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Abstract 

 Photosystem II (PS II) is the light-driven water-plastoquinone oxidoreductase of 

photosynthesis. PS II consists of 20 protein subunits including four core complexes 

forming the reaction centre, 13 additional low-molecular-weight (LMW) intrinsic 

proteins and up to 5 membrane-peripheral, extrinsic proteins whose functions during 

biogenesis are not yet established. PsbJ is a single α-helical LMW transmembrane protein 

found near cytochrome b559 that is formed by the PsbE and PsbF LMW PS II subunits. 

When and where PsbJ associates with the intermediate assembly subcomplexes that form 

the mature PS II complex is not known. The three main extrinsic proteins, PsbO, PsbU, 

and PsbV are found at the lumenal side of PS II and a role in stabilising and maintaining 

the Mn4CaO5 cluster has been suggested. It has been observed that the putative extrinsic 

protein CyanoQ facilitates the binding of PsbV while CyanoP, although considered as 

extrinsic subunit, may in fact be an assembly factor not present in the mature complex. In 

this study, the role of PsbJ and extrinsic proteins during biogenesis was investigated in 

the model cyanobacterium Synechocystis sp. PCC 6803 by creating single or double gene 

knockout mutants to remove specific subunits. The removal of either PsbO or PsbV in 

PsbJ-lacking cells had detrimental effects on the strain as they were unable to grow 

photoautotrophically despite having PS II monomers containing reaction centre subunits. 

While not as detrimental, the removal of PsbU also made the effect of the absence of PsbJ 

on photoautotrophic growth rate, PS II assembly, forward electron transfer between QA 

and QB worse than seen in either of the corresponding single mutants. In particular, the 

acceptor side of the ∆PsbJ:∆PsbU strain was impaired as artificial quinones were unable 

to accept electrons and little oxygen was evolved, and there was no back electron flow to 

the oxidised Mn cluster of the electron donor. Removing CyanoP and CyanoQ in the 

PsbJ-lacking strain had little effect on photoautotrophic growth rate and oxygen-evolving 

activity; however, the electron transfer within PS II was affected and the formation of PS 

II dimers was reduced. The current study suggested that the PsbJ and the extrinsic proteins 

are required for the formation of either stable inactive monomers or stable dimers, and it 

is speculated that these proteins might bind at early PS II biogenesis steps. 
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1 Introduction 

1.1 Background 

1.1.1 Photosynthesis 

Photosynthesis is the process by which light energy (photons) is harnessed and 

converted into chemical energy by plants, algae, and some bacteria. There are two types 

of photosynthesis: anoxygenic photosynthesis and oxygenic photosynthesis. Anoxygenic 

photosynthesis is carried out by purple bacteria and green sulfur bacteria which uses 

electron donors other than water and does not produce oxygen. The anoxygenic 

photosynthesis equation is written as follows:  

CO2 + 2H2A + photons → [CH2O] + 2A + H2O 

The letter A is a variable, and H2A is the potential electron donor. 

Oxygenic photosynthesis is commonly used by cyanobacteria, algae, and plants. 

Energy from sunlight transfers electrons from water (H2O) to carbon dioxide (CO2), thus 

producing oxygen (O2) and carbohydrates. The oxygenic photosynthesis equation is 

written as follows:  

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

The reactions of oxygenic photosynthesis are split into light-dependent reactions 

and light-independent reactions. The light-dependent reactions take place on the 

thylakoid membranes, while the light-independent reactions take place in the stroma of 

chloroplasts (in eukaryotes) and cytosol (in prokaryotes). The light-dependent reactions 

include the capture of light energy and its conversion into chemical energy. Light-

harvesting pigment-protein complexes capture light energy and transfer it to specialised 

chlorophyll pigments that belong to two complexes known as Photosystem II (PS II) and 

Photosystem I (PS I). The chlorophylls in PS II and PS I release electrons that travel 

through a series of redox cofactors that form the photosynthetic electron transport chain 

(ETC) which ultimately convert the absorbed light energy into useful chemical energy 



 

4 
 

that is made available via NADPH and ATP for fixing carbon dioxide into carbohydrate 

as well as supporting other biosynthetic reactions in plastids and photosynthetic bacterial 

cells. In oxygenic photosynthesis the electrons released by the chlorophylls in the reaction 

centres of PS II and PS I are replaced from water molecules. This water-splitting reaction 

is catalysed by PS II in which two water molecules provide not only electrons for the ETC 

but also protons which contribute to the proton motive force for ATP synthesis as well as 

the oxygen we breathe. The basic overall principles of oxygenic photosynthesis can be 

applied to plants, algae, and cyanobacteria. In this project, the focus will be on using a 

cyanobacterial model system to study the roles of specific protein subunits in PS II that 

are hypothesised to contribute to the biogenesis and redox reactions of the photosystem. 

The cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) 

has been an important model for oxygenic photosynthesis research as it is glucose tolerant 

and able to switch between photoautotrophic and heterotrophic growth. Synechocystis 

6803 can readily incorporate exogenous DNA via double homologous recombination 

(Grigorieva and Shestakov, 1982; Williams, 1988) and it was the first photoautotroph to 

have its entire genome sequenced (Kaneko et al., 1996). Synechocystis 6803 can be grown 

on either agar plates or in liquid culture, which enables easy handling and efficient 

generation of photosynthetic mutant strains. Despite Synechocystis 6803 commonly used 

for physiological characterisation and PS II function investigation, two thermophilic 

cyanobacteria, Thermosynechococcus elongatus (T. elongatus) and 

Thermosynechococcus vulcanus (T. vulcanus), are mostly used for structural studies. 

Cyanobacteria are also utilised in research for the generation of renewable energy to 

replace fossil fuel sources, and this process is highly dependent on the activity and 

efficiency of oxygenic photosynthesis. 

1.1.2 Photosynthetic electron transport chain 

The thylakoid membrane of cyanobacteria and chloroplasts contain four integral 

membrane-protein complexes which catalyse the light-dependent reactions of 

photosynthesis. The four main protein complexes are PS II, cytochrome b6f complex, PS 

I and ATP synthase; these four complexes cooperate to produce the NADPH and ATP, 
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which is used in the Calvin-Benson cycle for carbon fixation and other metabolic 

pathways (see Figure 1.1). 

 

Figure 1.1: The main thylakoid membrane protein complexes of plants, algae and cyanobacteria. 

Photons are absorbed by Photosystem II (PS II) to drive the oxidation of water to oxygen and reduction of 

plastoquinone (PQ) to plastoquinol (PQH2). The electrons are transferred from PS II to cytochrome b6f (Cyt 

b6f) to Photosystem I (PS I) via mobile carriers PQ and plastocyanin (PC), while protons (H+) are pumped 

across the thylakoid membrane into the lumen and generate the proton gradient. Electrons are excited by 

the photons absorbed by PS I and then transferred to the terminal acceptor ferredoxin (Fd). NADPH is 

generated via the Fd:NADP+ oxidoreductase (FNR). The ATP synthase uses the chemiosmotic potential to 

generate ATP. Figure adapted and simplified from Hasan and Cramer (2012). 

 

When photons are absorbed by chlorophyll a pigments in the photosynthetic 

reaction centre of PS II, excited electrons are sequentially transferred through the ETC 

(also known as Z-scheme in Figure 1.2) supporting a chain of redox reactions while the 

protons (H+) are pumped across the thylakoid membrane into the lumen, generating the 

proton gradient which is used by ATP synthase to create ATP during 

photophosphorylation of ADP. When the electrons enter PS I, they are further excited by 

the photons absorbed by PS I. The electrons are then transferred through a chain of 

electron acceptors and eventually used to reduce the co-enzyme NADP+ to produce 

NADPH. 
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Figure 1.2: The Z-scheme for electron transport from water to NADP+. Photosystem II has the 

following components: the manganese-calcium-oxygen (Mn4CaO5) cluster, tyrosine-161 on the D1 subunit 

(YZ), primary donor P680 and its excited electronic state P680
+, pheophytin (Pheo), a tightly bound, one 

electron acceptor plastoquinone (QA), and a two-electron acceptor plastoquinone that binds and unbinds 

from Photosystem II (QB). PQ is a pool of mobile plastoquinone molecules that carry electrons from 

Photosystem II to cytochrome b6f (Cyt b6f) complex. The Cyt b6f complex has an iron-sulfur protein (FeS) 

and a cytochrome f (Cyt f). Plastocyanin (PC) is a mobile electron carrier that carries electron from the Cyt 

b6f complex to Photosystem I. Photosystem I has the following components: primary donor P700 and its 

excited electronic state P700
+, a special chlorophyll a molecule (A0), a vitamin K1 (A1), and iron-sulfur 

centres (FX and FAB). The ferredoxin (Fd) and ferredoxin-NADP+ reductase (FNR) are the terminal 

acceptors of electrons in the Z-scheme. Figure adapted from Govindjee and Veit (2010). 

 

1.2 Photosystem II 

Photosystem II is the first thylakoid membrane protein complex in the light-

dependent reactions of oxygenic photosynthesis. As introduced above, photons of light 

are captured by its reaction centre to energise electrons which are then transferred through 

a series of molecules to reduce plastoquinone to plastoquinol. The energised electrons are 

replaced by oxidising water to form oxygen and hydrogen ions; therefore, PS II is also 

known as a water-plastoquinone oxidoreductase. Photosystem II constantly undergoes 

assembly and repair due to the damage resulting from water splitting. Thus, thylakoid 

membranes contain various PS II intermediate complexes and active PS II complexes 

(Nickelsen and Rengstl, 2013). These transitory proteins complexes, which represent 
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various stages in the intricate process of PS II assembly and repair, have been difficult to 

capture and characterise, due to their low abundance, structural heterogeneity and 

thermodynamic instability (Liu et al., 2011). 

1.2.1 Organisation, composition, structure and function 

Photosystem II is a large membrane-spanning complex with the oxygen-evolving 

complex near the internal thylakoid lumen, and the plastoquinone-binding site in the 

membrane itself (Govindjee et al., 2010). Cyanobacterial PS II has a peripheral light-

harvesting antenna system, known as the phycobilisomes, which contains phycobilins 

(pigments of open-chained tetrapyrroles bound covalently to proteins) to capture photons 

and transfer the excitation energy to chlorophyll a of PS II core antenna subunits and then 

onto the specialised chlorophyll molecules of the reaction centre. 

 

Figure 1.3: Photosystem II dimer structure of T. vulcanus. The 1.95 Å Photosystem II crystal structure 

is obtained by femtosecond X-ray pulses, PDB: 4UB8 (Suga et al., 2015). The subunits are coloured as 

follows: D1 in red; D2 in orange; CP43 in cyan; CP47 in green; low-molecular-weight intrinsic subunits in 

grey; and extrinsic subunits on the lumenal face in yellow. Additional extrinsic subunits are known to 

interact with the cytosolic side of the PS II complex, but none of these appear in the structure due to low 

affinity resulting in dissociation during purification and crystallisation. The summary of the role of PS II 

subunits have been shown in Table 1.1. The figure is generated using PyMOL ver. 2.1.1. 
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Table 1.1: Summary of the roles of PS II subunits found in the T. vulcanus PS II crystal structure. OEC: oxygen evolving complex. 

Location: Thylakoid membrane 

Complex/Protein 

Name 

Gene Transmembrane 

α helices 

Protein 

size (kDa) 

Functions 

D1 (PsbA) psbA 5  38 Reaction centre protein. Provides ligands for OEC, electron transport and 

plastoquinone binding, participates in charge separation. 

CP47 (PsbB) psbB 6 56 Chlorophyll-binding protein, inner antenna protein for reaction centre 

complex. 

CP43 (PsbC) psbC 6 50 Chlorophyll-binding protein, inner antenna protein for reaction centre 

complex. Provide ligands for OEC. 

D2 (PsbD) psbD 5 39.5 Binds chlorophyll molecules and participates in forming the P680 reaction 

centre, contains the QA molecule. 

PsbE / α-Cyt b559 psbE 1 9.3 Important for PS II assembly; may participates in secondary electron transfer 

pathways to protect PS II against photoinhibition. PsbF / β-Cyt b559 psbF 1 4.4 

PsbH psbH 1 7 Stabilisation role for CP47 binding to the D1-D2 heterodimer; essential for 

Psb28 binding and bicarbonate binding to the non-heme iron. 

PsbI psbI 1 4.2 Essential for stable binding of CP43 with the PS II core complex and early 

stages of PS II assembly. 

PsbJ psbJ 1 4 Regulates plastoquinone exchange and electron flow on the acceptor side. 
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PsbK psbK 1 4.3 Stabilises PsbZ. 

PsbL psbL 1 4.5 PS II dimer stabilisation; PsbL is also essential for PS II assembly. 

PsbM psbM 1 3.7 

PsbT psbT 1 3.5 

PsbX psbX 1 4.1 Involved in quinone turnover at the QB site of the PS II reaction centre. 

PsbY psbY 1 3.6 Interacts with Cyt b559 and helps maintain the redox potential of Cyt b559. 

PsbZ psbZ 1 6.6 Protection against photoinhibition. 

Psb30 / Ycf12 psb30 1 5 Unknown function. 

 

Location: Lumen 

Complex/Protein 

Name 

Gene Transmembrane 

α helices 

Protein 

size (kDa) 

Functions 

PsbO psbO 0 33 Protection of the OEC and optimisation of oxygen-evolving capacity under 

calcium- or chloride-limiting conditions. PsbU psbU 0 9 

PsbV / Cyt c-550 psbV 0 15 
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Cyanobacterial PS II consists of more than 20 subunits, many different pigments 

and cofactors, which gives the molecular mass of 350 kDa (Wydrzynski and Satoh, 2005; 

Shen et al., 2008). PS II in cyanobacteria usually dimerises (Kuhl et al., 2000; Shen and 

Kamiya 2000; Kern et al., 2005), thus it has a total molecular weight of 700 kDa (see 

Figure 1.3). Some subunits that are involved in PS II were absent in the available crystal 

structure due to low affinity resulting in dissociation during purification and 

crystallisation, or because they may be temporarily associated with PS II during 

biogenesis of the complex (Kashino et al., 2002; Umena et al., 2011). The subunits 

present in the crystal structure can be classified into membrane-embedded core (intrinsic) 

subunits and membrane peripheral (extrinsic) subunits. The PS II monomer consists of 4 

large intrinsic subunits: D1 (PsbA), D2 (PsbD), CP47 (PsbB) and CP43 (PsbC), which 

are then surrounded by 13 low-molecular-weight (LMW) intrinsic subunits (PsbE, PsbF, 

PsbH, PsbI, PsbJ, PsbK, PsbL, PsbM, PsbT, PsbX, PsbY, PsbZ and Psb30) and 3 

confirmed lumenal extrinsic subunits PsbO, PsbU and PsbV (Table 1.1).  

Within the PS II reaction centre core, there are various components known to be 

involved in the primary photochemical reaction: the manganese-calcium-oxygen 

(Mn4CaO5) cluster, a tyrosine 161 residue on the D1 subunit (YZ), a group of chlorophyll 

molecules which form the primary donor P680 (ChlD1, PD1, PD2 and ChlD2), a D1 bound 

pheophytin molecule (PheoD1) and two plastoquinone molecules QA and QB (see Figure 

1.4, Zouni et al., 2001). The conversion of absorbed light energy to charge separation 

happens between P680 and PheoD1 (Greenfield et al., 1997; Diner and Rappaport, 2002; 

Raszewski et al., 2008; Renger and Renger, 2008), creating P680
+ and PheoD1

-. However, 

it is uncertain how the charge-separated state is formed due to the proximity of the 

chlorophyll molecules of P680. The electron is then transferred from PheoD1
- to QA, then 

QA
- to the mobile plastoquinone in the QB site (the reduction of QB is known as the two-

electron gate). After two photochemical turnovers, QB becomes fully reduced and 

protonated, which then forms PQH2 and carries the electrons to the cytochrome b6f 

complex, whilst a mobile plastoquinone binds to the QB site. A bicarbonate molecule 

between QA and QB is found to act as a ligand to a non-heme iron and plays a role in 

protonation of QB to PQH2, speeding up the photochemical turnover thus promoting 

forward electron transfer between QA and QB (Khanna et al., 1980; Eaton-Rye and 

Govindjee, 1984).  
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Figure 1.4: Redox reactive cofactors organisation within the Photosystem II reaction centre core. 

Cofactors are shown in sticks and coloured in green (chlorophylls); orange (carotenes); yellow 

(pheophytins); and magenta (plastoquinone). The main forward pathway of electron transport is indicated 

by the solid black line between the cofactors. The P680 is composed of ChlD1, PD1, PD2 and ChlD2. The 

plastoquinone QA binds to D1, whilst QB binds to D2. Figure adapted from Govindjee et al. (2010). 

 

The YZ redox cofactor transfers an electron to P680
+, which is then replaced by 

extraction of an electron from the Mn4CaO5 cluster (Barry and Babcock, 1987; Debus et 

al., 1988; Styring et al., 2012). The Mn4CaO5 cluster, also known as oxygen-evolving 

complex (OEC), is coordinated by protein-ligand interactions with residues of the D1 and 

CP43 subunits (Ferreira et al., 2004; Loll et al., 2005; Umena et al., 2011; Suga et al., 

2015) and plays a key role in oxidation of two water molecules to produce the oxygen 

and four protons via a 5-step cycle known as the S-state model (see Figure 1.5, Joliot et 

al., 1969; Kok et al., 1970). Each S-state (S0 to S4) defines a sequential oxidation stage 

of OEC complex. The S0 state is the most reduced state, the S1 state is the dark-stable 

state which most other states revert to after a period of dark incubation, and the S4 state 

is a short-lived intermediate which rapidly transitions to the S0 state and releases oxygen. 

The generation of P680
+ and extraction of an electron occurs in each stage between states, 

except the final S4 to S0 transition (Figure 1.5). 
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Figure 1.5: The S-state model of the oxygen evolution in Photosystem II. The model is developed by 

Kok and co-workers (Kok et al., 1970). There are 5 states of the oxygen-evolving complex: S0, S1, S2, S3, 

and S4. During the exposure to flashes of light (circular numbers), the P680 gets excited which then oxidises 

the tyrosine 161 residue on D1 subunit (YZ), while the electrons are released from the stages and reduce the 

oxidised YZ. The highest and most unstable oxidation state is S4, which oxidises 2 water molecules, forms 

an oxygen molecule and reverts to the S0 state, the most reduced state. The S1 state is known as the dark-

stable state. Figure adapted from Govindjee et al. (2010). 

 

1.2.2 Biogenesis and assembly 

The biogenesis of PS II is a multiple-step process which involves coordinated 

assembly of several intermediate complexes and several other subunits known as 

assembly factors temporarily associated with PS II which are not found in the mature PS 

II complex (see Figure 1.6, Nixon et al., 2010; Komenda et al., 2012).  

One of the first steps of PS II biogenesis is the formation of cytochrome b559 (Cyt 

b559) where PsbE and PsbF subunits associate with a heme group (Komenda et al., 2004). 

The D2 subunit binds to Cyt b559 to form D2-Cyt b559 subcomplex, which subsequently 

associates with the D1 module, which includes precursor of D1 (pD1), PsbI (Dobakova 

et al., 2007) and transiently bound proteins PratA and Slr1471: this combination forms 

the reaction centre (RC) complex (Klinkert et al., 2004; Dobakova et al., 2007; Komenda 



 

13 
 

et al., 2008; Schottkowski et al., 2009). PratA is found to interact with CtpA protein 

(Klinkert et al., 2004; Komenda et al., 2008; Schottkowski et al., 2009), which associates 

with the RC complex and removes the carboxy-terminal of pD1, forming the intermediate 

D1 (iD1) and then the mature D1 subunit. Lumenal protein Ycf48 stabilises pD1 and 

facilitates the interaction between the D1 module and the D2-Cyt b559 subcomplex along 

with CyanoP and possibly PsbO subunits to form RC complex (Komenda et al., 2008; 

Rengst et al., 2011; Knoppová et al., 2016).  

The CP47 module, which consists of CP47, PsbH, PsbL, PsbM, PsbT subunits, 

then binds to RC complex and forms the RC47 complex (Komenda et al., 2004; Komenda 

et al., 2008; Boehm et al., 2011; Boehm et al., 2012). Both PsbX and PsbY are found in 

the RC47 complex, but it is not clear if they are bound to the CP47 pre-complex or the 

RC complex (Boehm et al., 2012). The assembly factors Sll0933 and Psb28 have been 

shown to stabilise the CP47 module and facilitate binding of the module to RC complex 

by interacting with Ycf48 (Dobakova et al., 2009; Armbruster et al., 2010; Rengst et al., 

2011; Boehm et al., 2012; Rengst et al., 2013).  

