from the Mn cluster to P680+ which is required for oxygen evolution 

(Gerken et al., 1988), it is, however, involved in charge equilibrium with the water-oxidising 

complex and is stable in the dark (Vermass et al., 1988; Styring and Rutherford, 1987; Vass et 

al., 1990; Vass and Styring, 1991). Both tyrosine residues are highly conserved likely due to 

aiding in long-range electron transfer making it physiologically feasible (Svensson et al., 1991; 

Barry, 1993). 
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Figure 6.1 The electron transport chain of PS II and residues interacting with Y160 D2 
polypeptide (YD). Chlorophyll (Chl), (green and magenta), pheophytin (Pheo) (yellow), plastoquinone 
(QA and QB, electron acceptors) (blue), non-haem iron (Fe) (orange), manganese (purple). B. 
Predicted hydrogen bonds (dashed lines) interactions of TyrD with His-189 (D2 polypeptide) and with 
bound water molecules of partial occupancy (orange). Adapted with permission from Barry (2014). 
Copyright 2014 Springer Nature. 

D2-His189 located 2.8 Å from YD is hydrogen-bonded to the imidazole ring of YD by the τ-

nitrogen of D2-His189 and is suggested to have a role in the function of YD (Babcock et al., 

1989; Tommos et al., 1993; Tang et al., 1993; Campbell et al., 1997). D2-His189 has been 

suggested to be a proton acceptor for YD which allows the efficient oxidation and reduction of 

YD (Tang et al., 1993; Kim et al., 1997). The role of YD and the role D2-His189 has in its 

function is not well defined, but it has been suggested the functional role of YD is to prevent 

photodamage during excess illumination by mediating an electron transfer cycle and also 

possibly to prevent the loss of Mn2+ leading to the disassembly of the Mn cluster (Rova et al., 

1998; Diner, 1998). YD is also involved in redox reactions with the OEC of the PS II complex 

(Styring et al., 2012). YD oxidises the S0 state and reduces the S2 and S3 states to the S1 state in 

the dark, this is presumably to make the Mn cluster more stable in the dark due to S1 being the 

dark stable state (Vass and Styring, 1991; Styring et al., 2012). The D2-His189 residue has 

been investigated previously and was characterised here as one of the control strains due to its 

obvious phenotype with only a single amino acid substitution to ensure the D2 mutagenesis 

system was functioning correctly. 

 

 

 

 

 

 

 

 

 

 

 

The histidine residue at the 189th position of the D2 protein was substituted with phenylalanine 

to remove the charge and leucine to remove the imidazole side chain. Both the H189F and 

H189L mutants were able to grow photoautotrophically under standard conditions but at 
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reduced rates especially the H189L mutant (Figure 4.9a), as has been observed in previously 

published work (Tommos et al., 1993; Tang et al., 1993). A decrease in oxygen was also 

observed when DCBQ and DMBQ were used to support oxygen evolution (Figure 4.10), which 

is in line with previous studies (Tang et al., 1993; Kim et al., 1997). However, in the presence 

of bicarbonate, an increase in the oxygen evolution rate was observed, suggesting bicarbonate 

binding to the NHI is affected. Furthermore, a sensitivity to formate was observed further 

advocating an affected bicarbonate environment. Fluorescence induction (Figure 4.12) and 

decay (Figure 4.13) revealed inhibited forward electron transfer. A delayed fast and middle 

phase was observed, coupled with a large acceleration of the slow phase, especially for the 

H189L mutant. The most significant change relative to the control was at the slow phase which 

indicates a shift in the equilibrium between the two states QA
-QB and QAQB

- towards favouring 

QA
-QB. The presence of bicarbonate was unable to restore the decay half-times. However, a 

formate effect was observed in both D2-His189 mutants. Addition of formate caused a further 

delay at the fast phase, which was alleviated when bicarbonate was added. In addition, the back 

reaction was slightly altered in the H189F mutant. The H189L strain, on the other hand, 

revealed a noticeably larger increase in amplitude at the fast phase in the presence of DCMU, 

suggesting a blocked back reaction likely caused by an altered donor side. Although 

bicarbonate binding appears to be affected (evident because of an increased susceptibility to 

formate which displaces the bicarbonate ligand more readily due to reduced binding affinity), 

it does not seem to be the main cause of the inhibited electron transfer due to bicarbonate not 

being able to restore electron transfer rates in the fluorescence decay assay and the D2-His189 

residue being well separated from the bicarbonate on the acceptor side. The electron transfer 

reaction is likely affected due to an altered donor side of PS II due to the D2-His189 

substitutions affecting YD function.  

Low-temperature fluorescence emission following 440 nm excitation (Figure 4.11a) displayed 

an emission spectrum very similar to wild type but with decreased fluorescence indicating a 

change in PS II to PS I ratio. Furthermore, with 580 nm excitation (Figure 4.11b), the H189L 

mutant revealed an inhibition of energy transfer from the phycobilisomes to PS II. Fluorescence 

induction (Figure 4.12) revealed a decrease in active PS II centres, especially in the H189L 

mutant. The results suggest that mutations at D2-His189 effect PS II assembly prevent the 

accumulation of active PS II centres likely due to destabilised D2 not promoting efficient 

formation of the reaction centre D1/D2/b559 pre-complex during biogenesis. 
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Figure 6.2 The electron transport chain of PS II and residues interacting with QA (orange). 
Adapted with permission from Sano et al. (2015). Copyright 2015 Springer Nature. 

6.3 The role of the tryptophan residue at the 253rd position in the D2 protein 

The aromatic tryptophan residue at 253rd position of the D2 protein is thought to be in close 

proximity to the QA binding site, the quinone ring of QA was found to be situated between D2-

Leu267 and D2-Trp253 and potentially facilitate electron transfer from pheophytin to QA 

(Vermaas et al., 1990; Kern et al., 2005). Mutations at this position are thought to affect the QA 

binding site, likely causing complete inhibition of QA binding depending on the severity of the 

mutation, and it has been shown such mutations severely effect stabilisation and function of PS 

II (Vermaas et al., 1990). Like D2-His189, the D2-Trp253 residue has been studied previously 

and was characterised here as one of the control strains due to its distinct phenotype with only 

a single amino acid substitution to ensure the D2 mutagenesis system was functioning 

correctly. 

