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Abstract 
 

The cyanobacterium Synechocystis sp. PCC6803 contains six extrinsic Photosystem II 

proteins located in the thylakoid lumen. Three of these, CyanoP, CyanoQ and Psb27 

(homologues of the higher plant PsbP, PsbQ and Psb27 subunits) are characterised by post 

translational N-terminal lipid modification, thus forming a unique group of PS II extrinsic 

lipoproteins. These subunits are absent from all available crystal structures of PS II and their 

functions have not yet been fully defined. To further the understanding of these proteins and 

their functions the structures of CyanoQ and CyanoP have been determined by X-ray 

crystallography and solution state NMR spectroscopy, respectively.  

The CyanoQ protein folds as a four-helix bundle in an up-down-up-down 

configuration, similar to the C-terminal domain of spinach PsbQ. A potentially significant 

divalent metal binding site located adjacent to a conserved hydrophobic pocket has been 

identified, which might be important for the function of CyanoQ. The CyanoP protein folds 

as an αβα-sandwich domain which is consistent with the structure of higher plant PsbP. A 

surface cleft containing a large number of conserved residues found only in CyanoP and 

PsbP-like homologues has been identified and analysis suggests that one of the potential 

cation binding sites found in CyanoP may be functionally significant. Evidence for the 

evolution and divergence of the PsbP super family is presented from a structural perspective 

including identification of residues which distinguish the PsbP family from unrelated 

proteins with a similar domain fold. Overall the high structural similarity of the CyanoP and 

CyanoQ subunits to their higher plant homologues disputes earlier theories that PsbP and 

PsbQ are evolutionary replacements for the cyanobacterial PsbU and PsbV subunits.  

The function of the three lipoproteins has also been investigated in vivo by 

physiological characterisation of extrinsic lipoprotein knockout mutants. Evidence is 

presented to support a similar functional relationship between PS II and the extrinsic 

homologues in cyanobacteria and higher plants, consistent with their similar structures. 

Several previously unexplored approaches were taken, which required the design, 

modification and construction of instruments for the measurement of 77 K fluorescence and 

thermoluminescence. In addition, a construct to interrupt the CtpA protease gene has been 

made and used to generate novel double mutants in the ΔCyanoP, ΔCyanoQ and ΔPsb27 

strains. Observations made suggest the CyanoQ and Psb27 subunits influence energy 

coupling and innate photoprotective mechanisms in PS II early assembly intermediates, 

whilst CyanoP appears to be involved in photoactivation or repair mechanisms. 
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Chapter one 

 

Introduction 
 

1.1 Background 

 

1.1.1 Photosynthesis 

 

Photosynthesis is the process through which plants, algae and cyanobacteria are able to 

utilise light as their primary energy source. In oxygenic photoautotrophs photosynthesis 

refers to two main biochemical pathways which occur in series, known as the light and dark 

reactions. Some bacteria can perform anoxygenic photosynthesis, however, for the purposes 

of this project the process in oxygenic species is referred to. It is the first step, the so-called 

light reactions, which are central to the primary conversion of light to chemical potential 

energy. These reactions are facilitated by a series of pigment-protein complexes through 

which electrons are transported, known as the photosynthetic electron transport chain 

(ETC). The photosynthetic ETC is highly conserved amongst all known oxygenic 

photoautotrophic organisms. Energy conversion is achieved through a sequential series of 

light driven redox reactions, the net result of which is the oxidation of water to molecular 

oxygen, reduction of NADP
+
 to NADPH and the indirect phosphorylation of ADP to ATP.  

 

There are many protein complexes, active pigments, redox-cofactors and metabolites 

involved in the photosynthetic ETC and the coordinated functioning of these components is 

essential. The main components of the photosynthetic ETC are found embedded in the 

thylakoid membranes of chloroplasts (higher plants and algae) and cyanobacteria. In the 

context of photosynthesis based research many different organisms are studied and the basic 

overall principles of photosynthesis can be applied to all systems. There are, however, 

significant differences in the physiology of individual species and whole phyla which 

influence photosynthesis and need to be taken into consideration when interpreting data; 

where relevant comparisons are made between various model systems (Nelson and Yocum, 

2006).  