The CP43 module, which consists of CP43, PsbK, PsbZ, and Psb30 subunits and 

assembly factor Psb27, binds to the RC47 complex with the promotion of Sll0606 and 

forms the monomeric PS II core complex, RCC1. The assembly factor Sll0933 may also 

stabilise the CP43 module before binding to the RC complex (Rengst et al., 2013). All 

assembly factors, except Psb27, then dissociate from the complex and the biogenesis of 

OEC begins (Mabbitt et al., 2014). Two monomeric RCC1 complexes join together to 

form a dimeric RCC2 complex. It has been suggested that the OEC, LMW intrinsic 

protein, PsbJ and extrinsic proteins CyanoQ, PsbU and PsbV are incorporated into the 

complex late during assembly (Roose et al., 2007b) but the exact order of incorporation 

is yet to be resolved. The D1 processing (from pD1 to iD1 to D1) is also required for 

association of the extrinsic proteins (Roose and Pakrasi, 2004; Roose et al., 2007b) and 

formation of fully functional OEC (Anbudurai et al., 1994; Nixon et al., 2010). 
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Figure 1.6: Biogenesis of Photosystem II. The D2-Cyt b559 subcomplex contains D2 and PsbE/F subunits 

of Cyt b559, which then binds the D1 module (containing precursor D1, PsbI, Ycf48, PratA, and Slr1471), 

forming the RC complex. The subsequent attachment of the CP47 module (containing CP47, PsbH, PsbL, 

PsbM, PsbT, PsbX, PsbY, Psb28, and Sll0933) results in the formation of the RC47 complex, and the 

assembly factors except Psb27 dissociates from the complex. The CP43 module (containing CP43, PsbK, 

PsbZ, Psb30, and Psb27) binds to the RC47 complex, forming inactive PS II monomer. The OEC, extrinsic 

proteins, and intrinsic protein PsbJ join the inactive PS II monomer to form an active PS II monomer and 

Psb27 dissociates from the complex, which then dimerises and forms active PS II dimer. Figure adapted 

from Mabbitt et al. (2014). 
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1.2.3 Damage and repair 

The chemistry of water oxidation by PS II leads to damage in the D1 subunit 

which then inactivates the complex (Vass, 2012). This light-induced damage, known as 

photodamage, is observed even at low intensities (Aro et al., 1992; Aro et al., 1993). 

When the rate of photodamage is higher than the rate of repair, this leads to a net overall 

decline in PS II activity, which is also known as photoinhibition (Adir et al., 2003). Based 

on the light requirement, the site of the initial damage and the nature of the damaging 

species, PS II photoinhibition is categorised into 2 types: acceptor-side photoinhibition 

and donor-side photoinhibition (Barber and Andersson, 1992). In acceptor-side 

photoinhibition, the damage is suggested to be caused by singlet oxygen generated via 

charge recombination reactions within PS II. This process occurs at high irradiances when 

the PQ pool is reduced, and at low light intensities when QB
- is generated (Keren et al., 

1997). On the other hand, donor-side photoinhibition happens when electron donation 

into the PS II reaction core by water oxidation is unable to match the rate of P680 oxidation. 

As P680
+ and other oxidising species on the donor side become comparatively long-lived, 

their high oxidising potential and reactivity damage the nearby residues, particularly in 

the D1 subunit (Lindahl et al., 2000; Lupinkova and Komenda, 2004). 

A PS II repair cycle has evolved whereby only the damaged D1 subunit is 

selectively removed, degraded and replaced, while undamaged subunits are recycled for 

conserving resources and increasing net photosynthetic efficiency (see Figure 1.7; Nixon 

et al., 2005). The monomerization of the PS II dimer takes place followed by the removal 

of extrinsic proteins and the CP43 module. The removal and degradation of the damaged 

D1 subunit occurs by an enzymatic process which involves the FtsH2 and FtsH3 proteases 

(Silva et al., 2003; Komenda et al., 2006; Boehm et al., 2012). The Psb27 subunit 

associates with the CP43 module (Komenda et al., 2012). The chlorophyll a bound to the 

new D1 subunit is either newly synthesised or transferred by small chlorophyll a-binding 

proteins (SCPs) from damaged D1 (Vavilin et al., 2007; Yao et al., 2012). The assembly 

factor Ycf48 binds to the complex while the CtpA protease processes the carboxy-

terminal of pD1 (Komenda et al., 2008). The reattachment of the CP43 module then takes 

place, and the assembly factor Psb27 then leaves the inactive monomeric complex which 

allows the binding of extrinsic proteins and dimerization of PS II (Dobakova et al., 2007). 
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Figure 1.7: Repair mechanism of Photosystem II after photodamage. When PS II is photodamaged, the 

OEC, extrinsic proteins and CP43 module (containing CP43, PsbK, PsbZ, Psb30 and having Psb27 

associated) leave the complex. The damaged D1 is then selectively removed and degraded by the FtsH2 

and FtsH3 hetero-oligomeric complex (grey oval). Chlorophyll for incorporation into the new D1 protein 

is either provided by de novo biosynthesis or recycled from degraded D1 by small chlorophyll a-binding 

proteins (SCPs). The Ycf48 binds and stabilises the complex while the CtpA protease is involved in D1 

processing. The CP43 module re-attaches to the complex, the Psb27 then leaves the complex, which allows 

the OEC and extrinsic proteins to bind to form active monomers and then the monomers dimerise. Figure 

adapted from Mabbitt et al. (2014). 
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1.3 Intrinsic subunits of Photosystem II 

Cyanobacterial PS II has at least 17 transmembrane intrinsic subunits. Among the 

intrinsic subunits, the reaction centre core subunits D1 (PsbA) and D2 (PsbD) bind the 

cofactors of the PS II reaction centre core which catalyse water oxidation and 

plastoquinone reduction. The core antenna subunits CP47 (PsbB) and CP43 (PsbC) 

surround the reaction centre core subunits and bind several chlorophyll molecules for 

light harvesting. In addition to these four large intrinsic subunits, there are 13 other 

intrinsic subunits present in cyanobacterial PS II: PsbE, PsbF, PsbH, PsbI, PsbJ, PsbK, 

PsbL, PsbM, PsbT, PsbX, PsbY, PsbZ, and Psb30 (Table 1).  

1.3.1 Large intrinsic subunits 

The reaction centre core subunits D1 and D2 have 5 transmembrane helices each 

and together form a heterodimer, both are approximately 39 kDa and bind the chlorophyll, 

pheophytin, and plastoquinone cofactors which are involved in the photochemical charge 

separation and electron transport (see Figure 1.4; Hankamer et al., 2001; Rappaport and 

Diner, 2008). The D1 subunit also provides the majority of the ligands for the manganese 

and calcium associated with the OEC (Ferreira et al., 2004; Loll et al., 2005; Umena et 

al., 2011; Suga et al., 2015). The Tyr-161 of the D1 subunit is also essential for the 

electron transport from the OEC to the reaction centre P680. 

On either side of the D1 and D2 subunits are the chlorophyll a binding subunits 

CP47 and CP43, which have 6 transmembrane helices each (Barber, 2006). The CP47 

subunit (~56 kDa) binds approximately 16 chlorophylls, while the CP43 subunit (~50 

kDa) binds approximately 13 chlorophylls. These core antenna subunits serve an inner 

light-harvesting function and transfer the excitation energy from the phycobilisomes to 

the reaction centre P680 (Vasil’ev et al., 2001). The CP43 subunit also provides a ligand 

for the OEC (Ferreira et al., 2004; Loll et al., 2005; Umena et al., 2011; Suga et al., 2015). 
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1.3.2 Low molecular weight intrinsic subunits 

 

Figure 1.8: The intrinsic subunits of T. vulcanus 1.95 Å Photosystem II monomer crystal structure. 

The Photosystem II viewed from lumenal space. Large intrinsic subunits (D1, D2, CP43 and CP47) are 

shown in grey; PsbE and PsbF are shown in light blue; PsbI is shown in red; PsbL, PsbM and PsbT are 

shown in green; PsbH, PsbX and PsbY are shown in cyan; PsbJ, Psb30, PsbK and PsbZ are shown in blue. 

PDB: 4UB8 (Suga et al., 2015). The figure is generated using PyMOL ver. 2.1.1.  

 

There are 13 intrinsic subunits of PS II which are under 10 kDa, therefore they are 

known as the low-molecular-weight (LMW) intrinsic subunits as already noted. These 

intrinsic subunits have one transmembrane helix each, except for PsbZ which has 2 

transmembrane helices (Figure 1.8; Ferreira et al., 2004; Wydrzynski and Satoh, 2005; 

Shen et al., 2008; Guskov et al., 2009; Umena et al., 2011; Suga et al., 2015). 

The PsbE protein (known as the α subunit of Cyt b559, ~9.5 kDa) and PsbF (known 

as the β subunit of Cyt b559, ~4.4 kDa) together with a heme cofactor form the Cyt b559, 

which is one of the essential components of PS II (Whitmarsh and Pakrasi, 1996; Stewart 

and Brudvig, 1998; Guskov et al., 2009; Umena et al., 2011; Suga et al., 2015). Each 

subunit provides a ligand (His-22 of the subunits) for the non-covalently bound heme. 
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Cyt b559 is not involved in the primary electron transfer pathway, but possibly participates 

in secondary electron transfer pathways to protect PS II against photoinhibition (Heber et 

al., 1979; Falkowski et al., 1986; Thompson and Brudvig, 1988; Barber and De Las Rivas, 

1993; Poulson et al., 1995; Magnuson et al., 1999; Faller et al., 2001; Tracewell and 

Brudvig, 2008). 

The PsbI subunit (~4.2 kDa) is highly conserved and essential for stable binding 

of CP43 with the PS II core complex (Dobakova et al., 2007). It is found to associate with 

the D1-D2 heterodimer (Ikeuchi and Inoue, 1988; Webber et al., 1989) and binds to newly 

synthesized D1 protein at an early stage of the assembly cycle (Dobakova et al., 2009). It 

is also required in the assembly of the PS II dimer in vivo, but once dimers are formed, it 

is no longer required for stability (Kawakami et al., 2011). 

There are three LMW intrinsic subunits located at the monomer-monomer 

interface of the PS II: PsbL (~4.5 kDa), PsbM (~3.9 kDa) and PsbT (~3.5 kDa). These 

subunits play a role in the dimerization of PS II (Bentley et al., 2008; Henmi et al., 2008). 

The psbL inactivated mutant shows severely impaired growth (Anbudurai and Pakrasi, 

1993; Bentley et al., 2008), impaired assembly cycle due to inability to attach to CP43-

less PS II assembly intermediate complex (Luo and Eaton-Rye, 2008) and increased 

susceptibility to photodamage (Luo et al., 2014). The psbM deleted mutants and psbT-

lacking mutants show a slightly lower activity of oxygen evolution, slower 

photoautotrophic growth, lower levels of assembled PS II complexes, increased light 

sensitivity and are rapidly photoinactivated (Bentley et al., 2008). Removal of PsbM also 

resulted in impaired electron transfer between QA and QB (Biswas and Eaton-Rye, 2018). 

Bentley and co-workers (2008) also found that the psbT-lacking mutants exhibited slow 

electron transfer between QA and QB along with enhanced rates of photodamage when 

exposed to high-intensity light of 2000 µE.m-2.s-1. 

The PsbH subunit (~7 kDa) interacts with CP47 and plays a stabilisation role for 

CP47 binding to the D1-D2 heterodimer (Komenda et al., 2002). The psbH deletion 

mutant shows impairment of electron transfer between QA and QB (Mayes et al., 1993), 

and increased sensitivity to high irradiance due to an inefficient PS II repair cycle and 

oxidative damage to other subunits (Komenda and Barber, 1995; Komenda et al., 2002). 

The PsbH subunit also affects the incorporation of D1 into the PS II complex and D1 



 

20 
 

processing during assembly (Komenda et al., 2005). PsbH is also essential for Psb28 

binding (Dobakova et al., 2009; Bialek et al., 2013) and bicarbonate binding to the non-

heme iron (Komenda et al., 2002). The PsbX subunit (~4.1 kDa) is located close to Cyt 

b559 (Guskov et al., 2009) and is involved in quinone turnover at the QB site of the PS II 

reaction centre (Funk, 2000). The PsbY subunit (~4.2 kDa) is also located at the periphery 

of PS II (Guskov et al., 2009) and is predicted to regulate the redox potential of Cyt b559 

(von Sydow et al., 2016).  

There are four LMW subunits which form an interface with CP43 to aid the 

binding of carotenoid: PsbJ, PsbK, PsbZ, and Psb30 (Barber and Iwata, 2005). The PsbJ 

subunit (~4.4 kDa) is close to the PsbE and PsbF subunits and plays a role in regulating 

plastoquinone exchange and electron flow on the acceptor side (Lind et al., 1993; Regel 

et al., 2001). The PsbK subunit (~4.3 kDa) associates with CP43 (Sugimoto and 

Takahashi, 2003; Schottkowski et al., 2009) and stabilises PsbZ (Iwai et al., 2010). The 

removal of PsbK did not affect photoautotrophic growth in cyanobacteria (Ikeuchi et al., 

1991; Iwai et al., 2010) but Chlamydomonas reinhardtii psbK knockouts were unable to 

grow photoautotrophically (Takahashi et al., 1994). The PsbZ subunit (~6.6 kDa) is 

located on the outside of the PS II complex and forms a shield over Psb30 and PsbK. 

Disruption of psbZ leads to exposure of Psb30 and PsbK to the surface and vulnerable to 

dissociate from the PS II complex (Takasaka et al., 2010). The mutant lacking PsbZ also 

exhibits slower growth under low-light conditions (Bishop et al., 2007) and lack of 

growth in the presence of glucose, which suggests that PsbZ may play a role in protection 

against photoinhibition (Kobayashi et al., 2005). The Psb30 subunits (also known as 

Ycf12, ~5.0 kDa) is located at the periphery of PS II (Suga et al., 2015) and forms a stable 

complex with CP43 (Boehm et al., 2011). The psb30 disrupted mutant shows lower 

oxygen-evolving activity but otherwise, no significant phenotype is observed (Inoue-

Kashino et al., 2008). 
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1.3.3 PsbJ 

  

Figure 1.9: T. vulcanus 1.95 Å Photosystem II monomer. The side view of PS II monomer structure from 

within the plane of the thylakoid membrane showing PsbE and PsbF in light blue; PsbJ in blue; PsbO in 

yellow; PsbU in pink; PsbV in magenta; and other intrinsic subunits in grey. PDB: 4UB8 (Suga et al., 2015). 

The figure is generated using PyMOL ver. 2.1.1. 

 

The PsbJ subunit is a single transmembrane helix with a molecular mass of 

approximately 4.4 kDa and encoded in the psbEFLJ operon together with PsbE, PsbF, 

and PsbL. In the crystal structure, PsbJ is close to PsbE and PsbF and is suggested to form 

an entrance of a putative channel for quinone diffusion toward the QB site (Müh et al., 

2008; Guskov et al., 2009). The deletion of PsbJ in both cyanobacteria and plants shows 

a longer lifetime of reduced QA compared to wild type (Regel et al., 2001; Ohad et al., 

2004), which suggests that PsbJ regulates forward electron flow from reduced QA to the 

plastoquinone pool. A tobacco psbJ deletion mutant had reduced photosynthetic activity 

and was highly sensitive to light (Hager et al., 2002; Swiatek et al., 2003). The isolated 

PS II from this mutant was dimeric with reduced amounts of extrinsic subunit PsbQ and 

lack of extrinsic subunit PsbP (Swiatek et al., 2003; Suorsa et al., 2004), which indicated 

that PsbJ is essential for the assembly of PsbP into PS II complexes (Hager et al., 2002; 
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Suorsa et al., 2004). The lack of PsbJ in Synechocystis 6803 showed a decrease in oxygen 

evolution and PS II to chlorophyll ratio was 49% of that in wild type (Lind et al., 1993; 

Regel et al., 2001). However, the order of assembly of PsbJ is not clearly known. 

 

1.4 Extrinsic subunits of Photosystem II 

 

Figure 1.10: The extrinsic subunits of T. vulcanus 1.95 Å Photosystem II crystal structure. (A) The 

side view of Photosystem II from within the plane of the thylakoid membrane with the extrinsic proteins at 

the top of the figure. (B) The Photosystem II viewed from lumenal space. PsbO is shown in yellow; PsbU 

is shown in pink; PsbV is shown in magenta; and other subunits are shown in grey in (A) and (B). PDB: 

4UB8 (Suga et al., 2015). The figures are generated using PyMOL ver. 2.1.1. 

 

In the crystal structure, the three membrane-peripheral, extrinsic subunits, PsbO, 

PsbU, and PsbV are found at the lumenal side of PS II and play a role in maintaining the 

water-splitting reaction (see Figure 1.10; Bricker and Frankel, 1998; Shen et al., 1998; 

Roose et al., 2007b; Bricker et al., 2012; Roose et al., 2016). The PsbU and PsbV subunits 

are present only in algae and cyanobacteria. The homologues of the extrinsic subunits 

PsbP and PsbQ in higher plants and green algae, known as CyanoP and CyanoQ in 

cyanobacteria, are also identified in isolated PS II preparations from Synechocystis 6803 

(Kashino et al., 2002; Thornton et al., 2004) but not found in the crystal structure (see 

Figure 1.11 for individual extrinsic protein structure). 
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Figure 1.11: The structure of extrinsic proteins PsbO, PsbU, PsbV, CyanoP and CyanoQ. (A) The 

structure of PsbO from T. vulcanus 1.95 Å Photosystem II crystal structure is coloured from blue (N-

terminus) to red (C-terminus). PDB: 4UB8 (Suga et al., 2015). (B) The structure of PsbU from T. vulcanus 

1.95 Å Photosystem II crystal structure is coloured from blue (N-terminus) to red (C-terminus). PDB: 4UB8 

(Suga et al., 2015). (C) The structure of PsbV from T. vulcanus 1.95 Å Photosystem II crystal structure is 

coloured from blue (N-terminus) to red (C-terminus) with a heme group bound (green stick) and a chloride 

ion nearby (magenta sphere). PDB: 4UB8 (Suga et al., 2015). (D) The solution state NMR structure of 

CyanoP from Synechocystis 6803 is coloured from blue (N-terminus) to red (C-terminus). PDB: 2LNJ 

(Jackson et al., 2012). (E) The 1.8 Å X-ray crystal structure of CyanoQ from Synechocystis 6803 is coloured 

from blue (N-terminus) to red (C-terminus). PDB: 3LS0 (Jackson et al., 2010). These figures are generated 

using PyMOL ver. 2.1.1. 

 

1.4.1 PsbO 

The manganese-stabilising subunit PsbO is approximately 33 kDa, elongated 

(Zubrzycki et al., 1998; Svensson et al., 2002) and has a high degree of β-sheet secondary 

structure (Xu et al., 1994; De Las Rivas and Barber, 1997). It plays a role in stabilising 

the Mn4CaO5 cluster to sub-optimal chloride concentrations and protects the Mn4CaO5 

cluster from exogenous reductants (Bricker and Frankel, 1998; Bricker et al., 2012). PsbO 

is thought to participate in the formation of an extended hydrogen-bonding network(s) 

together with various PS II subunits such as D1, D2, CP43, CP47, PsbM, and PsbU and 

it has been hypothesised that some proportion of these networks served as either proton 
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transport pathways or coupling protonation states with protein conformational changes 

(Bondar and Dau, 2012; Bricker et al., 2012).  

The absence of PsbO in Synechocystis 6803 caused the mutant to grow slower 

than wild type, evolve oxygen at 60% of the rate of that observed for wild type, and be 

more susceptible to photoinactivation (Burnap and Sherman, 1991): in addition, the 

∆PsbO mutant was unable to grow under low calcium (Philbrick et al., 1991) or chloride 

(Engels et al., 1994) conditions, which suggested that PsbO plays a role in regulating 

these ions at the OEC. A spinach psbO knockout mutant showed that the Mn4CaO5 cluster 

is retained and able to evolve oxygen at very low rates (Bricker, 1992) while the 

S3→[S4]→S0 transition is slowed (Ono and Inoue, 1986). Flash-oxygen-yield 

measurements on an isolated PS II preparation from spinach lacking the psbO subunit 

showed that the lifetime of S2 and S3 states increased while S2→S3 and S3→[S4]→S0 

transitions were slowed (Miyao et al., 1987) and similar results were observed in a 

Synechocystis 6803 psbO knockout mutant (Burnap et al., 1992; Vass et al., 1992). 

Extended X-ray absorption fine structure (EXAFS) experiments performed on spinach 

indicated that no change occurred in the Mn4CaO5 cluster when PsbO was absent which 

suggested that PsbO does not provide any ligands to either the calcium or the manganese 

ions of the cluster, and this was later confirmed by the various cyanobacterial PS II crystal 

structures (Cole et al., 1986; Ferreira et al., 2004; Loll et al., 2006; Guskov et al., 2009; 

Umena et al., 2011; Suga et al., 2015). 

PsbO is termed as the “manganese-stabilising protein” as its removal in higher 

plant PS II led to the destabilisation of the Mn4CaO5 cluster (Mavankal et al., 1986; 

Popelkova et al., 2008). The lack of PsbO in Chlamydomonas reinhardtii and Arabidopsis 

thaliana led to the loss of PsbP and PsbQ and showed the loss of photoautotrophic growth 

and PS II assembly (Mayfield et al., 1987; Yi et al., 2005). PsbO in higher plants is found 

to bind GTP with high affinity (Spetea et al., 2004) and functions as a GTPase (Lundin 

et al., 2007a), which suggested that it plays a role in controlling the phosphorylation state 

of the D1 subunit in plants (Lundin et al., 2007b). PsbO in higher plants exist in two 

isoforms, PsbO-1 and PsbO-2 (Murakami et al., 2002; Murakami et al., 2005), and their 

functions are studied based on oxygen evolution and regulation of PS II turnover, 

suggesting that the PsbO-1 protein is responsible for normal oxygen evolution by PS II, 

and the PsbO-2 protein regulates the phosphorylation state and turnover of the D1 subunit 
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(Lundin et al., 2007b), as PsbO-2 showed higher GTPase activity and lower oxygen 

evolution compared to PsbO-1 (Lundin et al., 2008). An A. thaliana mutant which lacks 

PsbO-1 also showed longer lifetime of the S2 and S3 states of the OEC (Liu et al., 2007; 

Bricker and Frankel, 2008), increased stability of the S2 state and lower yield of the S2 

multiline signal that is characteristic of the Mn ions in S2 (Allahverdiyeva et al., 2009). 