 

 

 

 

 

 

 

  

 

Two mutants were made by substituting the tryptophan residue at the 253rd position of D2. The 

first mutant was substituted with phenylalanine, another aromatic residue but missing the five-

membered pyrrole ring, and the second mutant was substituted with leucine which completely 

removes the indole side chain. The W253F mutant was photoautotrophic but grew at a retarded 

rate (Figure 4.9b), similar to a previous study (Eggers and Vermaas, 1992). The W253L mutant, 

however, was an obligate heteroautotroph and did not grow photoautotrophically, which is 

consistent with results seen in previously published work (Vermaas et al., 1990). A reduced 

rate of oxygen evolution was observed in the W253F mutant when DCBQ and DMBQ were 

used (Figure 4.10 and Table 4.5), indicating PS II function is affected. However, an increase 
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in oxygen evolution was observed when bicarbonate was used, suggesting bicarbonate binding 

is affected. The W253F mutant also showed a sensitivity to formate, further suggesting an 

affected acceptor side bicarbonate. This connection to the bicarbonate co-factor in PS II has 

not previously been reported. In contrast, the W253L mutant does not evolve oxygen, 

confirming a previous study (Vermaas et al., 1990). Variable fluorescence induction revealed 

partially inhibited electron transport in the W253F mutant, while fluorescence induction traces 

belonging to the W253L mutant suggest a completely obstructed electron transport chain 

(Figure 4.12). Further support was found in the fluorescence decay assay, following a single-

turnover actinic flash, which revealed delayed decay for the W253F mutant (Figure 4.13 and 

Table 4.6). In the presence of bicarbonate, an improvement was seen in forward electron 

transport further suggesting bicarbonate binding is disrupted. In the presence of DCMU, an 

effected back reaction was observed, suggesting the reoxidation of QA
- via the donor side is 

affected. The above indicates that QA binding is perturbed, which could indirectly cause a 

disruption to bicarbonate binding. No electron transfer reactions occur in the W253L mutant. 

Low-temperature fluorescence with 440 nm excitation (Figure 4.11a) revealed an emission 

spectrum similar to wild type for the W253F mutant; however, with reduced fluorescence 

emission at the 695 nm peak. On the other hand, the W253L mutant was completely missing 

the 695 nm peak suggesting the absence of assembled PS II. This suggests that the mutations 

at the D2-Trp253 residue affect the association of QA to CP47 or that the CP47 pre-complex 

association with the RC complex is affected. In addition, 580 nm excitation (Figure 4.11b) 

revealed inhibition of energy transfer from the phycobilisomes to PS II in the W253F mutant. 

The W253L mutant, on the other hand, had a 685 nm peak that practically dwarfs the W253F 

mutants suggesting the absence of PS II in the W253L mutant. Further evidence for affected 

assembly was observed in the variable fluorescence induction assay (Figure 4.12) which 

revealed a severe reduction in active PS II centres in the W253F mutant and revealed the 

W253L mutant has no active PS II centres, confirming results observed above and in a previous 

study (Vermaas et al., 1990). The above results suggest that QA binding is not only important 

for electron transport function but also the stabilisation and function of PS II as a whole. The 

W253F mutant with the more conservative substitution causes destabilisation of QA binding 

but likely did not completely prevent QA binding due to forward electron transfer occurring. 

Conversely, the W253L mutant likely causes QA to disassociate from the QA binding pocket 

putting a halt to the assembly of PS II. 
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Figure 6.3 CP43 residues interacting with PsbT residues.          
Predicted hydrogen-bonds (dashed lines) interactions of CP43-D460 with PsbT-R24 and PsbT-R28 
(J. Eaton-Rye, unpublished). 

6.4 The role of the aspartic acid residue at the 460th position in the CP43 

protein 

In a previous study, the ΔPsbT mutant demonstrated an accelerated rate of photodamage and a 

decreased rate of recovery (Bentley et al., 2008). The CP43 protein is also involved in the repair 

cycle of PS II, needing to be removed to repair the D1 protein. The terminal CP43-Asp460 

residue has been shown to interact with the Arg24 and Arg28 residues at the C-terminus of 

PsbT and may play a role in stabilising the photosystem or participate in the removal of CP43 

as part of the repair process. Therefore, disruptions to these hydrogen-bonds may affect the 

reintegration of CP43 to the PS II dimer during the repair cycle or destabilise the interaction 

leading to the premature release of CP43 from PS II. To investigate if disrupting the hydrogen 

bonds would produce a phenotype similar to the ΔPsbT mutant, the effects of photodamage on 

PS II were investigated in the CP43-Asp460 mutant strains. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Three mutants were made by substituting the aspartic acid residue at the 460th position of the 

CP43 protein. The first mutant was substituted with alanine removing the side chain and 

therefore removing the electronegative charge which is necessary for hydrogen bonding. The 
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second mutant had a glutamic acid substitution which conserves the charge, and the third 

mutant had an asparagine substitution which removes the charge of the side chain. All three 

mutants were photoautotrophic and grew at a similar rate to wild type under standard conditions 

(Figure 4.14). A reduction in oxygen evolution rate was observed in the presence of DCBQ 

and DMBQ for all three mutants, the D460A mutant had the largest reduction followed by the 

D460E and D460N mutants (Figure 4.15 and Table 4.7). Bicarbonate was unable to restore 

oxygen evolution rates. Variable fluorescence induction revealed an altered electron transport 

chain for the D460E and D460N mutants (Figure 4.16). The D460A mutant, however, had a 

similar shape to that of the control strain but with reduced variable fluorescence yield. 

Fluorescence decay, after a single-turnover actinic flash, also revealed slightly affected forward 

electron transfer in all three CP43-Asp460 mutants (Figure 4.17 and Table 4.8). Overall, 

however, no major effect was observed in the D2-Asp460 mutant’s electron transfer reactions.  