 

The mesophilic cyanobacterium Synechocystis sp. PCC6803 (hereafter Synechocystis 6803) 

has been used extensively as a model system for photosynthetic research. A glucose tolerant 

strain, which allows generation and growth of mutants that are obligate heterotrophs, is 
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referred to throughout as wild type (Williams, 1988). Two further advantages of 

Synechocystis 6803 as a model organism are that it was the first photoautotroph for which 

the complete genome sequence was published and it is naturally transformable with 

exogenously added DNA (Grigorieva and Shestakov, 1982; Kaneko et al., 1996). These 

features enable the efficient generation of photosynthetic mutant strains and also facilitate 

rapid proteomic and transcriptomic analysis. Cyanobacteria are believed to represent the 

progenitors to higher plant chloroplasts and thus the knowledge gained from studying 

Synechocystis 6803 helps to further understand higher plants species. In addition 

cyanobacteria are an important part of the global biosphere and there is considerable interest 

in their use as a potential source of biofuels to replace fossil fuel sources. In the cases of 

both higher plants’ crops and microbial biofuels the overall biomass yield is highly 

dependent on photosynthetic activity and efficiency. 

 

1.1.2 Photosynthetic Electron Transport Chain 

 

The basic principle of the photosynthetic ETC is that photons are absorbed by light-

harvesting pigment complexes and the resultant excitation energy is converted to 

electrochemical potential. This potential is then used to drive a net flow of electrons from 

water to the final acceptor metabolite NADP
+
. The electron flow also generates a membrane 

potential, by net proton (H
+
) transfer, which is used to drive an ATP synthase complex; 

hence contributing the indirect phosphorylation of ADP to ATP. There are also many other 

non-light absorbing complexes involved and, despite intensive efforts, there are still 

significant gaps in the current knowledge of the structure, function and regulation of the 

photosynthetic ETC (Figure 1.1) (Campbell et al., 1998; Nelson and Yocum, 2006). Photons 

(light) are absorbed by antenna pigments and the excitation energy is transferred to one of 

two thylakoid bound reaction centre complexes, known as Photosystem I (PS I) and 

Photosystem II (PS II); it is within these complexes that the excitation energy is converted 

to redox potential. The first step of the photosynthetic ETC is catalysed by PS II 

(photosystems I and II were named in the order of their discovery, not their order in the 

ETC). Photosystem II is also the site where water is oxidised to yield molecular oxygen 

which is critical for all oxygenic life on earth, yet this highly important reaction remains 

incompletely understood. 
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Figure 1.1: The photosynthetic ETC model based on Synechocystis 6803 architecture. The photosynthetic 

ETC is a specific sequence of redox carriers which cycle between oxidised and reduced states as they pass 

electrons down a potential energy gradient. The pathway is driven by light energy converted to redox potential 

at the PS II and PS I complexes. Most redox carriers are fixed as co-factors of the PS II, cytochrome b6f and 

PS I complexes. However, there are two key mobile carriers which shuttle electrons between the three main 

complexes. These are: plastoquinone (PQ) and plastocyanin (PC); cytochrome c6 (Cyt c6) is also involved. As 

the reduced forms of PQ and PC are oxidised, at the cytochrome b6f and PS I complexes respectively, the net 

result is to pump H
+
 across the thylakoid membrane into the lumen. This generates the membrane potential 

between the cytosol and lumen which is used to drive ATP synthesis by ATP synthase. The terminal acceptor 

from PS I, ferredoxin (Fd), is used to generate NADPH via the Fd:NADP
+
 oxidoreductase (FNR). The 

NADPH and ATP generated represent the primary products of the light reactions of photosynthesis. The 

accessary antenna PBS complexes which assist light capture are also shown; in Synechocystis 6803 there are 

two types of PBS, containing either CpcG1 or CpcG2. The CpcG1 type PBS contain allophycocyanin (APC) 

but the CpcG2 type do not. In addition, the thylakoid membrane system of Synechocystis 6803 also contains 

components of the respiratory ETC; the NADPH dehydrogenase (NDH), cytochrome c oxidase (COX) and 

cytochrome bd oxidase (Cyt bd). Figure adapted from (Campbell et al., 1998), (Kondo et al., 2009) and 

(Nowaczyk et al., 2010).  

 

To assist light capture by both the PS I and PS II complexes there are a number of proximal 

antenna systems involved in light harvesting and excitation energy transfer. These antenna 

complexes extend the overall spectral range and efficiency of photosynthesis and are also 

important for controlling the distribution of energy along the ETC (Grossman et al., 1995). 