1.4.2 PsbU 

The PsbU subunit is approximately 12 kDa and has six alpha helices connected 

by five loops with little or no β-sheet (Kamiya and Shen, 2003; Ferreira et al., 2004; Loll 

et al., 2006; Guskov et al., 2009; Umena et al., 2011; Suga et al., 2015) which interacts 

with CP47, PsbO and PsbV. It is unable to bind to PS II in the absence of PsbO and PsbV 

and binds at low levels if only either PsbO or PsbV is present (Shen and Inoue, 1993). A 

Synechocystis 6803 ∆PsbO:∆PsbU mutant showed that it could not grow 

photoautotrophically at pH 7.5 but was able to grow photoautotrophically at pH 10 

(Eaton-Rye et al., 2003; Summerfield et al., 2007), while ∆PsbV and ∆PsbV:∆PsbU 

mutants could grow photoautotrophically and showed indistinguishable phenotypes 

which suggested that PsbV is required for PsbU to associate with PS II (Shen et al., 1997; 

Eaton-Rye et al., 2003). The in vitro binding studies showed that PsbU in T. vulcanus 

bound with twice the affinity to complexes having only PsbV compared with complexes 

having only PsbO (Shen and Inoue, 1993).  

A Synechocystis 6803 mutant lacking PsbU could grow photoautotrophically and 

assemble PS II at a similar level to wild type (Shen et al., 1997; Clarke and Eaton-Rye, 

1999; Inoue-Kashino et al., 2005) and has a more stable S2 state (Shen et al., 1997; Shen 

et al., 1998; Inoue-Kashino et al., 2005). However, it could not grow well in chloride-

limiting condition or calcium-and-chloride-limiting condition (Shen et al., 1997; Inoue-

Kashino et al., 2005; Summerfield et al., 2005b). Both red algae and cyanobacteria that 

lack PsbU showed requirements for calcium and chloride to support PS II activity 

(Okumura et al., 2001; Ishikawa et al., 2005). In the T. vulcanus PS II crystal structure, 

two chloride ions are found near the Mn4CaO5 cluster and may contribute to the 

maintenance of the environment of the OEC (Umena et al., 2011; Suga et al., 2015), thus 

it is possible that removing PsbU from the structure may affect the integrity of chloride-

binding sites. PsbU is also located very close to channels potentially associated with water 
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access, proton exit and oxygen exit (Gabdulkhakov et al., 2009; Umena et al., 2011; Suga 

et al., 2015) which indicates that the lack of PsbU may disrupt these processes.  

Mutants lacking PsbU has been shown to evolve oxygen at 20% below the rate in 

wild-type cells and to become photoinactivated during steady-state oxygen evolution 

measurements. The ∆PsbU mutant is also susceptible to photodamage when exposed to 

high light resulting in rapid degradation of the D1 subunit (Shen et al., 1997; Clarke and 

Eaton-Rye, 1999; Kimura et al., 2002; Inoue-Kashino et al., 2005; Veerman et al., 2005; 

Balint et al., 2006). The lack of PsbU in Synechococcus sp. PCC 7002 (hereafter 

Synechococcus 7002) led to prevention of acclimation to higher temperature (Nishiyama 

et al., 1994; Nishiyama et al., 1997; Nishiyama et al., 1999), whilst in Synechocystis 6803 

the lack of PsbO partially prevented acclimation to higher temperature and the lack of 

either PsbO or PsbV led to failure in developing thermotolerance when the mutants are 

grown at higher temperatures (Kimura et al., 2002). This suggests that the stability of PS 

II maintained by the lumenal extrinsic subunits is essential for thermotolerance; however, 

the mechanism is yet to be identified.  

The inactivation of PsbU in Synechococcus elongatus PCC 7942 (hereafter S. 

elongatus) showed an increased rate of D1 degradation under both high and low light 

conditions (Balint et al., 2006) and inhibition of the recombination reaction between QA
- 

and the S2 state of the OEC in the presence of DCMU has been observed (Shen et al., 

1997; Inoue-Kashino et al., 2005). When the mutant was given H2O2 or methyl viologen, 

it exhibited greater resistance to these ROS-producing treatments and the existence of up-

regulated antioxidant enzymes it the mutant was reported, this suggested that removal of 

PsbU may lead to the increase of ROS production in the ∆PsbU cells (Balint et al., 2006). 

1.4.3 PsbV 

The PsbV subunit is an ~15 kDa cytochrome with a covalently bound heme-group 

(Shen and Inoue, 1993; Kerfeld and Krogmann, 1998; Shen et al., 1998), and is also 

known as cytochrome c550. The heme is covalently bound to two cysteine residues and 

non-covalently coordinated by two histidine ligands (Frazao et al., 2001; Sawaya et al., 

2001; Kerfeld et al., 2003). PsbV is located near the lumenal region of the CP43 and D1 

subunits and may contribute to a proton-exit channel with these subunits for proton-
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coupled electron transfer via YZ (Umena et al., 2011; Suga et al., 2015). PsbV can bind 

to PS II complexes independently of PsbO in cyanobacteria, although PsbO and PsbU are 

required for full binding of PsbV and maximal oxygen evolution rates (Shen and Inoue, 

1993). However, PsbV in red algae is unable to bind to PS II complexes independently of 

the other extrinsic proteins (Enami et al., 1998), which is indicative of differences 

between PsbV binding sites in cyanobacteria and red algae (Enami et al., 2003).  

A Synechocystis 6803 mutant lacking PsbV showed a 40% reduction in functional 

PS II and exhibited rates of oxygen evolution that were 60% of those observed for wild-

type cells (Shen et al., 1995). The ∆PsbV mutant also increased its photoautotrophic 

growth doubling time by a factor of 2 and the PsbV cells were unable to grow in calcium-

limiting or chloride-limiting media (Shen et al., 1998; Morgan et al., 1998; Summerfield 

et al., 2005b), which suggests that PsbV maintains the proper ion environment within the 

OEC. The S3→[S4]→S0 transition of the mutant was also observed to be slowed using 

flash oxygen yield experiments, and the overall stability of PS II is greatly reduced using 

dark or heat treatments (Shen et al., 1998). The combination of removing either PsbO or 

CyanoQ in the Synechocystis 6803 ∆PsbV background created mutants that could not 

grow photoautotrophically in standard medium (Shen et al., 1995; Summerfield et al., 

2005a), which indicates that the combined removal of PsbV with either PsbO or CyanoQ 

has significant impact on PS II stability and function.  

The T. elongatus ∆PsbV mutant exhibited a less severe phenotype for 

photoautotrophic growth and oxygen evolution rates than the ∆PsbV Synechocystis 6803 

mutant and the thermophilic T. elongatus strain lacking PsbV did not exhibit the same PS 

II instability during dark or heat treatments that were seen in the corresponding 

Synechocystis 6803 mutant (Kirilovsky et al., 2004). Nonetheless, the T. elongatus ∆PsbV 

mutant was unable to grow in calcium- or chloride-limiting medium (Katoh et al., 2001; 

Kirilovsky et al., 2004). Some cyanobacteria including T. elongatus contain a second 

copy of the psbV gene that encodes a PsbV2 protein, which lacks one of the histidine 

residues that provide a ligand to the heme and the ligand is likely provided by a tyrosine 

residue instead (Kerfeld et al., 2003). However, the PsbV2 protein does not contribute 

much to PS II function under normal conditions as its gene expression is detected at very 

low levels (Kerfeld et al., 2003). If either psbV or psbV2 from T. elongatus are expressed 

in the Synechocystis 6803 ∆PsbV mutant the presence of either T. elongatus genes 
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restored photoautotrophic growth to be similar to wild type and reversed to varying 

degrees the sensitivity to calcium- or chloride-limiting conditions, which indicated that 

PsbV2 can partially replace the role of PsbV in PS II (Katoh et al., 2001).  

Unlike similar cytochrome c proteins which exhibit a midpoint potential (Em) of 

+0 mV or more, the Em of soluble PsbV was found to be approximately -250 mV in 

various cyanobacteria (Holton and Myers, 1963; Alam et al., 1990; Hoganson et al., 1990; 

Kirilovsky et al., 2004). However, more recently it has been found that the Em of PsbV 

bound to PS II is approximately +200 mV (Guerrero et al., 2011; Roncel et al., 2012), 

indicating that the physical association of PsbV with PS II greatly affects its Em and 

suggests the possibility that electron transfer reactions could occur between the heme 

group and the Mn4CaO5 cluster (Guerrero et al., 2011). 

1.4.4 CyanoP  

The CyanoP subunit is an antiparallel β-sheet sandwiched between α-helices, 

which is related to A. thaliana PsbP-like PPL1 protein (Ishihara et al., 2007; Jackson et 

al., 2012), and it was first identified in isolated Synechocystis 6803 PS II complexes 

(Kashino et al., 2002). Phylogenetic studies showed that PsbP-like proteins are found in 

all oxygenic photosynthetic organisms (De Las Rivas et al., 2004; Ifuku et al., 2008; Sato, 

2010). CyanoP in Synechocystis 6803 contains a lipobox for signal-peptide cleavage and 

lipidation at a conserved cysteine residue similar to CyanoQ (Thornton et al., 2004). 

CyanoP is not released by salt washes which released other PS II extrinsic proteins, and 

Edman degradation for sequencing CyanoP is blocked (Ishikawa et al., 2005), which 

suggested that CyanoP is lipidated at its N-terminus. A number of zinc or manganese ions 

have been observed in the crystal structures of CyanoP from cyanobacteria and PsbP from 

higher plants (Ifuku et al., 2004; Michoux et al., 2010; Kopecky et al., 2012; Cao et al., 

2015). CyanoP was not present in Synechocystis 6803 PS II-lacking mutants, which 

indicated that the expression of CyanoP requires the presence of PS II (Ishikawa et al., 

2005).  

A Synechocystis 6803 ∆CyanoP strain showed similar or slightly lower 

photoautotrophic growth rates compared to wild type in normal, calcium-limiting or 

chloride-limiting media (Thornton et al., 2004; Ishikawa et al., 2005; Summerfield et al., 
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2005b). The oxygen evolution rate of the mutant grown in CaCl2-depleted medium was 

37% less than wild type (Thornton et al., 2004) while PS II complexes isolated from the 

mutant in the presence of reduced calcium levels showed reduced oxygen evolution rates 

compared to those isolated from wild type under the same condition, which suggested 

that CyanoP is necessary for optimal PS II activity in reduced calcium conditions 

(Thornton et al., 2004). The lack of PsbO, PsbU, PsbV or CyanoQ in the ∆CyanoP 

background showed little or no additional change of photoautotrophic growth and oxygen 

evolution in normal, calcium-limiting or chloride limiting media for any of the double 

mutants (Summerfield et al., 2005b). At this time several ∆CyanoP mutants have been 

characterised in different laboratories but as yet no clear phenotype for a role of CyanoP 

in the assembled PS II complex has been observed (Thornton et al., 2004; Ishikawa et al., 

2005; Summerfield et al., 2005b; Sveshnikov et al., 2007; Abasova et al., 2011; Aoi et 

al., 2014). However, competitive growth experiments between the wild type and various 

∆CyanoP mutants showed a selective advantage for the presence of CyanoP, which 

confirmed its functional significance (Sveshnikov et al., 2007). 

The role of CyanoP in Synechocystis 6803 PS II assembly has been studied by 

characterising ∆CyanoP:∆Ycf48 mutant relative to ∆CyanoP and ∆Ycf48 strains 

(Jackson and Eaton-Rye, 2015). Despite the phenotype of the ∆CyanoP:∆Ycf48 mutant 

is similar to the ∆Ycf48, strain alteration in the energetic coupling of the phycobilisomes 

to PS II was observed, and the amount of assembled PS II in the ∆CyanoP:∆Ycf48 mutant 

was more than in the ∆Ycf48 mutant, which suggests that the presence of CyanoP hinders 

PS II assembly in the absence of Ycf48. Additional in vitro protein interaction 

experiments have indicated that a CyanoP-binding site is localised in the centre of PS II 

at a position occupied by the PsbO subunit in the assembled PS II complex and possibly 

interacting with the D1 and D2 subunits (Cormann et al., 2014). Additionally, in vitro 

reconstitution experiments showed selective binding of CyanoP to the inactive PS II 

monomer which lacks PsbO, PsbU, and PsbV. The role of CyanoP in optimising the 

formation of the reaction centre assembly complex is supported by the accumulation of 

newly synthesised unassembled D1 precursor in the absence of CyanoP in both wild type 

and ∆CP47 backgrounds, and a decreased accumulation of the RC complex in the 

∆CyanoP:∆Psb27 strain has been observed. Furthermore, pull-down experiments with 

strains lacking either the D1 or D2 subunits showed that CyanoP binds to the D2 subunit 
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and/or components associated with the D2 assembly module consisting of D2 and the 

PsbE and PsbF subunits (Knoppová et al., 2016).  

1.4.5 CyanoQ 

The CyanoQ subunit is a four-helix bundle structure arranged in an up-down-up-

down manner (Jackson et al., 2010), which is related to the A. thaliana PsbQ-1 and PsbQ-

2 proteins (Ifuku et al., 2011), and it was first discovered during the analysis of the 

complete protein complement of isolated Synechocystis 6803 PS II complexes (Kashino 

et al., 2002). CyanoQ in Synechocystis 6803 and T. elongatus contains a lipid 

modification at a cysteine residue at the N-terminus and a signal-peptide cleavage site 

(Thornton et al., 2004; Ujihara et al., 2008; Fagerlund and Eaton-Rye, 2011). However, 

CyanoQ was not present in Gloeobacter violaceus (Thornton et al., 2004) and marine 

Prochlorococcus strains (De Las Rivas and Barber, 2004). Both CyanoQ and PsbQ bind 

zinc, despite the difference in binding site locations, and zinc is required for PsbQ 

crystallisation, but not necessary for CyanoQ crystallisation (Jackson et al., 2010).  

 

Figure 1.12: Docking of T. elongatus CyanoQ, modelled from Synechocystis 6803 CyanoQ structure 

(PDB: 3LS0; Jackson et al., 2010), to T. vulcanus PS II (PDB: 3WU2; Umena et al., 2011). The 

orientation is looking down from the lumenal side of the membrane. The putative oxygen channel predicted 

by the CAVER program is shown in grey and begins at Mn1 of the Mn4CaO5 cluster, with water (red 

spheres) and glycerol from the PDB: 3WU2 shown. The PS II subunits are coloured as follows: D1 in red, 

D2 in orange, CP43 in cyan, PsbE in magenta, PsbF in blue, PsbJ in deep teal and PsbV in pale green. The 

ions are shown as spheres and coloured as follows: calcium in yellow, chloride in green and magnesium as 

purple. Helices of CyanoQ are coloured from red (N-terminus) to blue (C-terminus). Figure adapted from 

Bricker et al. (2012). 
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CyanoQ is found to be crosslinked to PsbO and CP47 subunits using chemical 

crosslinking and tandem mass spectrometry data from Synechocystis 6803 (Liu et al., 

2014) and present at similar levels to the CP47 subunits which suggests that one or more 

CyanoQ subunits are present with each PS II complex (Thornton et al., 2004; Liu et al., 

2015). Despite CyanoQ not being found in PS II crystal structures from T. elongatus and 

T. vulcanus (Ferreira et al., 2004; Loll et al., 2006; Umena et al., 2011; Suga et al., 2015), 

in silico docking studies using the T. elongatus 3.0 Å crystal structure (PDB: 2AXT) and 

T. vulcanus 1.9 Å crystal structure (PDB: 3WU2) proposed that CyanoQ positioned next 

to PsbV and below the exit of a putative oxygen exit channel, in proximity of OEC and 

CP43 (Fagerlund and Eaton-Rye, 2011; Bricker et al., 2012). 

A Synechocystis 6803 ∆CyanoQ mutant exhibited lower oxygen evolution rates 

compared to wild type in medium lacking addition of calcium and chloride (Thornton et 

al., 2004), but photoautotrophic growth of the mutant was similar to wild type in calcium-

limiting or chloride-limiting media (Thornton et al., 2004; Summerfield et al., 2005a). 

However, the ∆CyanoQ mutant was unable to grow in medium lacking calcium, chloride, 

and iron whereas wild type remained photoautotrophic (Summerfield et al., 2005a) which 

suggests that CyanoQ may confer an advantage to cells under nutrient-limiting conditions. 

Phenotypic analyses of double mutants lacking CyanoQ and other extrinsic proteins have 

also been performed to investigate the role of CyanoQ (Summerfield et al., 2005a). The 

photoautotrophic doubling time of the ∆PsbU:∆CyanoQ strain and the ∆PsbO:∆CyanoQ 

strain were similar or slightly extended compared to the ∆CyanoQ mutant in normal or 

chloride-limiting media, while photoautotrophic growth in the ∆PsbU:∆CyanoQ mutant 

was extended by 30 h in calcium-limiting conditions. Likewise, the ∆PsbV:∆CyanoQ 

could not grow photoautotrophically in normal BG-11 medium; however, 

photoautotrophic growth could be restored in this strain when the mutant was grown at 

pH 10 which is similar to ∆PsbO:∆PsbU double mutant (Eaton-Rye et al., 2003; 

Summerfield et al., 2005a; Summerfield et al., 2007). Isolated PS II complexes lacking 

CyanoQ showed lower levels of PsbV compared to wild type (Kashino et al., 2006; Roose 

et al., 2007a), greater sensitivity to the reducing agent hydroxylamine (NH2OH), which 

can extract the Mn from the OEC, compared to wild type (Kashino et al., 2006), and 

greater oxygen-evolving activity in the presence of 20 mM CaCl2 compared to 5 mM 

CaCl2, unlike the wild type which exhibited similar rates in both concentrations (Thornton 
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et al., 2004; Kashino et al., 2006). This suggests that CyanoQ stabilises the binding of 

PsbV to PS II (Summerfield et al., 2005a; Kashino et al., 2006). 

 

1.5 Aims of this investigation 

The assembly of PS II involves the initial joining of the D1 and D2 pre-assembly 

complexes followed by the sequential addition of the CP47 and CP43 pre-complexes. 

Each of the four pre-complexes associates with specific low-molecular-weight proteins; 

however, the stage at which PsbJ associates with PS II is not yet clarified. In addition, the 

stage at which the extrinsic proteins bind to PS II remains to be established. The primary 

focus of this investigation was to find out whether PsbJ plays a role in biogenesis as well 

as affecting the electron acceptor side of PS II and to determine if the extrinsic proteins 

influence the effect of PsbJ on biogenesis (or vice versa). To undertake this study double 

mutants lacking PsbJ and the extrinsic proteins were generated and characterised which 

will help formulate new hypotheses for when and how these subunits act in biogenesis 

and in PS II activity. Characterisation such as photoautotrophic growth rate, oxygen 

evolving activity, electron transfer activity, and the PS II assembly were carried out on 

these mutants which are further explained in Chapter 3. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Chemicals and equipment 

Analytical grade reagents were used throughout the study. The chemicals and 

equipment were supplied by Agilent Technologies (USA), Agrisera (Sweden), AJAX 

chemicals (Australia), BioRad (USA), Chemservice (USA), DBH chemicals Ltd. 

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

Thermo Fisher Scientific Inc. (USA). 

 

2.2 Methods 

2.2.1 Standard practice 

Standard microbiological techniques were used throughout the study, making use 

of laminar flow cabinets whenever necessary to maintain a sterile working environment. 

All solutions were made from distilled deionised water from a Millipore Milli-Q Plus® 

water system (Millipore, MA, USA) and where necessary this was sterilised either by 

autoclaving, for 20 min at 15 psi and 250°C, or with sterile filters. 

2.2.2 Molecular biology 

2.2.2.1 Restriction endonuclease digests 

Restriction enzymes used for plasmid digests were obtained from either Roche 

(Germany) or New England Biolabs (USA). Plasmid digests were carried out according 

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

enzyme buffer and 0.5 µg of DNA. Typically, 0.5 µL restriction enzyme was used per 

reaction, and reactions incubated at the indicated temperature at required time based on 

manufacturer’s instructions. 
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2.2.2.2 Polymerase chain reaction (PCR) 

Colony PCR: Colony PCR was used to verify segregation of mutations introduced 

into Synechocystis 6803. The reactions were performed in 12.5 μL 2x KAPA Plant PCR 

buffer, 0.75 μL 10 μM forward primers, 0.75 μL 10 μM reverse primers, 0.75 μL 25 mM 

MgCl2, 1 μL template DNA, sterile water to make a total volume of 24.8 μL and 0.2 μL 

2.5 U/μL KAPA3G Plant DNA polymerase (Kapa Biosystems, USA). The template DNA 

was a whole cell suspension made by mixing a single colony taken off a plate with 20 μL 

sterile distilled water. The PCR amplification in colony PCR was carried out as per the 

cycling conditions mentioned below (Table 2.1). The annealing temperatures were 

increased to 65°C, 60°C and 56°C, respectively, if there were non-specific bands. 

Table 2.1: KAPA3G Cycling Protocol. 

Initial denaturation 95°C 10 minutes 1 cycle 

Denaturation 95°C 20 seconds 14 cycles 

Annealing 60°C 20 seconds 

Extension 72°C 2 minutes 

Denaturation 95°C 20 seconds 13 cycles 

Annealing 56°C 20 seconds 

Extension 72°C 2 minutes 

Denaturation 95°C 20 seconds 13 cycles 

Annealing 52°C 20 seconds 

Extension 72°C 2 minutes 

Final extension 72°C 5 minutes 1 cycle 

 

2.2.2.3 Agarose gel electrophoresis 

Ten microlitres of restriction digested or PCR products was mixed with 2 µL of 

6× DNA loading dye and then loaded onto 0.8% agarose gel in TBE buffer and run at 

100 V for 50 min. The gel was then stained with 0.25 µg.mL-1 ethidium bromide, which 

was dissolved in deionised water, and then visualised via UV transilluminator and 

Molecular Imaging software (Kodak, USA).  
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5× TBE buffer: 445 mM Tris, 445 mM boric, 10 mM EDTA pH 8.0 

6× DNA loading dye: 0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol. 