A change in PS II to PS I ratio was observed in the low-temperature fluorescence with 440 nm 

excitation (Figure 4.16a) for the D460A and D460N mutants. Furthermore, a decrease in 

phycobilisomes was observed for all three CP43-Asp460 mutants (Figure 4.16b). Variable 

fluorescence induction also revealed a decrease in active PS II centres in the D460A mutant 

(Figure 4.17). The results suggest substitutions at the D2-Asp460 residue slightly affect 

assembly. The focus of this section, however, lies in the D2-Asp460 mutant’s ability to recover 

from photodamage. The photoinhibition assay revealed that the D460E and D460N mutants 

had a larger decline in oxygen evolution when exposed to high light (2000 μE m-2s-1) and also 

a slower recovery upon returning to low light (30 μE m-2s-1) relative to the control strain (Figure 

4.19). The D460A mutant, however, only showed a slight decline in oxygen evolution and 

recovered to a rate similar to the rate observed in the control. Interestingly, the D460A mutant 

has a milder phenotype than the charge conservative mutant D460E. Although a slight increase 

in vulnerability to photodamage was observed in the CP43-Asp460 mutants relative to the 

control strain, a phenotype similar to the ΔPsbT mutant was not observed. The results suggest 

that disrupting the hydrogen-bond between the terminal CP43-Asp460 residue and the Arg24 

and Arg28 residues at the C-terminus of PsbT does not replicate the vulnerability to 

photoinhibition phenotype observed in the ΔPsbT mutant (Bentley et al., 2008).  
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6.5 The role of the glutamic acid residue at the 242nd position in the D2 

protein 

The D2-Glu242 residue appears to have an important role in the hydrogen-bond network 

around the second water molecule W675A (Figure 6.4) which is hypothesised to participate in 

the hydrogen-bond network that donates the second proton to QB during forward electron 

transfer in PS II (Figure 6.4). A hydrogen-bond network is required for the efficient transfer of 

protons to occur, due to the water molecules being separated by quite a long distance. A 1.9 Å 

X-ray crystal structure of PS II revealed the water molecules position and amino acid residues 

surrounding them (Umena et al., 2011; Suga et al., 2015). W675A shares four hydrogen-bonds 

with the molecules surrounding it, the amino acid residues surrounding W675A appear to be 

important for holding it in position, indicating their involvement in a hydrogen-bond network 

which connects the bicarbonate to the cytosol side where the protons involved are hypothesised 

to originate from (Shevela et al., 2012). W675A shares hydrogen-bonds with W1138A (which 

is hydrogen-bonded with the bicarbonate), W2025B, D1-Glu244, and D2-T243. D2-Glu242 is 

thought to interact with the bicarbonate through the hydrogen-bond network that involves the 

water molecules. D2-Glu242 is hydrogen-bonded to D2-Lys264 which in turn shares a 

hydrogen-bond with D2-His368 and D2-Tyr244 (D2-Tyr244 shares a hydrogen-bond with the 

bicarbonate). Therefore the effects of the D2-Glu242 point mutants on the electron transport 

chain were investigated. The D2-Glu242 residue is more than 5.7 Å away from the bicarbonate 

and therefore unlikely to be directly involved in hydrogen-bonding with the bicarbonate.   
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Figure 6.4 (A) Diagram of the bicarbonate-binding environment of Photosystem II. (B) View of 
the bicarbonate-binding environment rotated 90o with respect to panel A with D1-H252, D1-
S264, W2013A and W2051A omitted for clarity. 

The non-heme iron is shown as the orange ball. The QA and QB quinones are shown in green. D1 
residues are shown in blue, D2 residues are shown in yellow. A CP43 residue is shown in magenta 
and numbered according PDB 4UB6. Red spheres indicate waters and BCR is bicarbonate. Oxygen 
atoms in the amino acids, quinones and bicarbonate are shown in red. Nitrogen atoms are shown in 
blue. Black dashed lines represent hydrogen bonds with distances of 3.3 Å or less; however, the 
distances between waters W616 and W624 and D1-H252 were 4.5 and 4.3 Å, respectively. The 
backbone residues have been omitted for clarity unless they participate in the hydrogen bond 
network. The figure was drawn using PyMOL (DeLano, 2001) and PDB 4UB6 (Suga et al., 2015).     
In Figure 1.6 the waters are numbered according to PDB 3ARC. The following are the corresponding 
waters to PDB 3ARC: W582 (W675A), W622 (W1138A), W623 (W2169), W653 (W2025B), W616 
(2013A), W624 (W2051A). Adapted from Forsman et al. (2019) 

 

 

 

 

 

  

  

 

 

 

 

  

 

 

 

 

 

Four mutants were made by substituting the glutamic acid residue at the 242nd position of the 

D2 protein. The glutamic acid residue was substituted with alanine which is significantly 

smaller in size, removing the side chain, and therefore removing the electronegative charge 

which is necessary for hydrogen bonding. Aspartic acid is a charge conservative substitution, 

while lysine reverses the charge of the side chain to disrupt the interactions and bonds, and 

glutamine is similar in size to glutamic acid but removes the charge of the side chain. All four 

mutants were photoautotrophic, the E242D mutant grew at a similar rate to the control strain 

while the other three mutants grew at a slightly reduced rate under standard conditions (Figure 

4.20). Interestingly, low-temperature fluorescence emission following 440 nm excitation 

revealed that the E242A and E242K mutants had an increased PS II to PS I ratio. The E242D 

and E242Q mutants, however, show a decrease (Figure 4.22a). The E242K mutant, however, 

only shows an increase at the 685 nm peak suggesting an increase of unincorporated CP43 

and/or CP47. With 580 nm excitation, all mutants were similar to the control strain with the 

exception of the E242A mutant which revealed inhibition of energy transfer from the 
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phycobilisomes to PS II (Figure 4.22b). Furthermore, the fluorescence induction revealed an 

increase in active PS II centres in the E242A and E242K mutants, while the E242Q mutant has 

a similar level to the control strain, and the E242D mutant revealed a decrease (Figure 4.23). 

The increase in PS II observed in the E242A and E242K mutants could possibly be caused by 

an upregulation of inefficient mutated PS II, in order to achieve an effective rate of 

photosynthesis or due to the mutations compromising assembly in these mutants causing a 

reduction of chlorophyll a, leading to a larger amount of PS II being added in the assay due to 

there being less PS I.  