The nature of the antenna systems can vary between species, in Synechocystis 6803 the 

predominant light harvesting pigment complexes are the mobile, outer thylakoid membrane 

anchored Phycobillisomes (PBS) (Figure 1.1) (Mullineaux et al., 1997). Control of energy 

distribution is achieved by the mobile nature of the PBS; cells can undergo so-called state 
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transitions where the average number of PBS associated with energy transfer to PS I, PS II 

and non-photochemical quenching (NPQ) processes can vary significantly (Federman et al., 

2000; Sonoike et al., 2001; Joshua and Mullineaux, 2004; Sarcina and Mullineaux, 2004; 

Stadnichuk et al., 2009; Yang et al., 2009)  

 

1.1.3 Photosystem II 

 

The first step in the photosynthetic ETC, catalysed by PS II, involves the light driven 

oxidation of water to provide electrons for the reduction of metabolites later in the chain; the 

molecular oxygen which is also produced is essentially a by-product. The first mobile 

electron acceptor is plastoquinone (PQ) and thus the PS II complex functions as water-

plastoquinone oxidoreductase (Barber, 1994). Overall the PS II complex serves two roles: 

firstly to utilise absorbed light energy to drive the water oxidation reaction and secondly to 

boost the electrochemical potential of electrons to a level sufficient for PQ reduction. The 

importance of PS II in facilitating this reaction is illustrated by the conserved nature of the 

complex across oxygenic photoautotrophic species (Rogner et al., 1996; De Las Rivas et al., 

2004). The conversion of light energy to chemical potential energy occurs via a process 

known as primary charge separation, a remarkable reaction involving one of the highest 

oxidation potentials found in the biological world (Renger and Renger, 2008). The plasticity 

of PS II is such that it is able to adapt to function under varying physiological conditions but 

the dynamic nature of PS II, its regulation and functional mechanisms are not completely 

understood.  
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1.2 Photosystem II Structure and function 

 

1.2.1 Structure 

 

Photosystem II is a dynamic complex undergoing constant cycles of damage and repair, 

therefore, many different sub-populations at various stages of the cycle exist within the 

cellular pool of PS II (Aro et al., 2005). The structure and components of PS II are 

intimately linked to biogenesis, degradation and reassembly of the complex, processes 

which are all incompletely understood. Active mature PS II complexes are present in vivo as 

dimers, with each monomer within the complex capable of autonomous function. In 

addition individual monomers can be activated in vitro, however, their presence in vivo is 

not established (Barber, 2003; Watanabe et al., 2009; Nixon et al., 2010). 

 

At present over 30 subunits associated with PS II have been identified in Synechocystis 

6803, each with a distinct role in the structure, function or biogenesis of the complex; the 

exact number of subunits varies depending on classification, as some proteins are only 

transiently involved during PS II biogenesis or repair (Kashino et al., 2002a; Kashino et al., 

2002b; Shi and Schroder, 2004). On the basis of observational and mutation studies many 

PS II subunits have been assigned functional roles in areas such as pigment and redox co-

factor co-ordination, energy transfer, dimerisation and assembly of the complex; several 

subunits also appear to be multi-functional (Barber, 2003; Shi and Schroder, 2004). Whilst 

Synechocystis 6803 is the dominant model cyanobacterial species for physiological 

characterisation and investigation of PS II function, most of the structural work to date has 

been performed using the thermophillic species Thermosynechococcus elongatus (T. 

elongatus) and Thermosynechococcus vulcanus (T. vulcanus). 

  

Several structures representing the bulk of fully formed PS II dimers have been determined 

by X-ray crystallography and various ion-substituted derivatives, such as iodide and 

bromide, have also been published (Zouni et al., 2001; Kamiya and Shen, 2003; Biesiadka 

et al., 2004; Ferreira et al., 2004; Loll et al., 2005; Guskov et al., 2009; Kawakami et al., 

2009; Broser et al., 2010; Umena et al., 2011). The structural picture of PS II, however, is 

still incomplete because all of the structures, including the most recent subatomic resolution 

structure, lack several of the subunits believed to be present in the mature complex (Kashino 

et al., 2002a; Kashino et al., 2002b; Umena et al., 2011). The reason for the absence of these 
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subunits is unclear. It is possible the low affinity of these subunits for PS II results in their 

dissociation during purification and crystallisation, or they may only be transiently 

associated with PS II, perhaps during the biogenesis of the complex. There are three main 

groups of subunits within a PS II centre: a membrane embedded core, peripheral intrinsic 

membrane subunits and the extrinsically bound subunits (on both the lumenal and cytosolic 

sides of the membrane) (Figure 1.2). In conjunction with the protein components is a 

plethora of lipids, chlorophyll molecules, carotenoids, heme groups, metal ions and other 

cofactors associated with PS II (Figure 1.3).  