2.2.2.4 Primers 

Oligonucleotide primers were obtained from either Genset Oligos (CA, USA) or 

Integrated DNA Technologies (Singapore). Table 2.2 details the primers used for colony 

PCR in this project. 

Table 2.2: Primer sequences. 

Primer Sequence (5’ – 3’) 

PsbJ Forward ACAACTCCAGTTCAGCACCG 

PsbJ Reverse AATAGGGATTTGCCCCTAGC 

CyanoP Forward AACCACCGACAGTAGTAAGC 

CyanoP Reverse CCACCTGTGTGTTATTCGGT 

CyanoQ Forward ATGAGGGAACGGAAGCGAGAG 

CyanoQ Reverse CTCAAGTCCACATAGGTGCC 

PsbO Forward CTGCTCCAGGCTTTCCTGCAA 

PsbO Reverse ACGCCGAACTGAGGAAGAGCA 

PsbU Forward CCTACTGGTTGCGTGTAGCGATTTATTCA 

PsbU Reverse CTTCCTCTACGGTGTCGTAGAGGTCAGA 

PsbV Forward CACCATGGTCGGCAGTGCGATTTATTCAACAAAG

CCACG 

PsbV Reverse GGTAGATGTCGGGACGAGGTCAGAATAGCGCTG

AGGTCTGC 
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2.2.3 Escherichia coli 

2.2.3.1 Organism maintenance and growth 

The Escherichia coli (E. coli) strain DH5α (obtained from Sigma-Aldrich, USA) 

was grown in liquid lysogeny broth (LB) or on solid LB agar plates. Cells were 

maintained at 37°C and selected for with the appropriate antibiotics (Table 2.3). 

LB media: 1% bactotryptone, 0.5% yeast extract, 1% NaCl, 1.5% bacteriological agar 

(for solid media only). 

Table 2.3: Antibiotics required for the selection of successful E. coli transformants. 

Antibiotic Final Concentration Medium Storage 

Temperature 

Spectinomycin 50 μg.mL-1 H2O, filter sterilised 4°C 

Kanamycin 50 μg.mL-1 H2O, filter sterilised 4°C 

Chloramphenicol 30 μg.mL-1 Ethanol -20°C 

Ampicillin 500 μg.mL-1 H2O, filter sterilised 4°C 

 

2.2.3.2 Transformation of competent cells 

For E. coli transformation, a 1 μg.μL-1 sample of plasmid was added to a thawed 

aliquot of competent cells and incubated on ice for 30 min. The cells were then heat 

shocked at 37°C for 2 min and rapidly transferred to ice for 3 min. After the addition of 

800 μL of LB media to the microfuge tube, the cells were incubated on a rotating platform 

for 90 min at 37°C. Cells were spun down at 12000×g for 30 s, then re-suspended in 200 

μL LB media, then 50 μL of the sample were plated on LB agar plates containing 

appropriate antibiotics. Plates were incubated at 37°C overnight. 

2.2.3.3 Plasmid DNA extraction 

Purification of replicated plasmids was achieved using either NucleoSpin® 

Plasmid Kit (Macherey-Nagel, Germany) or Presto™ Mini Plasmid Kit (Geneaid, Taiwan) 

following the instructions provided by the manufacturers. 
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2.2.4 Synechocystis sp. PCC 6803 

2.2.4.1 Strains 

The wild-type cyanobacterium used throughout the study was a glucose-tolerant 

strain of Synechocystis 6803 (Williams, 1988) referred to as GT-O1 (glucose tolerant 

Otago1) (Morris et al., 2014). The GT-O1 strain was obtained from laboratory freezer 

stocks. All single mutant strains were obtained from laboratory stocks which were created 

by previous lab members in the GT-O1 genetic background. The double mutant strains in 

this study were made and the procedure is written in section 2.2.4.3. 

2.2.4.2 Organism maintenance and growth 

Strains were maintained on BlueGreen Medium (BG-11) solid agar plates 

supplemented with 5 mM glucose, 20 μM atrazine, 10 mM TES/NaOH (pH 8.2) and the 

appropriate antibiotics (Table 2.4). Cells were re-streaked onto fresh plates every 3 weeks. 

Liquid cell cultures were grown in BG-11 media supplemented with 5 mM glucose and 

the appropriate antibiotics in modified Erlenmeyer flasks (Figure 1 in Eaton-Rye, 2011). 

The flasks were connected to an aquarium pump equipped with a filter apparatus to supply 

filtered aeration. Both plates and liquid cultures were kept under constant illumination 

(30 μE.m-2.s-1) at 30°C. 

Table 2.4: Antibiotics required for the selection of Synechocystis 6803 mutants. 

Antibiotic Final Concentration Medium Storage 

Temperature 

Spectinomycin 25 µg.mL-1 H2O, filter sterilised 4°C 

Kanamycin 25 µg.mL-1 H2O, filter sterilised 4°C 

Chloramphenicol 15 µg.mL-1 Ethanol -20°C 

BG-11 media: 1× BG-11 (without Fe, PO4
3- and CO3

2-); 6 μg.mL-1 ferric ammonium 

citrate; 20 μg.mL-1 Na2CO2; 30.5 μg.mL-1 K2HPO4 
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100× BG-11 (without Fe, PO4
3- and CO3

2-): 1.76 M NaNO3; 30.4 mM MgSO4.7H2O; 

24.5 mM CaCl2.2H2O; 2.86 mM C6H8O7 (citric acid); 0.22 mM NaEDTA, (pH 8.0); 10% 

(v/v) trace minerals 

Trace minerals: 46.26 mM boric acid (H3BO3); 8.9 mM MnCl2.4H2O; 0.77 mM 

ZnSO4.7H2O; 0.32 mM CuSO4.5H2O; 1.61 mM Na2MoO4.2H2O; 0.17 mM 

Co(NO3)2.6H2O 

2.2.4.3 Transformation 

Liquid cultures were grown to an optical density at 730 nm (OD730 nm) of 0.6-0.8 

(measured with a Thermo Scientific Evolution 201 UV/Vis spectrophotometer). Cells 

were centrifuged at 2760×g for 10 min at 25°C and resuspended in BG-11 media to an 

OD730 nm of 2.5. Five hundred microlitres of cells along with approximately 8-10 μL of 

plasmid DNA was added to a sterile 15 mL Falcon® tube and incubated for 6 h at 30°C 

under 30 μE.m-2.s-1 constant illumination. Five millimolar glucose was added to the 

samples and left shaking for 12-16 h at 30°C under 30 μE.m-2.s-1 constant illumination. 

The samples were then transferred to plates containing 5 mM glucose and appropriate 

antibiotics. After approximately 2-3 weeks, single colonies were picked and re-streaked 

until the desired mutation had been completely segregated in all copies of the 

Synechocystis 6803 genome. Colony PCR was performed to verify complete segregation 

(see 2.2.2 for colony PCR protocol and 2.2.3 for primers sequence). In this study, plasmid 

containing the psbEFLJ operon with the spectinomycin-resistance cassette (SpecR) 

inserted to disrupt the psbJ gene was used and transformed into Synechocystis 6803 

strains with individual extrinsic proteins inactivated. 

2.2.4.4 Photoautotrophic growth curve 

Wild type and mutant Synechocystis 6803 strains were grown in 150 mL BG-11 

media containing 5 mM glucose and appropriate antibiotics to an OD730 nm of 0.8-1.0. The 

cells were then washed to remove glucose, diluted to an OD730 nm of 0.05 and grown at 

30°C under 30 μE.m-2.s-1 constant illumination in BG-11 with appropriate antibiotics 

(Eaton-Rye, 2011). Growth was determined by OD730 nm measurements every 24 h over 

7 days. The doubling time of the strains was calculated using the following equation from 
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Roth V. 2006 Doubling Time Computing (available from: http://www.doubling-

time.com/compute.php). 

Doubling Time =  
duration × log(2)

log(final OD730 nm) − log(initial OD730 nm)
 

2.2.4.5 Harvesting liquid cultures for physiological characterisation 

and chlorophyll determination 

Liquid cultures were set up and grown to an OD730 nm of 0.8-1.0. Cells were 

centrifuged at 2760×g for 10 min at 25°C and re-suspended in BG-11 containing 25 mM 

HEPES/NaOH pH 7.5 to obtain a chlorophyll a concentration of 10 μg.mL-1. Cell 

suspensions were incubated in a 50 mL conical flask for 30 min at 30°C under 30 μE.m-

2.s-1 constant illumination on a shaker (50-100 rpm) after which aliquots were used for 

physiological assays performed in this study. 

The chlorophyll a concentration of cell suspension was measured by the process 

described by Mackinney (1941), which samples diluted with either 100% methanol (for 

whole cell samples) or 80% acetone (for thylakoid samples) and centrifuged at 13400×g 

for 5 min. 

2.2.4.6 Low temperature (77 K) fluorescence emission spectra 

Five hundred microlitres of light-adapted cells at a chlorophyll a concentration of 

2.5 μg.mL-1 were snap frozen, using liquid nitrogen, in glass tubes (6 mm outer diameter, 

4 mm inner diameter). A modified MPF-3L fluorescence spectrometer (Perkin Elmer, 

USA) equipped with a custom-made, silver-lined liquid nitrogen Dewar (Jackson et al., 

2014) was used. The excitation and emission slit widths were set at 12 and 2 nm, 

respectively, for the data collected at an excitation peak of 440 nm. At an excitation peak 

of 580 nm, slit widths of 8 and 2 nm were used. Emission spectra were collected at a scan 

rate of 100 nm.min-1. For each strain three independent experiments were carried out, 

each consisted of two technical replicates. The normalisation of the spectra was 

performed based on baseline subtraction (see Appendix I for the R script baseline 

http://www.doubling-time.com/compute.php
http://www.doubling-time.com/compute.php
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subtraction in R file) which approximated emission maxima using Gaussian curves, and 

normalisation to the maxima of PS I emission at 725 nm (Jackson and Eaton-Rye, 2015).  

2.2.4.7 Oxygen evolution 

Oxygen evolution measurements were performed in 1 mL volumes using a 

Clarke-type electrode (Hansatech, UK) maintained at 30°C by a recirculating water bath. 

Samples were measured at a chlorophyll a concentration of 10 µg.mL-1 in the presence 

of 200 µM 2,6-dichloro-1,4-benzoquinone (DCBQ) or 250 µM 2,6-dimethoxy-1,4-

benzoquinone (DMBQ), both were maintained in the oxidised state with the addition of 

1 mM potassium ferricyanide (K3[Fe(CN)6]), or 15 mM sodium bicarbonate. Illumination 

of the samples was provided by an FLS1 light source (Hansatech, UK) equipped with a 

580 nm long-pass filter (Melles Griot, USA) and fibre optic cable assembly. The photon 

flux output at the chamber end of the cable was 8000 µE.m-2.s-1. Data presented are from 

at least three independent experiments. The average rate of oxygen evolution was 

calculated using the formula below, where 0.235 µmol O2.mL-1 refers to the amount of 

O2 dissolved at 30°C. The calibration voltage is the value for oxygen-saturated water, 

while the slope was taken from a 30 s window starting at 30 s after illumination. The data 

collection and data normalisation were performed as described in Bentley et al. (2008). 

μmol O2. mg−1Chl 𝑎. h−1 =
(0.235 μmol O2.mL−1)×(sample volume,mL)×(60 min.h−1)×(slope,mV.min−1)

(Calibration voltage,mV)×(Chl 𝑎,mg.mL−1)×(3 mL)
  

2.2.4.8 Room temperature variable chlorophyll a fluorescence 

measurements and analyses 

Room temperature variable chlorophyll a fluorescence measurements were 

performed using a FL-3300 fluorometer (PSI instruments, Czech Republic) equipped 

with blue light emitting diodes (455 nm peak wavelength) for actinic illumination. Probe 

flashes employed blue measuring flashes (BMF, 455 nm) with a 3 µs duration. Two 

millilitres of cells at a chlorophyll a concentration of 5 µg.mL-1 were dark adapted for 8 

min prior to measurement. Where indicated, the final concentration of 50 µM 3-(3,4-

dichlorophenyl)-1,1-dimethylurea (DCMU) was added 2 min after the beginning of dark 

adaptation. For the fluorescence induction experiments, four BMF pulses spaced at 200 
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ms intervals were used to determine the FO level followed by the blue actinic light (set at 

50% intensity). A logarithmic series of BMF was used to probe fluorescence induction 

for 10 s (refer Appendix I for program details in EXP file). For the fluorescence decay 

experiments, four BMF pulses spaced at 200 ms intervals were used to determine the FO 

level followed by a 30 µs saturating actinic flash, and then a logarithmic series of BMF 

up to a 1 min timescale was applied (refer Appendix I for program details in EXP file). 

The data collection, data normalisation, and data analysis were performed as described in 

Jackson and Eaton-Rye (2015). 

The analysis of fluorescence relaxation kinetics was performed by fitting two 

exponential phases and one hyperbolic phase based on the following equation from Vass 

et al. (1999): 

Ft – FO = A1exp(-x/T1) + A2exp(-x/T2) + A3/(1+x/T3) 

The Ft represents the variable fluorescence at a given time point after the saturating single-

turnover flash; the FO represents the initial fluorescence before the saturating single-

turnover actinic flash; A1-A3 are the percentage amplitudes of each component of the 

decay; and the T1-T3 are the time constants from which half-times can be calculated using 

half time = ln(2)/Tn for the exponential components and the half time = T3 for the 

hyperbolic component (Vass et al., 1999).  

In the presence of DCMU, the decay can be satisfactorily fitted with one 

exponential phase and one hyperbolic phase based on the following equation (Fufezan et 

al., 2007):  

Ft – FO = A1exp(-x/T1) + A2/(1+x/T2) + c 

The c is a constant (an amplitude offset), A1-A2 are the amplitudes of each component 

and T1-T2 are the time constants. 

2.2.4.9 Thylakoid membranes preparation 

Cells were grown to an OD730 nm of 1.0 in 1 L culture flasks, harvested by 

centrifugation at 4000×g for 10 min and resuspended in 40 mL cell wash buffer in 50 mL 
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Falcon® tubes before second centrifugation. Cell pellets were snap-frozen in liquid 

nitrogen and stored at -80⁰C until membrane isolation. Thawed cell pellets were rewashed 

in 40 mL cell wash buffer in fresh, chilled 50 mL Falcon® tubes, centrifuged, and the 

pellets are resuspended in 1.6 mL disruption buffer per litre of initial culture at 4⁰C before 

incubation on ice for 30 min in the dark. The cell pellets were then split evenly to two 2 

mL bead beating tubes per litre of initial culture which contained 700 µL equivalent 

volume of 0.1 mm zirconia beads per tube, then lysed by bead beating using a Mini-

Beadbeater (BioSpec Products, Inc., USA). Cells were broken through five cycles of bead 

beating, each consisted 25 s at 4800 rpm with 5 min rests on ice. Beads and unbroken 

cells were removed by centrifugation twice at 2000×g for 2 min and once at 8000×g for 

5 min. Total membranes were pelleted by ultracentrifugation at 60000×g for 1 h at 4°C 

using 10 mL Beckman ultracentrifuge tubes in a 75 Ti rotor (Beckman-Coulter, USA), 

resuspended in disruption buffer using a paintbrush, pelleted again at 60000×g for 25 min 

at 4°C to wash away excess phycobilisome proteins and finally resuspended in 

solubilisation buffer. Isolated thylakoids were aliquoted into 1.5 mL microcentrifuge 

tubes and stored at -80°C. 

Cell wash buffer: 50 mM HEPES/NaOH pH 7.2; 20 mM CaCl2; 10 mM MgCl2; 2 mM 

benzamidine; 1 mM 6 amino-caproic acid; 1 mM phenylmethylsulfonyl fluoride (PMSF) 

Disruption buffer: 1 M betaine monohydrate; 800 mM sorbitol; 50 mM HEPES/NaOH 

pH 7.2; 20 mM CaCl2; 10 mM MgCl2; 2 mM benzamidine; 1 mM 6 amino-caproic acid; 

1 mM PMSF 

Solubilisation buffer: 25 mM Bis-Tris-HCl pH 7.0; 20% w/v glycerol; 0.25 mg.mL-1 

Pefabloc 

2.2.4.10 Blue-native polyacrylamide gel electrophoresis (BN-PAGE) 

Thylakoid membranes at a concentration of 0.5 mg chlorophyll a per mL were 

solubilised by incremental addition of 0.5 volumes of solubilisation buffer containing 2% 

β-dodecyl maltoside (Anatrace, USA) and incubated on ice for a minute. Insoluble 

material was removed by centrifugation at 16000×g for 18 min. Samples containing 1 µg 

chlorophyll a equivalent of solubilised material were loaded on to precast 4-16% Bis-Tris 
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gradient gels (Life Technologies, USA) and run at 4°C, 80 V for 2 h 30 min in 1× anode 

buffer and 1× dark blue cathode buffer, then 100 V for 30 min and 150 V for 3 h 30 min 

in 1× anode buffer and 1× light blue cathode buffer.  

10× BN-PAGE running buffer: 50 mM BisTris; 50 mM Tricine pH 6.8. 

10× cathode buffer additive: 0.2% Coomassie G-250 in distilled deionised water. 

1× anode buffer: 10× BN-PAGE running buffer diluted to 1×. 

1× dark blue cathode buffer: 10× BN-PAGE running buffer diluted to 1×; 10× cathode 

buffer additive diluted to 1×. 

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

of 10× cathode buffer additive. 

2.2.4.11 Western blotting 

The BN-PAGE gels containing the proteins were soaked in pre-chilled electroblot 

buffer for 10 min, along with the components of the transfer sandwich which consisted 

of the following vertical layers arranged sequentially within the cassette: scotch pad; 

3MM Whatman filter paper; equilibrated BN-PAGE gel; polyvinylidene difluoride 

(PVDF) membrane (BioRad, USA); 3MM Whatman filter paper; scotch pad. The PVDF 

membrane was soaked in 100% methanol for 1 min before assembly of the transfer 

sandwich. The BN-PAGE gels were transferred to PVDF membrane via electroblotting 

at 35 V for 16 h at 4°C in electroblot buffer with gentle stirring using a plastic magnetic 

stirrer.  

After the transfer was completed, the transfer sandwich was disassembled, and 

the membranes were washed with distilled deionised water and air-dried on 3MM 

Whatman filter paper using a fan. Coomassie stain was removed from the dried 

membranes by washing in 100% methanol for 2-3 min (longer if there were remaining 

stain) followed by two distilled deionised water washes. Membranes were then blocked 

using Blot-O for 16 h at 4⁰C on a shaker set at 150 rpm, followed by two 10 min distilled 

deionised water washes on a rocker (room temperature), then incubated with 25 mL of 
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primary antibody for 16 h at 4⁰C (gentle rocking). The primary antibodies for the CP47 

(PsbB) and CP43 (PsbC) subunits were obtained from Agrisera, Sweden.  

After incubation, the primary antibody was poured off and saved. Membranes 

were then washed with 0.1% Tween-20 in TBS (pH 7.4) for 15 min once and 5 min twice 

on a rocker (room temperature) before incubation with the secondary antibody (Sigma, 

USA) for 2 h at room temperature (gentle rocking). The secondary antibody was then 

discarded, and the membranes were washed with 0.1% Tween-20 in TBS (pH 7.4) for 5 

min thrice. The membranes were incubated in Pierce™ ECL Western Blotting Substrate 

(ThermoFisher Scientific, USA) for 1 min before detection using an Odyssey® Fc 

imaging system (LI-COR Biotechnology) set to chemiluminescence mode. 

Electroblot buffer: 25 mM Tris; 192 mM glycine; 20% v/v methanol. 

Tris-buffered saline (TBS) pH 7.4: 137 mM NaCl; 2.7 mM KCl; buffered with 25 mM 

Tris and pH adjusted to 7.4 with 37% HCl. 

Blot-O solution: 4% bovine serum albumin (BSA); 0.02% sodium azide; TBS pH 7.4. 

Primary antibodies: α-CP47, raised in rabbit against PsbB (CP47) peptide (product 

number AS04 038); α-CP43, raised in rabbit against amino acids 257-450 of Arabidopsis 

thaliana PsbC (CP43) peptide (product number AS06 110); all purchased from Agrisera 

(Sweden) and diluted 1:2000-1:3000 in TBS pH 7.4 with 1% BSA and 0.02% NaN3. 

Secondary antibody: Anti-rabbit IgG peroxidase antibody produced in goat by Sigma, 

diluted 1:20000 in 50 mM Tris-HCl (pH 7.5); 150 mM KCl; 3% BSA in distilled 

deionised water (made fresh before use). 

2.2.5 Software used in this study 

 Inkscape: All figures in this thesis were either entirely or partly made using 

Inkscape vector graphics editor. 

Microsoft Office 365 suite: Microsoft Excel and Word were used for plotting 

graphs and writing the thesis. 
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PyMOL: For PS II crystal structure (PDB: 4UB8) analysis, PyMOL molecular 

visualisation software (Schrödinger, 2015) was used. All the figures involving protein 

structures were constructed using PyMOL version 2.1.1. 

 R studio: R studio suite was used for data analysis of low-temperature (77 K) 

fluorescence emission spectra. 