A reduction in oxygen evolution rates was observed in all four D2-Glu242 mutants in the 

presence of DCBQ, the E242K mutant in particular (Figure 4.21 and Table 4.9). However, 

when DMBQ was used, a much larger drop in oxygen evolution rates was observed in the 

E242A and E242Q mutants, suggesting inhibited QA to QB transfer. Bicarbonate was able to 

somewhat restore oxygen evolution rates in the E242K mutant. Furthermore, a resistance to 

formate was observed in the E242A and E242Q mutants, while the E242D and E242K mutants 

revealed a sensitivity to formate. The sensitivity to formate is likely due to a lower bicarbonate 

binding affinity causing bicarbonate to disassociate from its binding site more readily, or a 

higher formate affinity. The reduced formate susceptibility is either caused by formate being 

unable to remove bicarbonate or the bicarbonate is readily disassociating from its binding site 

and is unable to bind. Both phenotypes suggest a drastically altered acceptor side bicarbonate 

binding environment in the D2-Glu242 mutants. The effects of formate were reversible in the 

E242D and E242K mutants when bicarbonate was added. 

Inhibited QA to QB electron transfer was observed in all four D2-Glu242 mutants. This was 

apparent in both the variable fluorescence induction (Figure 4.23) and the fluorescence decay 

(Figure 4.24 and Tables 4.10, 4.11, 4.12) assays. Fluorescence induction revealed an elevated 

O - J rise leading to a higher J - I transition, this suggests inhibited QA
- to QB electron transfer, 

as QA
- is staying reduced. The E242K and E242A mutants show the most severe phenotype 

followed by the E242Q and E242D mutants. Inhibited QA to QB electron transfer was also the 

trend observed in the fluorescence decay. A significant delay in fluorescence decay, following 

a single-turnover actinic flash, was observed in all four mutants in the same order of severity 

as the fluorescence induction assay. The kinetic analysis revealed increased half-time at the 

fast phase, this is further evidence for an inhibited QA
- to QB electron transfer. This is further 

supported by the decrease in half-time at the slow phase, suggesting a shift in the equilibrium 

towards favouring QA
-QB. Furthermore, a delay at the intermediate phase and an increase in 
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amplitude were observed for all the D2-Glu242 mutants, this was especially true for the E242A 

and E242K mutants. The results suggest disrupted QB binding or inhibited release from the QB 

binding site in the D2-Glu242 mutants. This could be due to inhibited protonation of QB as QB 

is reduced twice and then protonated twice forming PQH2, which is required for PQH2 to leave 

the QB pocket. The bicarbonate at the acceptor side of PS II is thought to be required for the 

efficient QB protonation (Eaton-Rye and Govindjee, 1988b; van Rensen et al., 1988; Shevela 

et al., 2012). The multiple actinic flash assay results for wild type and the control strain also 

support this, since in the presence of formate, wild type and the control strain displayed a delay 

in fluorescence decay in the two and three actinic flash assay: where, after the second flash, 

QAQB
2- is formed and then protonated to form PQH2. A delayed fast phase and an accelerated 

slow phase at the third flash suggests that QB is no longer reducible as QAQB
2- has been formed 

and unable to leave the QB pocket due to protonation being inhibited leading to an inability to 

form PQH2. This was not observed when in the presence of bicarbonate alone or with 

bicarbonate and formate. However, the D2-Glu242 residue is believed to be involved with the 

hydrogen-bond network that protonates QB. Is the cause of inhibited forward electron transfer 

due to affected bicarbonate binding or the affected residue environment around W675A leading 

an inhibition to the protonation of QB or an inhibited binding of QB the cause? If it was due to 

a disrupted binding of bicarbonate, then the wild-type and control strain formate treatment 

should look similar to the D2-Glu242 mutants non-treatment assays. This is not the case as a 

more delayed intermediate phase was observed in the mutants. Furthermore, bicarbonate was 

unable to restore electron transport rates in the E242A, E242D, and E242Q mutants which 

would suggest the inhibition of QB protonation is due to mutations at the D2-Glu242 residue 

affecting the environment around W675A. However, a resistance to formate was observed in 

the E242A and E242Q mutants suggesting that a disrupted hydrogen-bond network could affect 

bicarbonate binding to the NHI and may contribute to the delayed forward electron transport. 

Although the E242D mutant which contains a more conservative substitution revealed a 

sensitivity to formate, bicarbonate was still unable to rescue electron transport rates, suggesting 

that the major cause of the delayed forward electron transport is due to the D2-Glu242 residue 

affecting the environment around W675A affecting protonation of QB. However, a large 

increase in half-time was not observed after multiple actinic flashes revealing QB/PQ exchange 

is not inhibited and suggests the cause of inhibited forward electron transfer is inhibited QB 

binding due to the delay at the intermediate phase. The results suggest that binding affinity of 

QB is lowered in the D2-Glu242 mutants potentially due to a conformational change in the QB 

binding site; however, the D2-Glu242 residue and the QB site is separated by at least 8.2 Å at 



182 

its closest point and is therefore unlikely to be involved directly with the QB site. A disrupted 

hydrogen-bonding network could be the cause, causing a conformational change in either or 

both the bicarbonate and QB binding sites. A slight increase was also observed at the fast phase 

when treated with DCMU in the D2-Glu242 mutants, suggesting a minor effect on the donor 

side of PS II. An interesting observation was that the formate effect was much more evident 

under constant illumination in the oxygen evolution assay than in dark-adapted samples 

observed in fluorescence decay assays, is bicarbonate being released in high light? 

Photoinhibition experiments would be an interesting future endeavour. 

6.6 The role of the lysine residue at the 264th position in the D2 protein 

The amino acid residue D2-Lys264 is hydrogen-bonded to D2-Glu242 and to D1-Glu244 

which is hydrogen-bonded to W675A (Figure 6.4). It may also be hydrogen-bonded to D2-

His268 which ligates to the NHI and D2-Tyr244. Substitutions at D2-Lys264 may perturb the 

hydrogen-bond network substantially; thus the effects these mutations have on forward electron 

transfer were investigated. The D2-Lys264 residue is more than 5.4 Å from the bicarbonate at 

its closest point and therefore unlikely to be directly involved in hydrogen bonding with the 

bicarbonate. 

Two mutants were made by replacing the lysine residue at the 264th position of the D2 protein. 

The lysine residue was substituted with alanine which is significantly smaller in size removing 

the side chain and therefore removing the electronegative charge which is necessary for 

hydrogen-bonding and also glutamic acid which reverses the charge of the side chain. Both 

mutants were photoautotrophic, however, while the K264A mutant grew at a similar rate to the 

control strain, the K264E mutant revealed a reduced photoautotrophic growth rate (Figure 

4.25). Low-temperature fluorescence assays following 440 nm excitation revealed a reduced 

PS II to PS I ratio in the K264A mutant; however, the K264E mutant revealed a reduction of 

PS II centres with an incorporated CP47 (Figure 4.27a). Under 580 nm excitation, the K264E 

mutant showed a large blockage of energy transfer from phycobilisomes to PS II (Figure 

4.27b). Furthermore, variable fluorescence induction revealed a decrease in active PS II centres 

in both mutants (Figure 4.28). It appears mutations at the D2-Lys264 residue may affect the 

association of QA to CP47 or that the CP47 pre-complex association with the RC complex is 

affected, disrupting PS II assembly. 

A decrease in oxygen evolution rate was observed in both D2-Lys264 mutants when DCBQ 

was used (Figure 4.26 and Table 4.13). Furthermore, a larger reduction in oxygen evolution 
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was observed when DMBQ was used, especially in the K264E mutant, this suggests inhibited 

QA to QB electron transfer. Bicarbonate was able to restore oxygen evolution rates in the K264A 

mutant but not in the K264E mutant. Both the K264A and K264E mutants show an insensitivity 

to formate suggesting an altered bicarbonate binding environment causing the bicarbonate to 

disassociate from its binding site or formate being unable to remove bicarbonate. Interestingly, 

the K264E mutant had very similar rates of oxygen evolution when in the presence of any 

treatment involving DMBQ, including DMBQ and bicarbonate, DMBQ and formate, and 

DMBQ, formate and bicarbonate treatments. In the presence of bicarbonate alone, a two-fold 

increase in oxygen evolution rate was observed relative to when in the presence of both DMBQ 

and bicarbonate in the K264E mutant. This suggests that DMBQ is inhibitory, which could be 

possible if this mutation causes a disruption in the hydrogen-bond network or displaces 

bicarbonate that affects the QB binding site. Is this due to an unoccupied QB binding site or a 

conformational change in PS II centres causing a higher binding affinity for DMBQ at the QB 

binding site? This will need to be researched further.  

Inhibited QA to QB electron transfer was observed in both D2-Lys264 mutants; this is apparent 

in both variable fluorescence induction (Figure 4.28) and fluorescence decay assays (Figure 

4.29 and Tables 4.14, 4.15, 4.16). Fluorescence induction revealed an elevated O - J rise leading 

to a higher J - I transition, which suggests inhibited QA
- to QB electron transfer in the K264E 

mutant. Furthermore, no P peak was observed making the trace look similar to the variable 

induction trace in the presence of DCMU, indicating that electron transfer between QA to QB 

is completely inhibited. On the other hand, the K264A mutant has quite a flat J - I transition 

and a low P peak, suggesting inhibited QA to QB electron transfer leading to an accumulation 

of PQ. This was also apparent in the fluorescence decay assay, following a single-turnover 

actinic flash, a large delay in fluorescence decay was observed in both mutants. A delay at the 

fast phase was observed in the kinetic analysis, followed by a large delay at the intermediate 

phase, and a large acceleration at the slow phase. An increase of amplitude at the slow phase 

was also observed, the K264E mutant, in particular, had quite a substantial increase, which 

indicates a shift in the equilibrium between the two states QA
-QB and QAQB

- towards favouring 

QA
-QB. A large delay at the fast phase was observed for the K264A mutant after multiple actinic 

flashes, revealing that QB is unable to be further reduced after the second flash and it cannot 

leave the QB binding site, indicating that protonation of QB is inhibited. Bicarbonate, however, 

was able to restore electron transfer rates, suggesting a disruption to the bicarbonate binding to 

the NHI. This is also supported by the reduced sensitivity to formate. Due to the fact 
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bicarbonate was able to restore electron transfer rates, the K264A mutant’s phenotype is likely 

caused by disrupted bicarbonate binding and not the disruption of the protonation pathway. 

This could be due to the D2-Lys264 residue sharing a hydrogen bond with D2-His214 which 

has a direct coordination bond with the NHI. Mutations at D2-Lys264 may perturb D2-His214 

position and disrupt the bicarbonate binding to the NHI and also perturb the orientations of D2-

Glu242 and D1-Glu244 which may also be a contributing factor. On the other hand, the K264E 

mutant was insensitive to both bicarbonate and formate and does not display a large delay of 

fluorescence decay or half-time after multiple actinic flashes. Due to the reversed charge of the 

side chain in the K264E mutant, a larger disruption to the hydrogen-bond network is likely and 

may be the cause of this phenotype. However, with the range of phenotypes observed, it is 

unclear if the phenotypes arise from the disruption of the proton pathway or less specific 

changes introduced by the mutations. Although the results do suggest that the bicarbonate 

binding environment is severely disrupted. An incremental increase was also observed at the 

fast phase when treated with DCMU in both D2-Lys264 mutants, suggesting the donor side of 

PS II is affected. The cause is likely due to an inhibition of QA- recombining with the OEC 

forcing QA- to recombine with other electron donors likely P680+ or YZ
+; this pathway, 

however, appears to also be inhibited. 

 

6.7 The role of the threonine residue at the 243rd position in the D2 protein 

The D2-Thr243 amino acid residue is hydrogen-bonded to W675A that is hypothesised to 

participate in the hydrogen-bond network that donates the second proton to QB (Figure 6.4). 

Mutations were therefore introduced at the D2-Thr243 residue to disrupt the putative proton 

pathway leading to protonation of QB
2-(H+) to test this hypothesis. The D2-Thr243 residue is 

more than 5.5 Å away from the bicarbonate at its closest point and therefore unlikely to be 

directly involved in hydrogen-bonding with the bicarbonate; however, it is hypothesised that 

D2-Thr243 interacts with bicarbonate through the hydrogen bonding network. D2-Thr243 may 

also be needed to maintain the proper orientation of D2-Tyr244 that is directly hydrogen-

bonded to the bicarbonate. 