 SciDAVis: SciDAVis version 1.24 (http://scidavis.sourceforge.net) was used for 

room temperature fluorescence relaxation curve fits. 

 SnapGene Viewer: SnapGene Viewer was used for the plasmid visualisation and 

simulation of restriction digest results on an agarose gel.  



 

48 
 



 

49 
 

 

 

 

 

Chapter Three 

 

 

 



 

50 
 



 

51 
 

 3 The effect of removing Photosystem II PsbJ in 

mutants that lack the extrinsic proteins 

3.1 Background and objectives 

The PsbJ protein, a <5.0 kDa single membrane-spanning intrinsic subunit, is 

found to regulate forward electron flow from reduced QA to the plastoquinone pool (Regel 

et al., 2001; Ohad et al., 2004), while the extrinsic subunits (PsbO, PsbU, PsbV, CyanoP, 

and CyanoQ) optimise oxygen evolution at physiological calcium and chloride 

concentrations and stabilise the Mn4CaO5 cluster (Bricker et al., 2012; Roose et al., 2016). 

However, the stage at which these subunits bind to PS II remains to be established. 

The main objectives are to investigate: (1) whether PsbJ has a role in biogenesis 

as well as affecting the electron acceptor side of PS II; (2) if the extrinsic subunits bind 

to PS II during the early or late biogenesis stage, and (3) the interaction (direct or 

otherwise) between PsbJ and the extrinsic proteins. A series of mutants combining the 

removal of PsbJ with each of the extrinsic proteins were constructed in this study. 

Physiological characterisation of these mutants was performed and compared with the 

corresponding single mutants in order to study the effects on assembly and activity. 

3.1.1 Chapter outline 

 This chapter is divided into three sections, the first section shows the 

standardisation of experimental conditions using the wild type, ∆PsbA (triple deletion), 

∆PsbB, ∆PsbDI:∆PsbC and ∆PsbDI:∆PsbC:∆PsbDII strains, the second section shows 

the physiological characterisation of the ∆PsbJ strains lacking known extrinsic PS II 

subunits (PsbO, PsbU, and PsbV), while the third section shows the physiological 

characterisation of the ∆PsbJ strains lacking CyanoP and CyanoQ. The physiological 

characterisation of the mutants lacking PsbJ and the extrinsic proteins includes 

photoautotrophic growth, PS II assembly, oxygen-evolving capacity, and effects on 

chlorophyll a fluorescence.  
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3.2 Standardisation of experimental conditions 

The wild type, and the ∆PsbA (triple deletion), ∆PsbB, ∆PsbDI:∆PsbC and 

∆PsbDI:∆PsbC:∆PsbDII strains from previous lab members were used to standardise the 

experimental conditions. These mutants were selected as they lacked one or more core 

protein(s) and led to different arrested stages of PS II biogenesis thereby blocking 

assembly of PS II, for example, ∆PsbA had accumulation of the D2-Cyt b559 subcomplex, 

CP47 module, and CP43 module; ∆PsbB had accumulation of RC complex and CP43 

module; ∆PsbDI:∆PsbC had accumulation of RC complex (it had the psbDII gene to make 

D2) and CP47 module; while ∆PsbDI:∆PsbC:∆PsbDII had accumulation of the D1 

module and the CP47 module (Figure 1.6). 

3.2.1 Low temperature (77 K) fluorescence emission spectra 

Low temperature (77 K) fluorescence emission spectra measurements were 

performed to evaluate the levels or stoichiometry of the PS I and PS II complexes in all 

strains. Two different excitation wavelengths (440 nm and 580 nm) were used, where 440 

nm light excites the chlorophyll a of the samples directly, while 580 nm light excites the 

light-harvesting antenna protein complexes of the samples providing information on the 

coupling and energy transfer between the antenna protein complexes and the 

photosystems (Mullineaux and Emlyn-Jones, 2005).  

The 440 nm excitation gives 685 nm and 695 nm emission peaks from PS II and 

725 nm emission peak from PS I. The emission peak at 685 nm emission arises from 

CP43 in all CP43-containing PS II complexes (including fully assembled PS II) and 

unassembled CP47, while the emission peak at 695 nm arises from CP47 in fully 

assembled PS II complexes (Murata et al., 1966; Vermaas et al., 1994; Boehm et al., 

2011). The 580 nm excitation gives emission peaks from phycocyanin (650 nm) and 

allophycocyanin (665 nm), the terminal emitters phycobilisomes linker peptide ApcE and 

the PS II proximal antenna systems (685 nm; Joshua and Mullineaux, 2004), PS II core 

antenna (695 nm shoulder) and PS I (725 nm). During the initial measurements, the 

change in fluorescence emission of some mutants at different OD730 nm (indicating the 

turbidity and hence density or growth of the cultures) was observed. Cells at OD730 nm of 
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0.5, 1.0, 1.5 and 2.0 were then used to determine the effect of OD730 nm on fluorescence 

emission in each strain (Figure 3.1). 

The wild type showed little to no change in fluorescence emission at various 

OD730 nm values (Figure 3.1 A and F). During the excitation at 440 nm, a large 685 nm 

emission peak was observed in the ∆PsbA strain (Figure 3.1 B); however, this was not 

observed in the ∆PsbB, ∆PsbDI:∆PsbC and ∆PsbDI:∆PsbC:∆PsbDII cells (Figure 3.1 C-

E). In all strains, the emission at 685 nm decreased as the OD730 nm of the culture increased 

except for wild type and the ∆PsbB mutant where there was no variation of the 685 nm 

emission peak between the different OD730 nm values. The non-normalised fluorescence 

results were not included in Figure 3.1 as they showed little variation in comparison to 

the normalised fluorescence results (see Appendix II). During the excitation at 580 nm, a 

large 685 nm emission peak was observed in the ∆PsbA mutant (Figure 3.1 G and L). The 

normalised fluorescence results (Figure 3.1 F-J) showed that the 685 nm emission peak 

reduced in all strains as the OD730 nm of the culture increased; meanwhile, the non-

normalised fluorescence results (Figure 3.1 K-O) showed that the emission peak of 650 

nm, 665 nm, and 725 nm were increased in both the ∆PsbA and ∆PsbB cells as the OD730 

nm of the culture increased while the other strains were not affected by the change of OD730 

nm. These results indicated that the change in OD730 nm affects the results of 77 K emission, 

thus the OD730 nm of the cultures in the following sections was selected at 1.0 as this 

represented the middle to late log phase of growth. These strains also gave the “signatures” 

in the 77 K emission for different arrested stages of biogenesis, which the results in next 

two sections can be compared with. 
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Figure 3.1: The 77 K fluorescence emission spectra of wild type and mutants lacking one or more of the core proteins. (A-E) Normalised measurements with the 

excitation wavelength of 440 nm. (F-J) Normalised measurements with the excitation wavelength of 580 nm. (K-O) Non-normalised measurements with the excitation 

wavelength of 580 nm. The OD730 nm of the strains are 0.5 (black); 1.0 (blue); 1.5 (red); and 2.0 (green). The strains are (A; F; K) wild type; (B; G; L) ∆PsbA (triple 

deletion); (C; H; M) ∆PsbB; (D; I; N) ∆PsbDI:∆PsbC; and (E; J; O) ∆PsbDI:∆PsbC:∆PsbDII. Data shown are the average of three independent experiments. Normalised 

measurements (A-J) are normalised at 725 nm.



 

55 
 

3.3 Physiological characterisation of mutants lacking PsbJ and 

extrinsic subunits PsbO, PsbU and PsbV  

3.3.1 Construction of the strains 

The single gene knockout mutants used in this study were obtained from 

laboratory freezer stocks which had been made by previous students in the lab. These 

strains are listed here with their corresponding selectable marker shown in parentheses: 

∆PsbJ (spectinomycin resistance), ∆PsbO (kanamycin resistance), ∆PsbU (kanamycin 

resistance) and ∆PsbV (kanamycin resistance). To construct the double mutants in this 

study, the plasmid used to create the ∆PsbJ strain above was used. This plasmid contained 

the psbEFLJ operon with the spectinomycin-resistance cassette (SpecR) inserted to 

disrupt the psbJ gene (Figure 3.2 A). After the plasmid was confirmed by performing 

restriction digests using the restriction enzymes BanI (Figure 3.2 B) and BglI (Figure 3.2 

C), the standard procedures for cyanobacterial transformation were followed (materials 

and methods section 2.2.4.3). This procedure introduced a psbJ gene knockout into each 

of the Synechocystis 6803 strains carrying inactivated genes encoding the extrinsic 

proteins to create the corresponding double mutants. 

 

Figure 3.2: Confirmation of the ∆PsbJ plasmid with psbJ inactivated using restriction digests. (A) 

Map of plasmid containing the psbEFLJ operon with the spectinomycin-resistance cassette disrupting the 

psbJ gene; (B) Restriction digest of the ∆PsbJ plasmid using restriction enzyme BanI; (C) Restriction digest 

of the ∆PsbJ plasmid using restriction enzyme BglI. 1 kb Plus DNA marker (Invitrogen, Carlsbad, CA, 

USA) (MW) in panel (B) and (C) was used to compare the size of the restriction digested product. 
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Colony PCR was then performed to check that all the mutants were homozygous 

for the introduced gene inactivation (Figure 3.3 A-D). The single mutants that were made 

by previous lab members were also checked and confirmed with colony PCR. 

Physiological characterisation of the strains was carried out after all the mutants were 

confirmed segregated. 

 

Figure 3.3: Segregation of mutations lacking PsbJ, PsbO, PsbU and PsbV introduced to Synechocystis 

6803 cells. (A) Diagrammatic representation of psbJ knockout construct and PCR amplification of psbJ 

region in wild type (lane 1), ∆PsbJ (lane 2), ∆PsbJ:∆PsbO (lane 3), ∆PsbJ:∆PsbU (lane 4), and 

∆PsbJ:∆PsbV (lane 5), the mutants showed complete segregation; (B) Diagrammatic representation of psbO 

knockout construct and PCR amplification of psbO region in wild type (lane 1), ∆PsbO (lane 2) and 

∆PsbJ:∆PsbO (lane 3), the mutants showed complete segregation; (C) Diagrammatic representation of 

psbU knockout construct and PCR amplification of psbU region in wild type (lane 1), ∆PsbU (lane 2) and 

∆PsbJ:∆PsbU (lane 3), the mutants showed complete segregation; (D) Diagrammatic representation of psbV 

knockout construct and PCR amplification of psbV region in wild type (lane 1), ∆PsbV (lane 2) and 

∆PsbJ:∆PsbV (lane 3), the mutants showed complete segregation. 1 Kb Plus DNA marker (Invitrogen, 

Carlsbad, CA, USA) (MW) in panel (B-I) was used to compare the size of PCR product. SpecR: 

spectinomycin-resistance cassette; KanR: kanamycin-resistance cassette. 
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3.3.2 Photoautotrophic growth 

To investigate the effect of removing known extrinsic proteins in the PsbJ-lacking 

strain, photoautotrophic growth curves were initially performed. The sample OD730 nm 

was measured every 24 h for seven days. Figure 3.4 shows the photoautotrophic growth 

characteristics of the wild type, ∆PsbJ, ∆PsbO, ∆PsbU, ∆PsbV, ∆PsbJ:∆PsbO, 

∆PsbJ:∆PsbU and ∆PsbJ:∆PsbV over a period of 168 h. The doubling time of each strain 

is presented in Table 3.1. The doubling times of wild type and ∆PsbU were approximately 

12 h. The ∆PsbJ, ∆PsbO and ∆PsbV strains exhibited doubling times ranging from 15 h 

to 19 h. The ∆PsbJ:∆PsbU strain had a doubling time of 62 h, while both ∆PsbJ:∆PsbO 

and ∆PsbJ:∆PsbV strains were not growing photoautotrophically. 

 

Figure 3.4: Photoautotrophic growth curve of the wild type and mutants lacking PsbJ, PsbO, PsbU 

and PsbV over 168 hours. The photoautotrophic growth of the strains in BG-11 media was measured by 

optical density at 730 nm. The strains shown are wild type (black, solid line, close circles) in all panels; (A) 

∆PsbJ (black, dashed line, open circles); (B) ∆PsbO (grey, solid line, close circles) and ∆PsbJ:∆PsbO (grey, 

dashed line, open circles); (C) ∆PsbU (yellow, solid line, close circles) and ∆PsbJ:∆PsbU (yellow, dashed 

line, open circles); and (D) ∆PsbV (green, solid line, close circles) and ∆PsbJ:∆PsbV (green, dashed line, 

open circles). Data shown are the average of three independent experiments. The standard error bars have 

also been shown. The doubling times of the strains have been shown in Table 3.1. 
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Table 3.1: The doubling time of the wild type and mutants lacking PsbJ, PsbO, PsbU and PsbV. The 

cells were inoculated to an initial OD730 nm of ~0.05 and grown photoautotrophically in the presence of the 

corresponding antibiotic used for selection. 

Strains Doubling Time
1
 (h) 

Wild type 12.5 ± 1.0 

∆PsbJ 16.5 ± 0.5 

∆PsbO 19.5 ± 0.5 

∆PsbJ:∆PsbO -2 

∆PsbU 12.0 ± 1.0 

∆PsbJ:∆PsbU 62.0 ± 1.0 

∆PsbV 15.0 ± 0.5 

∆PsbJ:∆PsbV -2 

1The results shown are the mean doubling times of three independent experiments over the first 48 h of the 

growth. The standard errors have been shown.  

2No result as the cells were not photoautotrophic. 

 

3.3.3 Low temperature (77 K) fluorescence emission spectra 

The 77 K emission spectra of the samples were collected following excitation at 

either 440 nm (exciting chlorophyll a) or 580 nm (exciting the phycobilisomes). During 

440 nm excitation, the ∆PsbJ and ∆PsbU strains displayed the typical 725 nm emission 

originating from PS I, and the 685 and 695 nm emissions originating from PS II, despite 

having lower 685 and 695 nm emissions in comparison to the wild type (Figure 3.5 A and 

C). The ∆PsbO, ∆PsbJ:∆PsbU and ∆PsbV exhibited elevated 685 nm emission in 

comparison to 695 nm emission (Figure 3.5 B-D), while both ∆PsbJ:∆PsbO and 

∆PsbJ:∆PsbV showed elevated 685 nm emission and absence of 695 nm emission (Figure 

3.5 B and D). 
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Figure 3.5: Low temperature (77 K) fluorescence emission spectra of the wild type and mutants 

lacking PsbJ, PsbO, PsbU and PsbV with the excitation wavelength of 440 nm. The strains shown are 

wild type (black, solid line) in all panels; (A) ∆PsbJ (black, dashed line); (B) ∆PsbO (grey, solid line) and 

∆PsbJ:∆PsbO (grey, dashed line); (C) ∆PsbU (yellow, solid line) and ∆PsbJ:∆PsbU (yellow, dashed line); 

and (D) ∆PsbV (green, solid line) and ∆PsbJ:∆PsbV (green, dashed line). Data shown are the average of 

three independent experiments. Data are normalised at 725 nm. 

 

All strains displayed the typical 725 nm emission originating from PS I during the 

580 nm excitation. The ∆PsbJ, ∆PsbU, and ∆PsbJ:∆PsbV strains exhibited lower 

fluorescence emission from phycocyanin and allophycocyanin (Figure 3.6 A, C and D), 

while other mutants showed a similar level of fluorescence emission from phycocyanin 

and allophycocyanin as the wild type. The ∆PsbJ and ∆PsbU strains showed a lower 685 

nm emission (Figure 3.6 A and C). The other mutants showed elevation of the 685 nm 

emission; particularly, the 685 nm emission from the ∆PsbV strain was twice that 

observed in wild type (Figure 3.6 D), while the 685 nm emission from the ∆PsbJ:∆PsbO 

was greater by a factor of three than the emission seen with wild type (Figure 3.6 B). 

However, all mutants lacked 695 nm shoulder emission in comparison to wild type 

(Figure 3.6 A-D). 
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Figure 3.6: Low temperature (77 K) fluorescence emission spectra of the wild type and mutants 

lacking PsbJ, PsbO, PsbU and PsbV with the excitation wavelength of 580 nm. The strains shown are 

wild type (black, solid line) in all panels; (A) ∆PsbJ (black, dashed line); (B) ∆PsbO (grey, solid line) and 

∆PsbJ:∆PsbO (grey, dashed line); (C) ∆PsbU (yellow, solid line) and ∆PsbJ:∆PsbU (yellow, dashed line); 

and (D) ∆PsbV (green, solid line) and ∆PsbJ:∆PsbV (green, dashed line). Data shown are the average of 

three independent experiments. Data are normalised at 725 nm. 

 

3.3.4 Oxygen evolution  

Oxygen evolution measurements were carried out for the wild type and mutants 

to provide a base reference for mature PS II centres activity relative to the concentration 

of Chl a. Two artificial quinones were used as electron acceptors, 2,6-dichloro-1,4-

benzoquinone (DCBQ) and 2,5-dimethyl-1,4-benzoquinone (DMBQ), where DCBQ is 

more efficient at displacing the QB quinone and gives higher activity rates as the binding 

of DCBQ is tighter than DMBQ (Satoh et al., 1992; Satoh et al., 1995; Srivastava et al., 

1995). Potassium ferricyanide (K3Fe(CN)6) was added in the presence of DCBQ or 

DMBQ which helps in maintaining the oxidised form of the electron acceptors. Sodium 

bicarbonate was used to show the rate of oxygen evolves in whole chain electron transport. 
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The oxygen evolution traces of the wild type and mutants with DCBQ, with 

DMBQ and with sodium bicarbonate are presented in Figure 3.7, while the maximum 

oxygen evolution rates in the wild type and mutants are shown in Table 3.2. In the 

presence of DCBQ, ∆PsbU evolved the same rate of oxygen as the wild type, while ∆PsbJ, 

∆PsbO, and ∆PsbV evolved approximately 50 to 58% of oxygen in comparison to wild 

type. ∆PsbJ:∆PsbU cells evolved at a rate that of 13.3% of the wild type, while 

∆PsbJ:∆PsbO and ∆PsbJ:∆PsbV strains had an oxygen evolution rate of 1 to 5% compare 

to the wild type. However, both ∆PsbJ:∆PsbO and ∆PsbJ:∆PsbV strains were not 

evolving oxygen in the presence of DMBQ. The ∆PsbJ:∆PsbU cells evolved at a rate that 

of 6% of the wild type, while ∆PsbJ and ∆PsbO strains evolved approximately 50 to 53% 

of oxygen in comparison to wild type. The ∆PsbV evolved at a rate that of 72% of the 

wild type; on the other hand, the ∆PsbU evolved 8% more oxygen in comparison to wild 

type. In the presence of bicarbonate, both ∆PsbJ:∆PsbO and ∆PsbJ:∆PsbV strains evolved 

about 3 to 26% of oxygen in comparison to the wild type, while ∆PsbJ:∆PsbU cells 

evolved 5% more oxygen compared to the wild type. The remaining mutants evolved 

about 11 to 40% more oxygen in comparison to wild type. 

Table 3.2: Maximum oxygen evolution rates in the wild type and mutants lacking PsbJ, PsbO, PsbU 

and PsbV 1. 

Strains Oxygen evolution (µmol O2 per mg of Chl a per h) 

DCBQ DMBQ Bicarbonate 

Wild type 421 392 404 

∆PsbJ 245 194 499 

∆PsbO 222 209 447 

∆PsbJ:∆PsbO 4 -2 10 

∆PsbU 421 424 506 

∆PsbJ:∆PsbU 56 25 426 

∆PsbV 210 283 564 

∆PsbJ:∆PsbV 21 -2 106 

1The data presented are average of three independent experiments and were reproducible to within 15% of 

the average. 

2No result as the cells were not evolving oxygen. 
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Figure 3.7: Oxygen evolution assays traces of the wild type and mutants lacking PsbJ, PsbO, PsbU 

and PsbV. (A; D; G; J) Oxygen evolution measured in the presence of DCBQ and K3Fe(CN)6; (B; E; H; 

K) Oxygen evolution measured in the presence of DMBQ and K3Fe(CN)6; (C; F; I; L) Oxygen evolution 

measured in the presence of HCO3
-. The strains shown are wild type (black, solid line) in all panels; (A-C) 

∆PsbJ (black, dashed line); (D-F) ∆PsbO (grey, solid line) and ∆PsbJ:∆PsbO (grey, dashed line); (G-I) 

∆PsbU (yellow, solid line) and ∆PsbJ:∆PsbU (yellow, dashed line); and (J-L) ∆PsbV (green, solid line) 

and ∆PsbJ:∆PsbV (green, dashed line). Data shown are the average of three independent experiments. The 

oxygen evolution rates have been shown in Table 3.2. 
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3.3.5 Room temperature variable chlorophyll a fluorescence 

measurements  

Room temperature variable Chl a fluorescence measurements were carried out to 

study the rate of electron transfer within PS II (Papageorgiou et al., 2007; Stamatakis et 

al., 2007). There were two types of room temperature variable Chl a fluorescence 

measurements used in this study: the Chl a fluorescence induction measurements and the 

Chl a fluorescence decay measurements. 

3.3.5.1 Chlorophyll a fluorescence induction measurements 

When cyanobacterial cells were illuminated after 8 min of dark adaptation, the 

Chl a fluorescence intensity curves, known as the Kautsky effect (Kautsky et al., 1960), 

have a series of inflection points which are labelled as OJIP (Strasser et al., 1995). The 

first measured minimal level (origin) is the O level which gives the origin fluorescence 

FO, the intermediate levels are designated as J and I, while the peak is the P level which 

gives the maximum fluorescence FM (Figure 3.8 A). The changes in OJIP levels can be 

correlated with successive reduction of plastoquinone electron acceptor QA (Duysens and 

Sweers, 1963; Gorkom and Pulles, 1978; Gorkom, 1986; Strasser et al., 1995; Stirbet and 

Govindjee, 2011), thus the induction assay is used to evaluate the electron transfer activity 

occurring at the acceptor and donor sides of PS II and can further be used to investigate 

phycobilisomes to PS II coupling.  