Two mutants were constructed by substituting the threonine residue at the 243rd position of the 

D2 protein. In the first mutant, the threonine residue was replaced with alanine removing the 

side chain and therefore removing the electronegative charge. In the second mutant, the 

threonine residue was substituted by lysine which added a positively charged side chain. Both 
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D2-Thr243 mutants were photoautotrophic and grew at a slightly slower rate than the control 

strain under standard conditions (Figure 4.30). A decrease in PS II to PS I ratio was observed 

in the low-temperature fluorescence emission spectra following 440 nm excitation for the 

T243K mutant; while the T243A mutant revealed an increase in complexes containing CP43 

or an increase of unincorporated CP43 and/or CP47 proteins (Figure 4.32a). Following 580 nm 

excitation, the T243A mutant displayed a blockage of energy transfer from the phycobilisomes 

to PS II (Figure 4.32b). A decrease in active PS II centres was also observed in the fluorescence 

induction assay in both mutants (Figure 4.33).  

A reduction in oxygen evolution rate was observed in both D2-Thr243 mutants when DCBQ 

and DMBQ were used (Figure 4.31 and Table 4.17). However, bicarbonate was able to restore 

oxygen evolution in the mutants to rates similar to the control strain. Increased susceptibility 

to formate was also witnessed in the two D2-Thr243 mutants, the T243A mutant was especially 

susceptible. This was, however, reversible when in the presence of DMBQ, bicarbonate, and 

formate in both mutants. The above results suggest that bicarbonate binding to the NHI is 

disrupted in the D2-Thr243 mutants, more so in the T243A mutant. Both the variable 

fluorescence induction (Figure 4.33) and fluorescence decay assay (Figure 4.34 and Tables 

4.18, 4.19, 4.20) revealed inhibited forward electron transfer in both the D2-Thr243 mutants. 

The fluorescence induction assay displayed a flat J - I transition and a low P peak rise 

suggesting an impairment to filling the plastoquinone pool and inhibited electron transfer. In 

addition, a large delay in fluorescence decay, following a single-turnover actinic flash, was 

observed in the fluorescence decay assay for the D2-The243 mutants. A delay at the fast phase 

was observed for both mutants in the kinetic analysis suggesting inhibited QA to QB electron 

transfer. A delayed intermediate phase was also observed in both mutants indicative of 

inhibited QB binding; only the T243K mutant had a noticeable increase in amplitude at the 

intermediate phase. Furthermore, an increase in amplitude and acceleration of the slow phase 

was seen in both mutants, suggesting a shift in the equilibrium towards favouring QA
-QB. 

Recovery of electron transport rates was observed when in the presence of bicarbonate, this 

supports the interpretation that bicarbonate binding is disrupted. However, bicarbonate was not 

able to fully restore rates as the intermediate phase was still delayed and the slow phase was 

still largely accelerated. A sensitivity to formate was also observed in both mutants, but 

bicarbonate was able to reverse the effects of formate. Also, similar to the oxygen evolution 

traces, bicarbonate was more effective in the absence of formate. All the above results suggest 

that bicarbonate binding is disrupted which is likely a cause of inhibited forward electron 
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transfer. However, the D2-Thr243 mutants also show a more severe phenotype than the control 

strain when treated with formate, and the multiple actinic flash treatment of the mutants 

revealed a further delayed fast and intermediate phase. Bicarbonate was able to somewhat 

restore the electron transport rates but not to rates close to the control strain. This suggests that 

the disruption of bicarbonate binding to the NHI is not the only cause of the inhibited electron 

transfer. A disruption to the proton pathway caused by a perturbed environment around W675A 

due to mutations at the D2-Thr243 residue is likely also a contributing factor to the inhibited 

electron transfer phenotype. The results suggest that W675A, and the hydrogen-bond network 

around it, are indeed part of the protonation pathway of QB
2-(H+). The back reaction also 

appeared to be affected due to the incremental increase of half-time observed at the fast phase 

when treated with DCMU in both the D2-Thr243 mutants, suggesting the donor side of PS II 

is affected. 

 

6.8 The role of the tyrosine residue at the 244th position in the D2 protein 

The amino acid residue D2-Tyr244 is 2.7 Å away from the acceptor side bicarbonate and is 

shown to be directly hydrogen-bonded to D2-Lys264, and the bicarbonate (Figure 6.4). 

Mutations here may, therefore, perturb the orientation and/or hydrogen bond network around 

the bicarbonate. D2-Tyr244 is also coupled to the NHI and may play a key regulatory role 

involving the iron-bicarbonate centre, potentially by stabilising the bicarbonate ligand and the 

hydrogen-bond network around the NHI.  

Three point mutants were constructed by substituting the tyrosine residue at the 244th position 

of the D2 protein. The tyrosine residue was replaced with alanine which is significantly smaller 

in size and removes the side chain, therefore removing the electronegative charge which is 

necessary for hydrogen bonding, phenylalanine a conservative substitution removing only an 

OH group, and histidine which replaces the benzyl side chain with an imidazole side chain 

giving it a positive charge. All three D2-Tyr244 mutants were photoautotrophic but grew at a 

reduced rate under standard conditions relative to the control strain, most notably the Y244A 

substitution was severely detrimental to photoautotrophic growth (Figure 4.35). Furthermore, 

a change in PS II to PS I ratio was observed in the Y244A and Y244F mutants following 440 

nm excitation in the low-temperature fluorescence emission spectroscopy (Figure 4.37a). The 

Y244A mutant revealed a reduced level of complexes containing CP47, which may be due to 

mutations at D2-Tyr244 affecting the association of QA in the assembled complex. The Y244F 
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mutant, however, revealed an increased PS II to PS I ratio, this could be due to an upregulation 

of inefficient mutant PS II or due to an increased amount of PS II in the assay due to the 

mutations compromising assembly in these mutants causing an altered stoichiometry of PS II 

to PS I. Following 580 nm excitation, the D2-Tyr244 mutants revealed an inhibition of energy 

transfer from phycobilisomes to PS II, this was most noticeable in the Y244A mutant (Figure 

4.37b); this is usually caused by fewer assembled PS II. A higher 685 nm peak is not expected 

with increased PS II, which is the case in the Y244F mutant. The fluorescence induction assay 

revealed a reduction in active assembled PS II centres in all D2-Tyr244 mutants, the Y244A 

strain had the most severe phenotype revealing less than 40% of active PS II centres compared 

to the control strain (Figure 4.38). The induction trace with DCMU revealed that the Y244F 

mutant has 20% fewer assembled PS II than the control strain; this does not align with the data 

from the low-temperature fluorescence emission spectroscopy. A possible explanation is that 

Y244F has a reduction of PS II and an even larger reduction of PS I on a chlorophyll basis; due 

to the low-temperature fluorescence emission spectroscopy being normalised to PS I an 

increase of PS II is observed due to the altered PS II to PS I ratio.  

A large reduction in oxygen evolution rate was observed in all D2-Tyr244 mutants when 

DCBQ is used (Figure 4.36 and Table 4.21). This was also the trend seen when DMBQ was 

used, but an even larger reduction was observed suggesting that QA to QB transfer is inhibited. 

However, oxygen evolution rates recovered when in the presence of bicarbonate. The Y244A 

mutant still evolved significantly less oxygen than the control strain when bicarbonate was 

used, but the Y244F and Y244H mutants evolved oxygen at a higher rate than the control strain, 

this could be due to altered stoichiometry of PS II to PS I in the mutants such that more PS II 

centres were added in the assay on a chlorophyll basis or it could be caused by the ‘Punnet 

effect’ which states that the addition of bicarbonate causes an enhanced phosphorylation and 

electron flow in untreated chloroplasts (Van Rensen, 1978). A significant drop in oxygen 

evolution was observed when in the presence of both DMBQ and bicarbonate compared to 

when in the presence of bicarbonate alone, this further indicates an inhibited QA to QB transfer 

and also suggests a conformational change at the QB binding site causing inhibited DMBQ 

binding and/or release. Furthermore, a much larger drop in oxygen evolution was observed 

when in the presence of formate relative to the control strain. This is likely due to D2-Tyr244 

being directly hydrogen-bonded to the bicarbonate, therefore, substitutions here cause a 

disruption to the bicarbonate binding to the NHI, leading to bicarbonate being more susceptible 

to displacement by a competitive formate. A recovery of oxygen evolution was observed when 
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in the presence of bicarbonate and formate in the Y244F and Y244H mutants but the effects 

were not fully reversed. The Y244A mutant, however, revealed very little improvement, this 

could be due to a very loose binding of bicarbonate leading to a high susceptibility to formate 

or, due to the nature of the Y244A mutation, it could be due to bicarbonate dissociating from 

the NHI even without formate treatment; the low oxygen evolution rate when DMBQ is used 

supports this. The Y244A mutant had very low oxygen evolution rates in all treatments that 

contained DMBQ but when in the presence of bicarbonate alone a six-fold increase was 

observed relative to when in the presence of DMBQ and bicarbonate, suggesting DMBQ is 

inhibitory. The cause is likely due to the mutation disrupting the hydrogen-bond network, or it 

displaces bicarbonate, or it causes a conformational change at the QB binding site (or some 

combination of these effects).  

Fluorescence induction revealed an extensive inhibition to forward electron transfer in the D2-

Tyr244 mutants (Figure 4.38). The non-treatment assay looks similar to traces treated with 

DCMU, indicating electron transfer is halted once QA has been reduced. This trend was also 

observed in the fluorescence decay assay, following a single turnover actinic flash, a substantial 

delay in fluorescence decay was observed in all D2-Tyr244 mutants (Figure 4.39 and Tables 

4.22, 4.23, 4.24). Kinetic analysis revealed a delayed fast and intermediate phase, coupled with 

an increase in amplitude and an acceleration at the slow phase. This indicates inhibited electron 

transfer and a shift in the equilibrium between the two states QA
-QB and QAQB

- towards 

favouring QA
-QB. Interestingly, the Y244H and Y244F mutants have a much larger increase in 

half-time at the intermediate phase, suggesting QB binding or the formation/release of PQH2 is 

more affected in these two mutants. The substitutions with residues with larger side chains 

could be affecting the surrounding hydrogen-bond network, but the Y244A mutants show a 

more drastic change in the bicarbonate binding environment. Bicarbonate was able to restore 

electron transport in all three mutants at varying degrees, the Y244H mutant revealed a 

recovery in all three phases, while Y244F only recovered at the fast phase and intermediate 

phase, and the Y244A mutant only recovered at the fast phase. A slight increase of half-time 

at the fast phase was observed in all the D2-Tyr244 mutants when in the presence of formate; 

the biggest effect was seen at the slow phase where a large decrease in half-time was observed. 

Bicarbonate addition was able to reverse the effects of formate. Giving multiple actinic flashes 

revealed an increased half-time at the fast and intermediate phase for the D2-Tyr244 mutants, 

suggesting protonation of QB is disrupted. Bicarbonate was able to restore the kinetics for the 

Y244A and Y244F mutants, after three actinic flashes, by potentially restoring the association 
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between the bicarbonate and the NHI. This was not the case for the Y244H mutant, suggesting 

the Y244H mutant may disrupt the protonation pathway of QB, while in the Y244A and Y244F 

mutants the disrupted bicarbonate binding was the cause of the obstruction to the protonation 

of QB.  

This, however, was not the most interesting part. The D2-Tyr244 mutants when in the presence 

of DCMU show a large increase of amplitude at the fast phase, this suggests an inhibition of 

QA
- recombining with the OEC causing QA

- to recombine with other electron donors likely 

P680+ or YZ
+. Furthermore, the fast phase revealed a huge incremental increase with an 

increased number of actinic flashes. It appears that QA
- is forced to recombine with P680+ or 

YZ
+ but that pathway is also inhibited causing QA

- to stay reduced longer. This could be due to 

altered binding of bicarbonate. Bicarbonate has also been suggested to be a structural part of 

the Mn4CaO5 cluster and may alter redox potential and indirectly stabilise the OEC, however, 

the role of bicarbonate at the donor side is debated and the recent crystal structure does not 

support a binding site for bicarbonate at the donor side (Shevela et al., 2012). Another 

interesting observation was that the Y244A mutant had an accelerated fast phase when in the 

presence of DCMU, following a single-turnover actinic flash, this disappears after one actinic 

flash. It appears that there is a one-electron acceptor that stays reduced before the second-

turnover actinic flash, it appears to be quite stable in its reduced form. After a second flash, the 

fast phase is slowed. This suggests a conformational change in PS II of the Y244A mutants. 