The rise to J level in the fluorescence induction curve is indicative of the 

plastoquinone pool oxidation state in higher plants (Tóth et al., 2007; Stirbet et al., 2014) 

but is unclear in cyanobacteria as the plastoquinone pool is shared in both respiratory and 

photosynthetic electron transport chains. The J-I phase represents the reduction of 

plastoquinone pool, while the I-P phase represents the reduction of electron transport 

acceptors in PS II and around PS I (Schansker et al., 2005; Stirbet and Govindjee, 2011). 

The fluorescence induction curve with the addition of 3-(3,4-dichlorophenyl)-1,1-

dimethylurea (DCMU) is indicative of relative PS II assembly as DCMU blocks the 

electron transfer between QA and QB, and thus the amplitudes of fluorescence are directly 

proportional to the number of assembled PS II centres.  
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Figure 3.8: Chlorophyll a fluorescence induction curves of the wild type and mutants lacking PsbJ, 

PsbO, PsbU and PsbV. (A; C; E; G) Fluorescence induction measured in the absence of DCMU; (B; D; 

F; H) Fluorescence induction measured in the presence of DCMU. The strains shown are wild type (black, 

solid line) in all panels; (A-B) ∆PsbJ (black, dashed line); (C-D), ∆PsbO (grey, solid line) and ∆PsbJ:∆PsbO 

(grey, dashed line); (E-F) ∆PsbU (yellow, solid line) and ∆PsbJ:∆PsbU (yellow, dashed line); and (G-H) 

∆PsbV (green, solid line) and ∆PsbJ:∆PsbV (green, dashed line). The OJIP levels are labelled in panel (A), 

where O is the first measured minimal level; J and I are the intermediates; and P is the peak. The x-axis 

showed the time (s) in log scale. Data shown are the average of three independent experiments. Data are 

normalised at FO. 
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In the absence of DCMU, the ∆PsbU cells showed about 83% reduction of FM and 

variable fluorescence FV (taken as FM – FO) in comparison to the wild type (Figure 3.8 E), 

while the ∆PsbJ, ∆PsbO, ∆PsbJ:∆PsbU and ∆PsbV strains exhibited reduced FM and FV 

(about 33% of the wild type) despite similar J level to the wild type in the ∆PsbJ and 

∆PsbU strains. The characteristic J-P rise was lost in both ∆PsbJ:∆PsbO and 

∆PsbJ:∆PsbV strains (Figure 3.8 C and G). In the presence of DCMU, both ∆PsbJ:∆PsbO 

and ∆PsbJ:∆PsbV strains exhibited little rise in fluorescence (FV of about 17% to 25% of 

the wild type; Figure 3.8 D and H), while the ∆PsbJ:∆PsbU strain showed 50% reduction 

in FV compared to the wild type (Figure 3.8 F). The FV of single knockout mutants showed 

reduction ranging from 58.3% to 92% in comparison to the wild type. 

3.3.5.2 Chlorophyll a fluorescence decay measurements 

The decay measurements of Chl a fluorescence were used to indicate the rates of 

electron transfer between QA
- and QB and between QA

- and the S2 state of the oxygen-

evolving complex (Vass et al., 1999). Vass and co-workers (1999) described that the 

initial fast exponential phase (microseconds) of the decay indicates electron transfer from 

QA
- to QB (Bowes and Crofts, 1980; Haumann and Junge, 1994; Yamasaki et al., 2002), 

the intermediate exponential phase (milliseconds) of the decay indicates the binding of 

the plastoquinone molecule to the QB site (Cao and Govindjee, 1990), and the slow 

hyperbolic phase (seconds) indicates the oxidation of QA by PS I and charge 

recombination between QA
- and donor side of the PS II (Bukhov et al., 1992). In the 

presence of DCMU, the electron transfer between QA and QB is blocked, thus the traces 

reflect electron transport and charge recombination pathways between QA
- and the S2 state 

of the oxygen-evolving complex (Vass et al., 1999). The oxidation of QA
- with the 

addition of DCMU is dominated by the back reaction (slow hyperbolic phase) and a minor 

fast exponential phase component. 

The results of chlorophyll a fluorescence decay measurements with no treatment 

and with DCMU are shown in Figure 3.9, while the kinetic analysis is presented in Table 

3.3. The non-normalised fluorescence in the ∆PsbJ:∆PsbO and ∆PsbJ:∆PsbV strains 

showed a negligible rise which indicated the absence of active PS II centres in these 

mutants (Figure 3.9 E and M). Thus, the kinetic analyses for the ∆PsbJ:∆PsbO and 
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∆PsbJ:∆PsbV mutants were not performed and the normalised data of these two strains 

appeared as noise (Figure 3.9 F and N). The microsecond components of all the mutants 

increased (∆PsbJ cells had more than two times greater than the wild type) even though 

the relative amplitude of the mutants were similar or slightly smaller than the wild type. 

The ∆PsbJ:∆PsbU and ∆PsbV strains had decreased millisecond rates in comparison to 

the wild type while other mutants had increased rates for their millisecond component 

(∆PsbJ cells had four times greater than the wild type) despite all having similar relative 

amplitudes. However, the relative amplitude of the seconds component for all strains was 

similar, but the ∆PsbU mutant had a slower seconds component compared to the wild 

type while others had a slightly or much faster seconds component compared to the wild 

type.  

However, the variable fluorescence in the ∆PsbO and ∆PsbJ:∆PsbU strains was 

found to be flat in the non-normalised data in the presence of DCMU (Figure 3.9 G and 

K), thus indicating no backward electron transfer between QA
- and the S2 state of the 

oxygen-evolving complex despite having fewer PS II centres. The normalised data of the 

∆PsbO, ∆PsbJ:∆PsbO, ∆PsbJ:∆PsbU and ∆PsbJ:∆PsbV strains in the presence of DCMU 

appeared as noise as they either have few or no assembled PS II centres (Figure 3.9 D, H, 

L, and P). The ∆PsbU and ∆PsbV strains exhibited an increase in their millisecond 

component and their relative amplitudes for the millisecond component were much 

greater than the wild type. The relative amplitude of the millisecond component for ∆PsbJ 

mutant was also increased relative to the amplitude of this component in the wild type. 

All other mutants exhibited a similar seconds component to that of the wild type, despite 

∆PsbJ, ∆PsbU and ∆PsbV cells showing a reduced relative amplitude of the seconds 

component. 
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Figure 3.9: Chlorophyll a fluorescence decay curves of the wild type and mutants lacking PsbJ, PsbO, 

PsbU and PsbV. (A; E; I; M) Fluorescence decay measurements in the absence of DCMU; (B; F; J; N) 

Normalised fluorescence measurements in the absence of DCMU; (C; G; K; O) Fluorescence decay 

measurements in the presence of DCMU; (D; H; L; P) Normalised fluorescence measurements in the 

presence of DCMU. The strains shown are wild type (black, solid line) in all panels; (A-D) ∆PsbJ (black, 

dashed line); (E-H) ∆PsbO (grey, solid line) and ∆PsbJ:∆PsbO (grey, dashed line); (I-L) ∆PsbU (yellow, 

solid line) and ∆PsbJ:∆PsbU (yellow, dashed line); and (M-P) ∆PsbV (green, solid line) and ∆PsbJ:∆PsbV 

(green, dashed line). Data shown are the average of three independent experiments. The kinetic analysis of 

these strains have been shown in Table 3.3. 
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Table 3.3: Chlorophyll a fluorescence relaxation kinetics of the wild type and mutants lacking PsbJ, 

PsbO, PsbU and PsbV after exposure to single actinic flash1. A: Relative amplitude. 

  Half-

time (µs) 

A% Half-time 

(ms) 

A% Half-

time (s) 

A% 

No 

addition 

Wild type 268 ± 12 65 ± 1 4.5 ± 1.1 25 ± 2 10.0 ± 1.3 10 ± 1 

∆PsbJ 564 ± 61 61 ± 2 18.0 ± 13.6 26 ± 2 3.8 ± 2.7 13 ± 4 

∆PsbO 426 ± 21 57 ± 6 4.8 ± 1.0 30 ± 2 7.9 ± 1.6 13 ± 4  

∆PsbU 314 ± 28 65 ± 1 5.3 ± 0.5 27 ± 2 13.7 ± 1.2 8 ± 1 

∆PsbJ:∆PsbU 433 ± 14 56 ± 5 3.2 ± 0.1 31 ± 0 0.5 ± 0.2 13 ± 4 

∆PsbV 372 ± 11 63 ± 3 3.8 ± 0.4 29 ± 3 2.6 ± 0.2 10 ± 6 

DCMU Wild type   2.1 ± 0.2 11 ± 0 0.8 ± 0 89 ± 0 

∆PsbJ   2.0 ± 0.3 33 ± 3 0.7 ± 0 67 ± 3 

∆PsbU   3.1 ± 0.5 21 ± 0 1.3 ± 0 79 ± 0 

∆PsbV   2.5 ± 0.8 39 ± 2 0.9 ± 0.1 61 ± 2 

1The values are averages of three independent measurements. The standard error values are presented after 

the ± symbol. 

The kinetic analyses of ∆PsbJ:∆PsbO and ∆PsbJ:∆PsbV were not included as they are not photoautotrophic. 

The kinetic analyses of ∆PsbO and ∆PsbJ:∆PsbU in the presence of DCMU were not included as the non-

normalised data appeared to be flat. 

 

3.3.6 PS II assembly 

The isolated thylakoid membranes of each strain were solubilised by β-dodecyl 

maltoside and then separated by blue-native polyacrylamide gel electrophoresis (BN-

PAGE), followed by western blotting using CP43 and CP47 antibodies. The PS I trimer 

and PS II monomer are visible on the BN-PAGE gels, while the PS II dimer, PS II 

monomer, precursor complexes of PS II and unassembled subunits of PS II are visible 

after western blotting. 

In Figure 3.10 B, the ∆PsbO, ∆PsbJ:∆PsbO, ∆PsbJ:∆PsbU and ∆PsbJ:∆PsbV 

strains showed no PS II dimer band with the CP43 primary antibody, while ∆PsbU and 

∆PsbV had reduced expression level of PS II dimer in comparison with the wild type. The 

PS II monomer expression level in ∆PsbJ:∆PsbV was greatly reduced, and there is no PS 
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II monomer band in ∆PsbJ:∆PsbO, while other mutants have similar PS II monomer 

expression level as the wild type. There was a slight accumulation of unassembled 

subunits containing CP43 in the ∆PsbJ and ∆PsbO strains, and greater unassembled 

subunits accumulation shown in the ∆PsbJ:∆PsbO, ∆PsbJ:∆PsbU, ∆PsbV, and 

∆PsbJ:∆PsbV strains. All mutants have similar or slightly reduced expression level of the 

PS II dimer containing CP47 compared to wild type; however, there was an accumulation 

of unassembled subunits containing CP47 in ∆PsbJ:∆PsbO, ∆PsbJ:∆PsbU, ∆PsbV, and 

∆PsbJ:∆PsbV strains (Figure 3.10 C). 

 

Figure 3.10: Analysis of PS II assembly of the wild type and mutants lacking PsbJ, PsbO, PsbU and 

PsbV using BN-PAGE followed by western blotting. The BN-PAGE results are shown in panel (A), the 

CP43 primary antibody results are shown in panel (B), while the CP47 primary antibody results are shown 

in panel (C). Lanes are (1) wild type, (2) ∆PsbJ, (3) ∆PsbO, (4) ∆PsbJ:∆PsbO, (5) ∆PsbU, (6) ∆PsbJ:∆PsbU, 

(7) ∆PsbV and (8) ∆PsbJ:∆PsbV. 

 

3.4 Physiological characterisation of mutants lacking PsbJ and 

extrinsic subunits CyanoP and CyanoQ 

3.4.1 Construction of the strains 

The single gene knockout mutants used in this study were obtained from 

laboratory freezer stocks which had been made by previous students in the lab. These 

strains are listed here with their corresponding selectable marker shown in parentheses: 

∆PsbJ (spectinomycin resistance), ∆CyanoP (chloramphenicol resistance) and ∆CyanoQ 
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(chloramphenicol resistance). The plasmid, containing the psbEFLJ operon with the 

spectinomycin-resistance cassette (SpecR) inserted to disrupt the psbJ gene (Figure 3.2 A) 

and used to create the ∆PsbJ strain above, was used to construct the double mutants in 

this study. The cyanobacterial transformation was performed (materials and methods 

section 2.2.4.3) after the plasmid was confirmed by using the restriction enzymes BanI 

(Figure 3.2 B) and BglI (Figure 3.2 C) for restriction digest. This procedure introduced a 

psbJ gene knockout into each of the Synechocystis 6803 strains carrying inactivated genes 

encoding the CyanoQ and CyanoP proteins to create the corresponding double mutants.  

 

Figure 3.11: Segregation of mutations lacking PsbJ, CyanoP and CyanoQ introduced to 

Synechocystis 6803 cells. (A) Diagrammatic representation of psbJ knockout construct and PCR 

amplification of psbJ region in wild type (lane 1), ∆PsbJ (lane 2), ∆PsbJ:∆CyanoP (lane 3) and 

∆PsbJ:∆CyanoQ (lane 4), the mutants showed complete segregation; (B) Diagrammatic representation of 

cyanoP knockout construct and PCR amplification of cyanoP region in wild type (lane 1), ∆CyanoP (lane 

2) and ∆PsbJ:∆CyanoP (lane 3), the mutants showed complete segregation. (C) Diagrammatic 

representation of cyanoQ knockout construct and PCR amplification of cyanoQ region in wild type (lane 

1), ∆CyanoQ (lane 2) and ∆PsbJ:∆CyanoQ (lane 3), the mutants showed complete segregation. 1 kb Plus 

DNA marker (Invitrogen, Carlsbad, CA, USA) (MW) in panel (A-C) was used to compare the size of PCR 

product. SpecR: spectinomycin-resistance cassette; ChlR: chloramphenicol-resistance cassette. 
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Colony PCR was then carried out to check that all the mutants were homozygous 

for the introduced gene inactivation (Figure 3.11 A-C). The single mutants that were made 

by previous lab members were also checked and confirmed with colony PCR. 

Physiological characterisation of the strains was carried out after all the mutants were 

confirmed segregated.  

3.4.2 Photoautotrophic growth 

To investigate the effect of removing CyanoP and CyanoQ in the PsbJ-lacking 

strain, photoautotrophic growth curves were initially performed. The OD730 nm of the 

sample was measured every 24 h for seven days. Figure 3.12 shows the photoautotrophic 

growth characteristics of the wild type, and the ∆PsbJ, ∆CyanoP, ∆CyanoQ, 

∆PsbJ:∆CyanoP and ∆PsbJ:∆CyanoQ strains over a period of 168 h. The doubling time 

of each strain is presented in Table 3.4. The doubling times of wild type, and the ∆CyanoP 

and ∆CyanoQ cells were approximately 12 to 13 h, while the ∆PsbJ, ∆PsbJ:∆CyanoP and 

∆PsbJ:∆CyanoQ strains were approximately 15 to 16 h. 

 

 

Figure 3.12: Photoautotrophic growth curve of the wild type and mutants lacking PsbJ, CyanoP and 

CyanoQ over 168 hours. The photoautotrophic growth of the strains in BG-11 media was measured by 

optical density at 730 nm. The strains shown are wild type (black, solid line, close circles) in all panels; (A) 

∆PsbJ (black, dashed line, open circles); (B) ∆CyanoP (blue, solid line, close circles) and ∆PsbJ:∆CyanoP 

(blue, dashed line, open circles); and (C) ∆CyanoQ (orange, solid line, close circles) and ∆PsbJ:∆CyanoQ 

(orange, dashed line, open circles). Panel (A) of this figure is obtained from Figure 3.4 A for comparison 

with other panels. Data shown are the average of three independent experiments. The standard error bars 

have also been shown. The doubling times of the strains have been shown in Table 3.4. 
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Table 3.4: The doubling time of the wild type and mutants lacking PsbJ, CyanoP and CyanoQ. The 

cells were inoculated to an initial OD730 nm of ~0.05 and grown photoautotrophically in the presence of the 

corresponding antibiotic used for selection. 

Strains Doubling Time
1
 (h) 

Wild type 12.5 ± 1.0 

∆PsbJ 16.5 ± 0.5 

∆CyanoP 13.0 ± 0.5 

∆PsbJ:∆CyanoP 16.0 ± 0.5 

∆CyanoQ 12.0 ± 0.5 

∆PsbJ:∆CyanoQ 15.5 ± 0.5 

1The results shown are the mean doubling times of three independent experiments over the first 48 h of the 

growth. The standard errors have been shown. The doubling time of wild type and ∆PsbJ shown are the 

same as Table 3.1. 

 

3.4.3 Low temperature (77 K) fluorescence emission spectra 

To access the relative levels of PS I and PS II in the whole cells of the wild type 

and mutants, the 77 K emission spectra were collected following excitation at either 440 

nm (exciting chlorophyll a) or 580 nm (exciting the phycobilisomes). All the mutants 

displayed the typical 725 nm emission originating from PS I, and lower 685 nm and 695 

nm emissions originating from PS II in comparison to the wild type (Figure 3.13). The 

∆CyanoQ and ∆PsbJ:∆CyanoQ mutants appeared to have slightly elevated 685 nm 

emission compared to their 695 nm emission (Figure 3.13 C). 

All strains exhibited the typical 725 nm emission originating from PS I. The ∆PsbJ 

and ∆PsbJ:∆CyanoP mutants showed lower fluorescence emission from phycocyanin and 

allophycocyanin (Figure 3.14 A-B), while ∆CyanoQ cells displayed higher 650 nm and 

665 nm emissions. Both ∆CyanoQ and ∆PsbJ:∆CyanoQ strains had similar 650 nm and 

665 nm fluorescence emissions levels as observed in the wild type. The 685 nm and 695 

nm emissions of the ∆CyanoQ strain were similar to wild type (Figure 3.14 B). However, 

both ∆PsbJ and ∆PsbJ:∆CyanoQ strains had lower 685 nm and 695 nm shoulder emission 

in comparison to the wild type (Figure 3.14 A-B), while the double knockout mutants 

displayed an elevated 685 nm peak and no visible 695 nm shoulder (Figure 3.14 B-C).  
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Figure 3.13: Low temperature (77 K) fluorescence emission spectra of the wild type and mutants 

lacking PsbJ, CyanoP and CyanoQ with the excitation wavelength of 440 nm. The strains shown are 

wild type (black, solid line) in all panels; (A) ∆PsbJ (black, dashed line); (B) ∆CyanoP (blue, solid line) 

and ∆PsbJ:∆CyanoP (blue, dashed line); and (C) ∆CyanoQ (orange, solid line) and ∆PsbJ:∆CyanoQ 

(orange, dashed line). Panel (A) of this figure is obtained from Figure 3.5 A for comparison with other 

panels. Data shown are the average of three independent experiments. Data are normalised at 725 nm. 

 

 

Figure 3.14: Low temperature (77 K) fluorescence emission spectra of the wild type and mutants 

lacking PsbJ, CyanoP and CyanoQ with the excitation wavelength of 580 nm. The strains shown are 

wild type (black, solid line) in all panels; (A) ∆PsbJ (black, dashed line); (B) ∆CyanoP (blue, solid line) 

and ∆PsbJ:∆CyanoP (blue, dashed line); and (C) ∆CyanoQ (orange, solid line) and ∆PsbJ:∆CyanoQ 

(orange, dashed line). Panel (A) of this figure is obtained from Figure 3.6 A for comparison with other 

panels. Data shown are the average of three independent experiments. Data are normalised at 725 nm. 
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3.4.4 Oxygen evolution  

To access the PS II activity in the whole cells, oxygen evolution measurements of 

the wild type and mutants were collected with the addition of either DCBQ, DMBQ or 

bicarbonate. Potassium ferricyanide (to reoxidise the acceptors) was added in the 

presence of DCBQ or DMBQ. The oxygen evolution traces of the wild type and mutants 

are shown in Figure 3.15, while the maximum oxygen evolution rates are presented in 

Table 3.5. In the presence of DCBQ, the double knockout mutants evolved oxygen at a 

rate that of 33 to 38% of the wild type, while the single knockout mutants evolved oxygen 

at a rate that of 58 to 96% of the wild type (∆PsbJ cells were 58%, ∆CyanoP cells were 

96% and ∆CyanoQ cells were 76% in comparison to wild type). However, the ∆PsbJ, 

∆CyanoQ and ∆PsbJ:∆CyanoQ strains had an oxygen evolution rate of 47 to 50% in 

comparison to the wild type, while the ∆PsbJ strain evolved oxygen at 50% of the wild-

type rate, and ∆CyanoP cells evolved about 10% more oxygen than the wild type in the 

presence of DMBQ. All mutants evolved more oxygen than the wild type in the presence 

of bicarbonate, ranging from 11 to 61%, except ∆CyanoQ cells which evolved oxygen at 

53% of the wild-type rate. 

Table 3.5: Maximum oxygen evolution rates in the wild type and mutants lacking PsbJ, CyanoP and 

CyanoQ 1.  