The results indicate that the donor side of PS II is effected in the D2-Tyr244 mutants, possibly 

due to a disruption to QA binding and/or perhaps by affecting the OEC and hence the flow of 

electrons between the OEC and P680+. Furthermore, similar to the D2-Glu242 mutants the 

formate effect was much more evident under constant illumination in the oxygen evolution 

assay than in dark-adapted samples observed in fluorescence decay assays, suggesting 

bicarbonate possibly being released in high light. 
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6.9 Conclusions and future directions  

This section of the research project investigated the role of the D2 protein in the binding of 

bicarbonate and the protonation reactions required for the formation of plastoquinol. The 

correct operation of the mutagenesis system established in this project was confirmed by the 

physiological characterisation of the D2-His189 and D2-Trp253 mutants, which revealed 

phenotypes similar to previous studies conducted on similar mutants. The physiological 

characterisation of the PsbDI/C:ΔPsbDII (control) strain revealed minor phenotypic 

differences to the wild type and therefore was used as the control for the physiological 

characterisation of the D2 and CP43 mutants.  

The results suggest that substitutions at the D2-His189 residue affected electron transfer 

reactions at the donor side due to D2-His189 mutations affecting YD function and PS II 

assembly, which was the trend observed in previous studies. Similarly, mutations at the D2-

Trp253 residue seem to effect QA binding, which severely affected PS II assembly, this was 

also in agreement with previous studies. Further research on assembly would elucidate the 

effect of the mutation during PS II assembly, using BN-PAGE, 2D-PAGE, and mass 

spectrometry could be done to fully analyse the PS II complex.  

The CP43-Asp460 mutants were hypothesised to produce a phenotype similar to the ΔPsbT 

mutant in regards to an accelerated rate of photodamage and a decreased rate of recovery. This 

was not observed in the results reported in this thesis. A slight increase in susceptibility to 

photoinhibition was observed but not at the level seen in the ΔPsbT mutant. The results suggest 

disrupting the hydrogen-bond between CP43-Asp460 and PsbT-Arg24 and PsbT-Arg28 does 

not replicate the vulnerability to photoinhibition seen in the ΔPsbT mutant. Targeting other 

CP43 residues that interact with PsbT may be worthwhile. 

The physiological characterisation of mutants with amino acid substitutions at D2-Glu242, D2-

Lys264, D2-Thr243, and D2-Tyr244 residues all revealed a conformational change in the 

bicarbonate binding environment and suggests that the precise binding of bicarbonate is 

required for efficient electron transfer between QA and QB and the associated protonation 

reactions. Only the D2-Thr243 and D2-Tyr244H mutants showed signs of a disrupted 

protonation pathway. An interesting experiment would be to use Fe Mössbauer spectroscopy 

to ascertain the surrounding residue environment of the NHI revealing the extent of the 

disruption of bicarbonate binding in the D2 mutants and the oxidation state of the NHI. 

Bicarbonate has also been hypothesised to have a role in the repair of PS II in the Eaton-Rye 
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laboratory, therefore it would be interesting to conduct photoinhibition experiments on these 

D2 mutants with varying levels of disrupted bicarbonate binding. To ascertain that protein 

synthesis is disrupted and not photoprotective mechanisms in mutants with disrupted 

bicarbonate binding, a protein synthesis inhibitor such as lincomycin could be used in the 

photoinhibition assays. Comparing DMBQ and bicarbonate treatments in photoinhibition 

assays would be particularly interesting in the D2-Glu242 and D2-Tyr244 mutants, where 

bicarbonate is potentially being released in high light. Inhibited QB binding was also observed 

in all the D2 mutants potentially due to a conformational change in the QB binding site, variable 

fluorescence induction and fluorescence decay experiments with DMBQ treatment could be 

used to determine the extent of the alterations to the QB binding site. This could also be done 

with oxygen evolution assays in the presence of DCMU, and titration experiments using 

DMBQ. The effects on QA and QB could also be ascertained by UV absorption spectroscopy 

which allows the change in redox states to be observed (Melis and Duysens, 1979). The focus 

of this section was the electron transport reactions in the D2 mutants; however, these point 

mutants revealed a considerable effect on the assembly of PS II. Further experiments on 

assembly using BN-PAGE, 2D-PAGE, western-blots, and mass spectrometry could be done to 

fully analyse the PS II complex, this could also reveal the intermediate assembly pre-complexes 

that are accumulating and therefore are not being incorporated into PS II to determine which 

steps during assembly are affected. This could also be done with cells undergoing 

photoinhibition assays, revealing alterations to PS II repair. 
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Appendix 
 

R script for low-temperature (77 K) fluorescence spectroscopy (440 nm) 

data analysis 

#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 

#Number_Rows=183 ## Data from 599 to 781 nm 

#Create matrix with first row as wavelength 

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") 
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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,pc

5,pa6,pb6,pc6){ 

  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) 

} 

#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, 
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                   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_params[[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 
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#str(Data_To_Fit) 

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), 

            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_Parameters["b

3"]),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_Parameters[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["b3"])), 

lty = 2, col = "black") 

Fit_Parameters 
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Baseline_Corrected_Spectrum<-(y-

(Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b3"]))) 

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) 

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 (77 K) fluorescence spectroscopy (580 nm) 

data analysis 

#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 
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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 

} 

#Total simulated observed (calculated) fluorescence 
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Simulated_Spectra<-

function(Wavelength,b1,b2,b3,pa1,pb1,pc1,pa2,pb2,pc2,pa3,pb3,pc3,pa4,pb4,pc4,pa5,pb5,pc

5,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, 



218 

                   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_params[[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) 

#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, 
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                                     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_Parameters["b

3"]),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_Parameters[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["b3"])), 

lty = 2, col = "black") 

Fit_Parameters 

Baseline_Corrected_Spectrum<-(y-

(Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b3"]))) 

Baseline_Corrected_Spectrum 

} 

#Fit an individual spectrum 

#Fit_Data(Raw_Array[,12]*100,1) 

#Fit all csv files - 1st column is the wavelength data 



220 

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()) 

 

Fluorometer script for variable chlorophyll a 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 
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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 

Measure=Light+Timepoints       ; Reoxidation Kinetics 

Fo|Measure=>mfm1 

<Light>=>A1 

 

Fluorometer script for chlorophyll a fluorescence decay 

; 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 

;********************************************************************* 
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; 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 
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;<f4>=>F1                        ; Actinic Flash 

;<f4>=>A1 

;<f5>=>F1                        ; Actinic Flash 

;<f5>=>A1 

 