Strains Oxygen evolution
1
 (µmol O2 per mg of Chl a per h) 

DCBQ DMBQ Bicarbonate 

Wild type 421 392 405 

∆PsbJ 245 194 499 

∆CyanoP 406 430 460 

∆PsbJ:∆CyanoP 137 83 450 

∆CyanoQ 318 186 216 

∆PsbJ:∆CyanoQ 160 190 620 

1The data presented are average of three independent experiments and were reproducible to within 15% of 

the average. The maximum oxygen evolution rates in the wild type and ∆PsbJ shown are the same as Table 

3.2. 
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Figure 3.15: Oxygen evolution assays traces of the wild type and mutants lacking PsbJ, CyanoP and 

CyanoQ. (A; D; G) Oxygen evolution measured in the presence of DCBQ and K3Fe(CN)6; (B; E; H) 

Oxygen evolution measured in the presence of DMBQ and K3Fe(CN)6; (C; F; I) Oxygen evolution 

measured in the presence of HCO3
-. The strains shown are wild type (black, solid line) in all panels; (A-C) 

∆PsbJ (black, dashed line); (D-F) ∆CyanoP (blue, solid line) and ∆PsbJ:∆CyanoP (blue, dashed line); and 

(G-I) ∆CyanoQ (orange, solid line) and ∆PsbJ:∆CyanoQ (orange, dashed line). Panels (A-C) of this figure 

are obtained from Figure 3.7 A-C for comparison with other panels. Data shown are the average of three 

independent experiments. The oxygen evolution rates have been shown in Table 3.5. 

 

3.4.5 Room temperature variable chlorophyll a fluorescence 

measurements  

To investigate the rate of electron transfer within PS II of the wild type and 

mutants, room temperature variable chlorophyll a fluorescence measurements were 

carried out.  
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3.4.5.1 Chlorophyll a fluorescence induction measurements 

The fluorescence induction measurements were carried out to investigate the 

electron transfer activity occurring at the acceptor and donor sides of PS II of the wild 

type and mutants. The ∆CyanoP and ∆CyanoQ strains showed an increase of FM at the P-

level and FV in comparison to the wild type, while ∆CyanoP cells exhibited an elevated 

J-level compared to the wild type (Figure 3.16 C and E). The ∆PsbJ, ∆PsbJ:∆CyanoP and 

∆PsbJ:∆CyanoQ strains exhibited reduced FM and FV (about 42 to 67% of the wild type) 

and lower J level compared to the wild type (Figure 3.16 A, C, and E). In the presence of 

DCMU, both ∆CyanoP and ∆CyanoQ strains showed similar FV as the wild type (Figure 

3.16 D and F), while the double knockout mutants showed a reduction in FV (about 50 to 

67% of the wild type; Figure 3.16 B, D, and F). 

3.4.5.2 Chlorophyll a fluorescence decay measurements 

The fluorescence decay measurements were used to indicate the rates of electron 

transfer between QA
- and QB (in the absence of DCMU) and between QA

- and the S2 state 

of the oxygen-evolving complex (in the presence of DCMU). The results of chlorophyll 

a fluorescence decay measurements with no additional treatment and with DCMU are 

shown in Figure 3.9, while the kinetic analysis is presented in Table 3.6. In the absence 

of DCMU, ∆PsbJ cells had slower microsecond and millisecond components but a faster 

seconds component (Figure 3.17 B). On the other hand, ∆CyanoP and ∆CyanoQ strains 

had similar kinetics as the wild type, while the double knockout mutants had a slower 

microsecond component but a faster seconds component (Figure 3.17 F and J). The 

relative amplitudes of microsecond component for the ∆PsbJ strain and double knockout 

mutants were less than the wild type, while the double knockout mutants showed a greater 

relative amplitude of their millisecond component in comparison to wild type. The 

∆PsbJ:∆CyanoP strain also showed an increased relative amplitude of the seconds 

component compared to the wild type. However, all mutants showed a slightly faster 

millisecond component and similar seconds component as the wild type in the presence 

of DCMU, even though the amplitude of fast phase in ∆PsbJ and double knockout mutants 

had increased, while their amplitude of the slow phase had decreased (Figure 3.17 F, H,  

and L). 
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Figure 3.16: Chlorophyll a fluorescence induction curves of the wild type and mutants lacking PsbJ, 

CyanoP and CyanoQ using BMF. (A; C; E) Fluorescence induction measured in the absence of DCMU; 

(B; D; F) Fluorescence induction measured in the presence of DCMU. The strains shown are wild type 

(black, solid line) in all panels; (A-B) ∆PsbJ (black, dashed line); (C-D), ∆CyanoP (blue, solid line) and 

∆PsbJ:∆CyanoP (blue, dashed line); and (E-F) ∆CyanoQ (orange, solid line) and ∆PsbJ:∆CyanoQ (orange, 

dashed line). The x-axis showed the time (s) in log scale. Panels (A-B) of this figure are obtained from 

Figure 3.8 A-B for comparison with other panels. Data shown are the average of three independent 

experiments. Data are normalised at FO. 
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Figure 3.17: Chlorophyll a fluorescence decay curves of the wild type and mutants lacking PsbJ, 

CyanoP and CyanoQ using BMF. (A; E; I) Fluorescence decay measurements in the absence of DCMU; 

(B; F; J) Normalised fluorescence measurements in the absence of DCMU; (C; G; K) Fluorescence decay 

measurements in the presence of DCMU; (D; H; L) Normalised fluorescence measurements in the presence 

of DCMU. The strains shown are wild type (black, solid line) in all panels; (A-D) ∆PsbJ (black, dashed 

line); (E-H) ∆CyanoP (blue, solid line) and ∆PsbJ:∆CyanoP (blue, dashed line); and (I-L) ∆CyanoQ 

(orange, solid line) and ∆PsbJ:∆CyanoQ (orange, dashed line). Panels (A-D) of this figure are obtained 

from Figure 3.9 A-D for comparison with other panels. Data shown are the average of three independent 

experiments. The kinetic analysis of these strains have been shown in Table 3.6.  
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Table 3.6: Chlorophyll a fluorescence relaxation kinetics of the wild type and mutants lacking PsbJ, 

CyanoP and CyanoQ after exposure to single actinic flash1. A: Relative amplitude. 

  Half-

time 

(µs) 

A% Half-time 

(ms) 

A% Half-time  

(s) 

A% 

No 

addition 

Wild type 268 ± 12 65 ± 1 4.5 ± 1.1 25 ± 2 10.0 ± 1.3 10 ± 1 

∆PsbJ 564 ± 61 61 ± 2 18 ± 13.6 26 ± 2 3.8 ± 2.7 13 ± 4 

∆CyanoP 278 ± 9 62 ± 4 3.8 ± 1.5 28 ± 6 10.4 ± 0.1 9 ± 2 

∆PsbJ:∆CyanoP 378 ± 2 56 ± 1 3.3 ± 0.1 30 ± 2 1.2 ± 0.1 14 ± 1 

∆CyanoQ 300 ± 44 66 ± 1 5.4 ± 1.4 23 ± 3 9.5 ± 4.6 11 ± 2 

∆PsbJ:∆CyanoQ 414 ± 4 59 ± 1 3.6 ± 0.1 31 ± 2 0.7 ± 0.1 10 ± 1 

DCMU Wild type   2.1 ± 0.2 11 ± 0 0.8 ± 0 89 ± 0 

∆PsbJ   2.0 ± 0.3 33 ± 3 0.7 ± 0 67 ± 3 

∆CyanoP   2.2 ± 1.2 11 ± 0 0.8 ± 0 89 ± 0 

∆PsbJ:∆CyanoP   1.3 ± 0.4 28 ± 0 0.8 ± 0 72 ± 0 

∆CyanoQ   1.7 ± 0.3 11 ± 1 0.8 ± 0.1 89 ± 1 

∆PsbJ:∆CyanoQ   1.5 ± 0.3 41 ± 5 0.8 ± 0 59 ± 5 

1The values are averages of three independent measurements. The standard error values are presented after 

the ± symbol. 

 

3.4.6 PS II assembly 

In Figure 3.18 B, all strains have the PS II dimer band with the CP43 primary 

antibody, while the expression level of PS II dimer in both ∆PsbJ:∆CyanoP and 

∆PsbJ:∆CyanoQ cells were reduced in comparison with the wild type. All mutants have 

a similar PS II monomer expression level as seen in the wild type, but there was an 

accumulation of unassembled subunits containing CP43 in both the ∆PsbJ and 

∆PsbJ:∆CyanoQ strains. All mutants had a similar or slightly reduced expression level of 

the PS II dimer containing CP47 compared to wild type; however, there was an 

accumulation of unassembled subunits containing CP47 in the ∆PsbJ:∆CyanoQ mutant 

(Figure 3.18 C). 
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Figure 3.18: Analysis of PS II assembly of the wild type and mutants lacking PsbJ, CyanoP and 

CyanoQ using BN-PAGE followed by western blotting. The BN-PAGE results are shown in panel (A), 

the CP43 primary antibody results are shown in panel (B), while the CP47 primary antibody results are 

shown in panel (C). Lanes are (1) wild type, (2) ∆PsbJ, (3) ∆CyanoP, (4) ∆PsbJ:∆CyanoP, (5) ∆CyanoQ 

and (6) ∆PsbJ:∆CyanoQ. 

 

3.5 Conclusions 

 This chapter focused on determining the role of the PsbJ subunit in PS II 

biogenesis and the stage at which extrinsic subunits bind to PS II during biogenesis. In 

this study, mutants lacking PsbJ and each of the extrinsic proteins were generated, and 

the physiological impacts of removing these subunits were studied. The standardisation 

of experimental conditions was carried out using the wild type and mutants lacking one 

(or more) of the core protein(s) before performing the physiological characterisation of 

the mutants. The mutants lacking one (or more) of the core protein(s) were selected as 

they do not assemble PS II and lack of PS II activity; however, the 77 K fluorescence 

measurements of these mutants showed that the OD730 nm of the cultures may affect the 

emission peak in some mutants, which suggests that the quantum yield of fluorescence as 

well as the accumulation of pre-complexes changes in some mutants as the OD730 nm 

increases.  

 The physiological characterisations of the wild type (Jackson and Eaton-Rye, 

2015), ∆PsbJ (Lind et al., 1992; Regel et al., 2001), ∆PsbO (Burnap and Sherman, 1991), 



 

81 
 

∆PsbU (Shen et al., 1997; Inoue-Kashino et al., 2005; Summerfield et al., 2005b), ∆PsbV 

(Summerfield et al., 2005b), ∆CyanoP (Thornton et al., 2004; Summerfield et al., 2005b; 

Aoi et al., 2014; Jackson and Eaton-Rye, 2015) and ∆CyanoQ (Thornton et al., 2004; 

Summerfield et al., 2005a) strains in previous studies are in agreement with most of the 

results obtained in this study. On the other hand, the double knockout mutants showed 

novel phenotypes, and in all cases, these mutants have produced fewer and impaired PS 

II centres where either activity or assembly have been detrimentally affected when 

compared with the corresponding single mutants. The ∆PsbJ:∆PsbO and ∆PsbJ:∆PsbV 

were unable to grow photoautotrophically and did not evolve oxygen in the presence of 

the PS II-specific electron acceptors DCBQ or DMBQ. In addition, there was an 

accumulation of unassembled subunits and little to no PS II monomer (and no PS II 

dimers) assembled in these mutants. The ∆PsbJ:∆PsbU strain assembled PS II monomer 

but exhibited only a limited capacity for photoautotrophic growth and oxygen-evolving 

activity in the presence of DCBQ or DMBQ. The photoautotrophic growth rate, Chl a 

fluorescence induction and decay measurements of the ∆PsbJ:∆CyanoP and 

∆PsbJ:∆CyanoQ strains were similar to ∆PsbJ cells; however, they did not evolve oxygen 

in the presence of artificial quinone electron acceptors and the expression level of the PS 

II dimer in both of the ∆PsbJ:∆CyanoP and ∆PsbJ:∆CyanoQ strains was greatly reduced. 

The forward electron flow from QA
- to QB of ∆PsbJ:∆CyanoP and ∆PsbJ:∆CyanoQ strains 

were longer than wild type, while the oxidation of QA by PS I and charge recombination 

between QA
- and donor side of the PS II were shorter than the wild type. The backward 

electron flow to the oxidised Mn cluster of the donor side of both ∆PsbJ:∆CyanoP and 

∆PsbJ:∆CyanoQ cells were affected. 
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4 Key findings, discussion and conclusions  

PsbJ is located at the periphery of the PS II dimer, lying close to the α- (PsbE) and 

β- (PsbF) subunits of Cyt b559 in cyanobacteria (Suga et al., 2015). The extrinsic proteins 

PsbO, PsbU, and PsbV are located at the lumenal side of the PS II complex, where PsbV 

is located in close proximity to PsbJ (Figure 1.9), PsbU is located beside PsbV, while 

PsbO is located beside PsbU (Figure 1.10). CyanoP is speculated to be located below D2, 

in proximity of YD on the D2 subunit and a proton exit channel, while CyanoQ is proposed 

to be located next to PsbV, below the exit of a putative oxygen exit channel and close to 

the OEC and CP43 (Fagerlund and Eaton-Rye, 2011; Bricker et al., 2012). The lack of 

information on the pre-assembly complex, with which PsbJ and the extrinsic proteins 

associate during PS II biogenesis and revisiting the role of PsbJ and the extrinsic proteins 

were the main motive behind this study. This study was aimed at investigating: (i) whether 

PsbJ and extrinsic proteins play a role in biogenesis of PS II, (ii) is there an interaction 

(direct or otherwise) between PsbJ and the extrinsic proteins of PS II, and (iii) how the 

extrinsic proteins influence the effect of PsbJ during biogenesis (or vice versa). Single 

and double mutants lacking PsbJ and the extrinsic proteins created in this study revealed 

crucial observations that helped in further understanding the role of these proteins in PS 

II assembly and function (chapter 3). 

 

4.1 Key findings of this project 

4.1.1 The role of the intrinsic protein PsbJ 

The PsbJ-lacking strain in Synechocystis 6803 had previously been studied and 

characterised (Lind et al., 1993; Regel et al., 2001) and the photoautotrophic growth rate 

and oxygen-evolving activity, in the presence of artificial quinone, of the ∆PsbJ strain in 

this project were similar to their findings. The ∆PsbJ strain grew considerably slower than 

the wild type under photoautotrophic conditions (Figure 3.4 A) and there were fewer PS 

II complexes in the ∆PsbJ strain indicated by the 77 K fluorescence emission spectra and 

room temperature fluorescence induction analysis. In addition, the western blot with 

CP43 and CP47 antibodies confirmed that the ∆PsbJ strain had slightly less PS II dimer 
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and an accumulation of monomer, suggesting that some of the PS II centres may have 

been potentially inactive (Figure 3.10). The forward electron flow from QA
- to 

plastoquinone and back electron flow to the oxidised Mn cluster of the donor were also 

deregulated in the ∆PsbJ strain as observed in this project and previous studies (Regel et 

al., 2001). The interaction between PsbJ and the extrinsic proteins (direct or otherwise) 

was then further studied in this project (result sections 3.3 and 3.4) and the findings are 

further discussed in the following sections. 

4.1.2 The role of the PsbO protein and the effect of its removal in a PsbJ-

lacking strain 

The extrinsic subunit PsbO in cyanobacteria and plants has been studied and 

characterised; however, it remains unclear at which stage of biogenesis the PsbO subunit 

associates with PS II and whether-or-not PsbO plays a role in biogenesis or functions only 

in the mature complex. Knoppová et al. (2016) found, using a pull-down assay with a 

FLAG-tagged CyanoP that had been expressed in a CP47-lacking mutant, an interaction 

of CyanoP with PsbO, which raised the possibility that PsbO may participate in early 

steps in PS II assembly. The ∆PsbO cells had a reduced photoautotrophic growth rate, 

fewer assembled PS II centres as judged by the 77 K fluorescence analyses and variable 

fluorescence yield in the presence and absence of DCMU, and, interestingly, these cells 

did not form dimers (or the dimer stability was greatly reduced) as indicated by western 

blotting of BN-PAGE gels (Figure 3.10).  

The fluorescence decay analysis showed that in the absence of DCMU, the 

microsecond component of ∆PsbO strain had increased while the seconds component of 

the decay in the ∆PsbO strain had decreased (Table 3.3), which indicated that the electron 

transfer from QA
- to QB was slowed, while the charge recombination between QA

- and the 

donor side of the PS II was faster. However, the fluorescence decay for ∆PsbO cells in 

the presence of DCMU appeared to be flat (Figure 3.9 G-H), which indicated that there 

was no backward electron transfer between QA
- and the S2 state; this would suggest that 

the S1 state was not being formed during dark adaptation in the ∆PsbO cells and the S 

states of the OEC are likely to be less stable in the dark. 
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The removal of PsbO in the PsbJ-lacking cells had detrimental effects on the strain, 

as it was unable to grow photoautotrophically and had impaired association of the CP43 

pre-assembly module; however, the data obtained with the CP47 antibody suggests that 

some PS II monomer was present, but no oxygen was evolved in the presence of artificial 

quinones or bicarbonate, which indicated that any formed monomer is inactive. This 

suggested that the ∆PsbJ:∆PsbO strain can form the inactive monomer but the level of the 

inactive monomer is reduced. 

4.1.3 The role of the PsbU protein and the effect of its removal in a PsbJ-

lacking strain  

The growth rate and oxygen-evolving activity of the ∆PsbU strain in this project 

were similar to wild type, and similar findings were reported by previous studies (Shen 

et al., 1997; Inoue-Kashino et al., 2005; Summerfield et al., 2005b). The ∆PsbU strain 

had fewer assembled PS II which was supported by 77 K fluorescence emission spectra, 

room temperature fluorescence measurements, and western blots with CP43 and CP47 

antibodies. However, the fluorescence decay kinetics (Table 3.3) showed that ∆PsbU cells 

had slowed rates in all phases, which indicated that the electron transfer from QA
- to QB, 

the binding of plastoquinone to the QB site, and charge recombination between QA
- and 

the S2
 state of the OEC were all somewhat impaired compared to wild type. 

On the other hand, while the ∆PsbJ:∆PsbU strain grew photoautotrophically, its 

growth was much slower than seen in the corresponding single mutants (Figure 3.4 C) 

and it had reduced assembled PS II as judged by the apparent accumulations of PS II 

monomers and unassembled subunits containing CP43 and CP47 indicated by 77 K 

fluorescence measurements, fluorescence induction measurements in the presence and 

absence of DCMU, and western blots with CP43 and CP47 antibodies. The oxygen 

evolution assays also indicated that the PS II monomers formed in the ∆PsbJ:∆PsbU strain 

are active but the acceptor side is impaired as the artificial quinones DCBQ and DMBQ 

are unable to accept electrons and little oxygen was evolved (Figure 3.7 G-H) while the 

native quinone seems to be similar as wild type as judged by the oxygen-evolving activity 

in the presence of bicarbonate (Figure 3.7 I).  
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However, the additional removal of PsbU made the effect of the absence of PsbJ 

on electron transfer between QA and QB worse as indicated by the fluorescence decay 

measurements in the absence of DCMU (Table 3.3), and there was no backward electron 

transfer between QA
- and the S2 state as indicated by the fluorescence decay 

measurements in the presence of DCMU (Figure 3.9 K-L); this would suggest that the S1 

state in the ∆PsbJ:∆PsbU cells was not being formed during dark adaptation. The 

fluorescence induction and decay measurements of ∆PsbJ:∆PsbU strain appeared to be 

similar to ∆PsbO strain, which indicated that the destabilisation of OEC could be similar 

in case of ∆PsbJ:∆PsbU and ∆PsbO strains.  

4.1.4 The role of the PsbV protein and the effect of its removal in a PsbJ-

lacking strain  

The extrinsic subunit PsbV in Synechocystis 6803 had previously been studied 

and characterised (introduction section 1.4.4) and the results of experiments using ∆PsbV 

strain in this project agreed with the previous report from this lab (Summerfield et al., 

2005b). Fewer PS II were assembled in the ∆PsbV strain as shown in 77 K fluorescence 

emission analyses, fluorescence induction measurements, and western blots; however, the 

fluorescence decay analyses showed that the fluorescence decay curve of ∆PsbV strain 

(Figure 3.9 O-P) was not as flat as the ∆PsbO (Figure 3.9 G-H), suggesting that more S2 

were made in the ∆PsbV strain compared to the ∆PsbO strain. 

The ∆PsbJ:∆PsbV strain behaved in a similar manner to the ∆PsbJ:∆PsbO strain: 

it was not able to grow photoautotrophically and had an accumulation of unassembled 

subunits containing CP43, which suggested that the association of CP43 module was 

impaired. However, slightly more monomer containing CP47 was formed in the 

∆PsbJ:∆PsbV strain compared to the ∆PsbJ:∆PsbO strain as indicated by the western blots 

and no oxygen was evolved in the presence of artificial quinones or bicarbonate, which 

suggested that those monomers formed are inactive and the level of inactive monomers 

was reduced compared to the corresponding single mutants. 
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4.1.5 The role of the CyanoP protein and the effect of its removal in a 

PsbJ-lacking strain  

Despite several studies done on CyanoP over the past two decades, the role of 

CyanoP has yet to be found as no clear phenotype has been observed (Thornton et al., 

2004; Ishikawa et al., 2005; Summerfield et al., 2005b; Sveshnikov et al., 2007; Abasova 

et al., 2011; Aoi et al., 2014). However, CyanoP protein hinders PS II assembly in the 

absence of Ycf48 (Jackson and Eaton-Rye, 2015) and CyanoP bound to PS II at early 

assembly stage (Knoppová et al., 2016). The ∆CyanoP strain in this project showed a 

similar phenotype to previous findings (Summerfield et al., 2005b; Jackson and Eaton-

Rye, 2015) despite the variation in fluorescence induction measurements (Figure 3.16 C-

D) which may due to the individual handling of the cells and other factors like age of 

culture and the shading of light.  

The ∆PsbJ:∆CyanoP strain showed similar photoautotrophic growth and oxygen-

evolving activity as the ∆PsbJ strain. However, there were fewer assembled PS II as 

judged by the 77 K fluorescence analyses, variable fluorescence yield in the presence and 

absence of DCMU, and western blots of BN-PAGE gels. It also appeared to affect the 

equilibrium constant for the electron between QA and QB, as the seconds component of 

the fluorescence decay kinetics in the absence of DCMU (Table 3.6) is close to the 

seconds component in the presence of DCMU, which suggests that the equilibrium 

constant for the electron between QA and QB shifted to predominantly QA, thus affecting 

the back reactions with the S2 state of the OEC. Thus, CyanoP is speculated to stabilise 

the acceptor side of PS II. 

4.1.6 The role of the CyanoQ protein and the effect of its removal in a 

PsbJ-lacking strain  

The ∆CyanoQ mutant in this project had a similar photoautotrophic growth rate 

and oxygen-evolving activity in the presence of artificial quinone as the previous studies 

(Summerfield et al., 2005a). The amount of assembled PS II complex in the ∆CyanoQ 

strain was similar to that found in wild type which was supported by 77 K fluorescence 

emission spectra, room temperature fluorescence measurements and western blots with 
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CP43 and CP47 antibodies, and the electron transport kinetics within the PS II complex 

in the ∆CyanoQ strain were observed to be similar to the wild type as shown in the 

fluorescence induction and decay measurements. Thus, it appears that the lack of CyanoQ 

does not impact PS II biogenesis and electron transport within PS II. 

 On the other hand, the photoautotrophic growth and oxygen-evolving activity in 

the presence of artificial quinones of the ∆PsbJ:∆CyanoQ were similar to ∆PsbJ strain; 

however, the oxygen-evolving activity of the ∆PsbJ:∆CyanoQ strain was better compared 

to its corresponding single mutants in the presence of bicarbonate (Figure 3.15 I). It is 

possible that the native quinone exchanged with the plastoquinone pool more readily in 

the ∆PsbJ:∆CyanoQ strain, yet the elevated 685 nm peak observed in the 77 K 

fluorescence emission spectra with the excitation of 580 nm (Figure 3.14 C) suggested 

that the light harvesting and energy transfer from phycobilisomes to PS II is less efficient 

under normal conditions. However, it appears this can be overcome under constant strong 

illumination leading to greater oxygen-evolving capacity in the presence of bicarbonate. 

That is to say, under saturating light, the electron transfer supported in the presence of 

bicarbonate exceeded that observed in wild type but under normal conditions, the 

impaired light harvesting in this mutant would limit growth. 

The seconds component of the fluorescence decay measurements in the absence 

of DCMU was similar to the seconds component in the presence of DCMU (Table 3.6), 

which indicated that in the dark, the equilibrium constant for the electron between QA and 

QB shifted to QA and there may be a change in the QB site in the ∆PsbJ:∆CyanoQ strain, 

which suggested that the CyanoQ plays a role in stabilising the acceptor side of PS II. 

There were also fewer PS II dimers and a greater accumulation of monomers and 

unassembled subunits containing CP43 and CP47 in the ∆PsbJ:∆CyanoQ strain (Figure 

3.18) suggesting that the CyanoQ protein improved the formation of the PS II dimer. 
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4.2 Discussion 

4.2.1 The extrinsic proteins bind at the early biogenesis stage and they 

play a role in PS II biogenesis 

 The observation of the accumulation of CP47 and CP43 pre-complexes and 

reduced PS II monomer levels in the ∆PsbJ:∆PsbO and ∆PsbJ:∆PsbV strains suggested 

that the lack of PsbO and PsbV in the PsbJ-lacking strain led to compromised RC47 

complexes. Thus, the hypothesis that PsbO associates with the D2-Cyt b559 subcomplex 

suggested by Knoppová et al. (2016) may be valid. In addition to electron transport being 

affected in the absence of PsbV, the ∆PsbV strain also showed reduced assembly which 

might be due to either an early association of PsbV during biogenesis or destabilization 

of PS II on removing PsbV. The lack of PsbU seemed to be less detrimental compared to 

the removal of PsbO or PsbV as the PS II monomer was present albeit with an impaired 

acceptor side in the ∆PsbJ:∆PsbU strain. Similarly, in the absence of CyanoQ PS II 

monomer was present although it appeared to possess with altered QB site in the 

∆PsbJ:∆CyanoQ strain; however, the accumulation of CP47 and CP43 pre-complexes 

indicated that RC and RC47 complexes may be unstable in the ∆PsbJ:∆PsbU and 

∆PsbJ:∆CyanoQ mutants and it is hypothesized that PsbU and CyanoQ may possibly bind 

to PS II during assembly earlier than previously assumed. On the other hand, Knoppová 

et al. (2016) had used a pull-down assay and discovered that CyanoP binds to the D2-Cyt 

b559 subcomplex; therefore, it seems possible that all the extrinsic proteins might bind at 

early PS II biogenesis steps (Figure 4.1). 

The inactive monomer formation in the ∆PsbJ:∆PsbO and ∆PsbJ:∆PsbV strains 

suggested that the PsbJ, PsbO, and PsbV are required for the formation of a stable inactive 

monomer and the ongoing conversion to the active monomer. On the other hand, the lack 

of PsbU, CyanoP, and CyanoQ in the PsbJ-lacking strain, interestingly, allowed the 

formation of active PS II despite having several negative effects on the acceptor side of 

PS II; but the formation of the PS II dimer was impaired as compared to dimer levels in 

the single mutants lacking these subunits. It is therefore hypothesized that PsbU, CyanoP, 

and CyanoQ may be required for the PS II complex to dimerise or to establish stable 

dimers. 
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4.2.2 The possibility of the intrinsic PsbJ protein associating at the early 

stage of biogenesis 

 With the accumulation of unassembled subunits containing CP43 in the ∆PsbJ and 

most of the double knockout strains, it is hypothesized that PsbJ has to be present in the 

inactive PS II monomer for the ongoing conversion to active monomer and therefore 

possibly binds to the developing complex during the incorporation of the CP43 module. 

It is also possible that PsbJ associates with the developing PS II complex at or before the 

formation of RC complex or the incorporation of CP47 module. Although speculative, 

this interpretation suggests that the formation of compromised RC and RC47 complexes 

in the double knockout strains arises because PsbJ was not bound at the appropriate 

nascent stage of biogenesis (Figure 4.1). 

 

Figure 4.1: Hypothesized biogenesis of Photosystem II. The possible stages for the incorporation of PsbJ, 

PsbU, PsbV, and CyanoQ subunits during the biogenesis of Photosystem II (shown in Figure 1.6) are 

represented with grey dotted arrows. 

 

4.3 Conclusions and future directions 

 This project has investigated the possible role of PsbJ and the extrinsic proteins 

in biogenesis, including the possible entry of these subunits and the influence of extrinsic 
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proteins on the effect of PsbJ during biogenesis. The lack of PsbO and PsbV in the PsbJ-

lacking strain had detrimental effects as these double knockout mutants were unable to 

grow photoautotrophically and lacked oxygen-evolving activity and electron transport 

within PS II despite low levels of monomers being formed. The ∆PsbO and ∆PsbV strains 

also showed reduced assembly which might be due to either the early association of PsbO 

and PsbV during biogenesis or the destabilization of PS II on PsbO and PsbV removal. 

There was also an accumulation of CP43 pre-complexes and some CP47 pre-complexes 

in the ∆PsbJ:∆PsbO and ∆PsbJ:∆PsbV strains with a reduced amount of monomer 

containing CP47, thus it is hypothesized that both PsbO and PsbV associate with PS II 

during the early steps of biogenesis. The ∆PsbJ:∆PsbU mutant exhibited a limited 

capacity for photoautotrophic growth, impaired PS II acceptor side reactions and no back 

reaction with the S2 state of the OEC. However, the effect of PsbU removal was not as 

severe as removing PsbO and PsbV, suggesting that either PsbU plays a lesser role in PS 

II stabilisation, or PsbU associates later than PsbO and PsbV during biogenesis. It is 

hypothesized that PsbU associates during biogenesis earlier than expected but possibly 

after PsbO and PsbV as there were accumulations of monomers and unassembled subunits 

containing CP43 and CP47 in the ∆PsbJ:∆PsbU strain. The removal of CyanoQ in the 

PsbJ-lacking strain affected the equilibrium constant for the electron transfer between QA 

and QB, yet with the additional bicarbonate under constant illumination of strong light, 

the electron transport from QA to QB was favoured, leading to greater oxygen-evolving 

activity compared to the wild type and corresponding single mutants. The accumulation 

of monomers and unassembled subunits containing CP43 and CP47 with reduced dimer 

containing CP47 were observed in the ∆PsbJ:∆CyanoQ strain, suggesting that CyanoQ 

possibly associates during biogenesis at either the same stage or later than PsbU. On the 

other hand, the loss of CyanoP had the least effect on the strain lacking PsbJ when the 

double mutant was constructed, although the equilibrium constant for the electron transfer 

between QA and QB shifted more to QA
-. Despite the lack of data on BN-PAGE followed 

by western blotting using D1 and D2 antibodies, based on the findings in this project it is 

hypothesized that PsbJ, PsbO, and PsbV may play a role in stable inactive monomer 

formation and ongoing conversion to the active monomer, while PsbU, CyanoP, and 

CyanoQ may be required for the formation of dimers. It may be worthwhile to perform 

BN-PAGE followed by western blotting using D1 and D2 antibodies, and isolate and 
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identify the composition of potential unassembled pre-assembly PS II complexes to give 

further insight into the process of PS II assembly. FtsH proteases may also degrade the 

unassembled early PS II pre-complexes, thus it might be beneficial to create FtsH2 

deletion mutants in the ∆PsbJ:∆PsbO and ∆PsbJ:∆PsbV strains to concentrate the 

unassembled PS II pre-complexes. Creation of strains which has core proteins such as D2, 

CP43 and CP47 His-tagged may be useful to isolate the subunits that have 

interaction/association with the His-tagged protein and further identify through mass 

spectrometry to elucidate these hypotheses.
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Appendix I 

R script for low-temperature fluorescence data analysis (440 nm) 

#Read list of .csv files in directory 

filenames<-list.files(pattern='*.csv', ignore.case=TRUE) 

filenames 

Number_Rows=203 ## Data from 579 to 780 nm 

#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+578 

Baseline_Corrected_Array<-Raw_Array 

PSI_Normalised_Array<-Raw_Array 

#Open each file and add data (column 3) to matrix 

for (i in filenames){ 

  Raw_Data<-read.csv(i, header=FALSE, sep=",", 

                     col.names=c("Wavelength", "UnUsedColumn", 

                                 gsub(".csv", "", i, ignore.case=TRUE), "UnUsedColumn")) 

  Sample_Data<-as.matrix(Raw_Data[,3]) 

  Raw_Array<-cbind(Raw_Array, Sample_Data)  #Add this sample column to end of 

array 

} 

filenames  #Debugging 

Raw_Array  #Debugging 

Number_Of_Samples<-dim(Raw_Array)-1 

#plot(Raw_Array[,1],Raw_Array[,2], type="l") 

x<-Raw_Array[,1]-500  #Remove 500 nm from wavelength - keeps parameters of similar 

magnitude 

y<-Raw_Array[,3]*100 #Multiply fluorescence by 100 - keeps parameters of similar 

magnitude 

y 

x 

#Formula for each emission peak -Gaussian, not necessarily the best approximation - 

should be asymetric 

Calculated_Curve<-function(Wavelength,a,b,c){ 

  a*exp((-(Wavelength-b+500)^2)/(2*c^2)) 

} 

#Formula for the baseline -> power function - for lack of a better alternative? 

Calculated_Baseline<-function(Wavelength,a,b,c){ 

 # a*exp((-b/1000)*Wavelength)+c 

  a*10*Wavelength^(-b/10)+c 

} 

#Total simulated observed (calculated) fluorescence 
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Simulated_Spectra<-

function(Wavelength,b1,b2,b3,pa1,pb1,pc1,pa2,pb2,pc2,pa3,pb3,pc3,pa4,pb4,pc4,pa5,p

b5,pc5,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, 

                   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 
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Data_To_Fit <- data.frame(x = x, y = y) 

#Debugging - print the data series 

#str(Data_To_Fit) 

Model_Spectra <- nls(y ~ Simulated_Spectra(x, b1, b2,b3, 

                                     pa1, pb1, pc1,  

                                     pa2, pb2, pc2,  

                                     pa3, pb3, pc3,  

                                     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_Paramete

rs["b3"]),col="green") 

#Draw each individual peak on the graph 

for (p in 1:6){ 

lines(x,Calculated_Curve(x,Fit_Parameters[p*3+1],Fit_Parameters[p*3+2],Fit_Paramet

ers[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[,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])) 
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  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 fluorescence data analysis (580 nm) 

#Read list of .csv files in directory 

filenames<-list.files(pattern='*.csv', ignore.case=TRUE) 

filenames 

Number_Rows=183 

#Create matrix with first row as wavelength 

Raw_Array=matrix(nrow=Number_Rows,ncol=1) 

for(i in 1:Number_Rows)  

  Raw_Array[i,1]=i+598 

Baseline_Corrected_Array<-Raw_Array 

PSI_Normalised_Array<-Raw_Array 

#Open each file and add data (column 3) to matrix 

for (i in filenames){ 

  Raw_Data<-read.csv(i, header=FALSE, sep=",", 

                     col.names=c("Wavelength", "UnUsedColumn", 

                                 gsub(".csv", "", i, ignore.case=TRUE), "UnUsedColumn")) 

  Sample_Data<-as.matrix(Raw_Data[,3]) 

  Raw_Array<-cbind(Raw_Array, Sample_Data)  #Add this sample column to end of 

array 

} 

filenames  #Debugging 

filenames<-gsub("580","",filenames) 

Raw_Array  #Debugging 

Number_Of_Samples<-dim(Raw_Array)-1 

#plot(Raw_Array[,1],Raw_Array[,2], type="l") 

x<-Raw_Array[,1]-550  #Remove 500 nm from wavelength - keeps parameters of similar 

magnitude 

y<-Raw_Array[,3]*100 #Multiply fluorescence by 100 - keeps parameters of similar 

magnitude 

y 

x 
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#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 

Simulated_Spectra<-

function(Wavelength,b1,b2,b3,pa1,pb1,pc1,pa2,pb2,pc2,pa3,pb3,pc3,pa4,pb4,pc4,pa5,p

b5,pc5,pa6,pb6,pc6,pa7,pb7,pc7){ 

  Calculated_Baseline(Wavelength,b1,b2,b3)+ 

    Calculated_Curve(Wavelength,pa1,pb1,pc1)+ 

    Calculated_Curve(Wavelength,pa2,pb2,pc2)+ 

    Calculated_Curve(Wavelength,pa3,pb3,pc3)+ 

    Calculated_Curve(Wavelength,pa4,pb4,pc4)+ 

    Calculated_Curve(Wavelength,pa5,pb5,pc5)+ 

    Calculated_Curve(Wavelength,pa6,pb6,pc6)+ 

    Calculated_Curve(Wavelength,pa7,pb7,pc7) 

} 

#Ballpark starting values, plus upper and lower - only used for "Port" algorithum 

Start_params<-(list(b1=125,b2=20,b3=-2, 

                   pa1=5,pb1=617,pc1=3, 

                   pa2=40,pb2=650,pc2=5, 

                   pa3=50,pb3=665,pc3=5, 

                   pa4=50,pb4=685,pc4=5, 

                   pa5=50,pb5=695,pc5=5, 

                   pa6=25,pb6=727,pc6=10, 

                   pa7=5,pb7=755,pc7=10)) 

Upper_params<-(list(ub1=1000,ub2=100,ub3=30, 

                   ua1=25,ub1=620,uc1=7, 

                   ua2=80,ub2=655,uc2=7, 

                   ua3=80,ub3=670,uc3=10, 

                   ua4=80,ub4=688,uc4=8, 

                   ua5=80,ub5=698,uc5=8, 

                   ua6=50,ub6=735,uc6=50, 

                   ua7=20,ub7=770,uc7=50)) 

Lower_params<-(list(lb1=100,lb2=5,lb3=-25, 

                   la1=2,lb1=612,lc1=2, 

                   la2=20,lb2=645,lc2=3, 

                   la3=20,lb3=660,lc3=3, 

                   la4=20,lb4=680,lc4=1, 

                   la5=20,lb5=690,lc5=2, 

                   la6=5,lb6=723,lc6=2, 

                   la7=3,lb7=735,lc7=2)) 
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#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, 

                                     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_Paramete

rs["b3"]),col="green") 

#Draw each individual peak on the graph 

for (p in 1:7){ 

lines(x,Calculated_Curve(x,Fit_Parameters[p*3+1],Fit_Parameters[p*3+2],Fit_Paramet

ers[p*3+3]),col="red") 

} 
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#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 

for (d in 2:(Number_Of_Samples[2]+1)){ 

  Model<-Fit_Data(Raw_Array[,d]*100,d-1) 

  #Add data column to end of baseline + normalised data arrays 

  Baseline_Corrected_Array<-cbind(Baseline_Corrected_Array, Model) 

  PSI_Normalised_Array<-cbind(PSI_Normalised_Array, 

Model/mean(Model[127:131])) 

  #Add columns (sample) labels to the first row 

  colnames(Baseline_Corrected_Array)[d] <-  sub(".csv", "", filenames[d-1], 

ignore.case=TRUE) 

  colnames(PSI_Normalised_Array)[d] <-  sub(".csv", "", filenames[d-1], 

ignore.case=TRUE) 

  } 

Baseline_Corrected_Array 

PSI_Normalised_Array 

dir.create("Output", showWarnings = TRUE, recursive = FALSE) 

write.csv(Baseline_Corrected_Array, "Output/Baseline_Corrected.csv", 

row.names=FALSE) 

write.csv(PSI_Normalised_Array, "Output/PSI_Normalised_Array.csv", 

row.names=FALSE) 

rm(list =ls()) 

 

Fluorescence induction 

MeasuringFlash=3us 

MeasurDelay=2us 

ActinicFlash=0us 

AuxDuration=10.1s ; Act. light interval 

PreFlash=0us ; PreFlash 

include default1.inc ; Include standard options, don't remove it ! 

include detector.inc 

M_Voltage=90Num ; Measur.light voltage 

F_Voltage=0 

A_Voltage=50Num ; Act. light voltage 
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;********************************************************************* 

<init>=>FastMode(0),Gain1(100) 

Fo=<200us,400us..800us> ; Define Fo measurment 

ab=<10us,20us..40us> 

a=<50us,75us..150us> 

b=<200us,250us..500us> 

c=<600us,700us..1000us> 

d=<1.5ms,2ms..5ms> 

e=<6ms,7ms..10ms> 

f=<12.5ms,15ms..50ms> 

g=<60ms,70ms..250ms> 

h=<275ms,300ms..500ms> 

i=<600ms,700ms..1500ms> 

j=<1.75s,2s..5s> 

k=<5.5s,6s..10s> 

Timepoints=ab|a|b|c|d|e|f|g|h|i|j|k 

Light=1ms ; Actinic Flash 

230 

Measure=Light+Timepoints ; Reoxidation Kinetics 

Fo|Measure=>mfm1 

<Light>=>A1 

 

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 

;********************************************************************* 

; 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> 
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f=<15ms,20ms..50ms> 

g=<60ms,70ms..100ms> 

h=<125ms,150ms..500ms> 

i=<600ms,700ms..1500ms> 

j=<1.75s,2s..5s> 

k=<5.5s,6s..60s> 

Timepoints=a|b|c|d|e|f|g|h|i|j|k 

Flash1=1000ms ; Actinic Flash 

f2=800ms 

f3=600ms 

f4=400ms 

f5=200ms 

Measure=Flash1+Timepoints ; Reoxidation Kinetics 

Measure2=Measure+15us 

Fo2=Fo+15us 

Fo|Measure=>mfm1 

Fo2|Measure2=>m1 

<Flash1>=>F1 ; Actinic Flash 

<Flash1>=>A1 

;<f2>=>F1 ; Actinic Flash 

;<f2>=>A1 

;<f3>=>F1 ; Actinic Flash 

;<f3>=>A1 

;<f4>=>F1 ; Actinic Flash 

;<f4>=>A1 

;<f5>=>F1 ; Actinic Flash 

;<f5>=>A1 
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Appendix II 

Non-normalised 77 K fluorescence emission measurements of 

the wild type and the mutants lacking one or more of the core 

proteins with the excitation wavelength of 440 nm. 

Figure AII: Non-normalized 77 K fluorescence emission measurement of wild type and mutants 

lacking one or more of the core proteins with the excitation wavelength of 440 nm. The OD730 nm of the 

strains are 0.5 (black); 1.0 (blue); 1.5 (red); and 2.0 (green). 
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Appendix III 

Figures representing the results of three independent repeats to 

assist the variation encountered across repeats. 

 

Figure AIII.1: Raw data of three biological repeats of wild type and ∆PsbJ for the photoautotrophic 

growth curve and 77 K fluorescence emission spectra measured on excitation with either 440 nm 

(chlorophyll a) or 580 nm (phycobilisome). 
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Figure AIII.2: Three individual traces showing variation in oxygen-evolving activity of wild type and 

∆PsbJ across biological repeats using DCBQ, DMBQ and sodium bicarbonate.  

 