 

 

Figure 1.2: Structure of a Photosystem II dimer from T. vulcanus. The most recent PS II structure obtained 

by X-ray crystallographic methods, PDB:3ARC (Umena et al., 2011). Colouring is as follows: red, D1; 

orange, D2; cyan, CP43; green, CP47; grey, other membrane intrinsic; yellow, extrinsic proteins on the 

lumenal face. Note the large loops and domains of CP43 and CP47 which protrude out into the lumen and 

interact with the extrinsic proteins. Additional extrinsic subunits are known to associate with the cytosolic side 

of the PS II complex, however, none of these appear in any of the structures obtained thus far. 

 

The core structure of a PS II monomer (centre) is commonly referred to as the reaction 

centre (RC) and consists mainly of a heterodimer of the D1 and D2 proteins and a few 

smaller subunits such as PsbE, PsbF and PsbI. These subunits provide a structural scaffold 

for the co-ordination of the main redox active co-factors found in PS II (Hankamer et al., 

2001; Rappaport and Diner, 2008). Either side of the D1 and D2 subunits are the 

chlorophyll a (Chl a) binding subunits CP43 and CP47, which act both as antenna systems 

and structural components that are requisite for normal function and biogenesis of PS II 
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(Figure 1.2). Within the RC core is a group of specially positioned chlorophyll molecules, 

which together form the photoactive reaction centre, denoted P680, where the primary 

photochemical reaction occurs (Figures 1.3 and 1.4).  

 

Figure 1.3: Pigments, lipids and co-factors of Photosystem II. A single monomer of the PS II dimer is 

shown with the same orientation as Figure 1.2; PDB:3ARC. Colouring for carbon containing moieties is as 

follows: lipids (yellow), Chl a molecules (green), carotenoids (orange), quinone molecules (cyan). Atoms 

shown as spheres are coloured: calcium (green), chloride (orange), oxygen (red) and manganese (purple). All 

other co-factors are as labelled. For reference purposes the secondary structure of the peptide chains is shown 

in light grey. A more detailed view of the redox active co-factors is given in Figure 1.4.  

 

The primary photochemical reaction involves conversion of absorbed light energy at the 

reaction centre to a charge separation between P680 and the D1 bound pheophytin molecule 

(PheoD1; commonly referred to simply as Pheo), yielding the species P680
+
 and Pheo

-
. At 

physiological temperatures it appears the excited state of P680 is delocalised amongst 

several pigment molecules (ChlD1, PD1, PD2 and ChlD2); however, ChlD1 appears to be the 

primary electron donor (Raszewski et al., 2005; Raszewski et al., 2008; Saito et al., 2011). 

Generation of charge separation is fundamental to PS II function and marks the distinction 
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between two subsequent processes: the sequential reduction of PQ molecules and the 

oxidation of water. The former reaction pathway (referred to as the acceptor side) is 

relatively well characterised; an electron excited to Pheo passes to a quinone bound at the 

QA site, then on to the QB site where PQ is reduced via the so-called two-electron gate; yet, 

there are still a number of unanswered questions, such as the function of the non-heme iron 

and bicarbonate molecule. Conversely, the oxidation of water to facilitate reduction of 

P680
+
 (the donor side) is less well understood. 

 

Figure 1.4: Redox cofactor organisation within PS II. The main forward pathway of electron transport is 

indicated by solid lines between redox cofactors. The P680 site is composed of ChlD1, PD1, PD2 and ChlD2. The 

acceptor side Fe is commonly known as the non-heme iron. Magnesium atoms of the chlorophyll molecules 

are shown as yellow spheres. Only the manganese and calcium atoms of the OEC are shown, the others have 

been omitted for clarity. PDB:3ARC. 

 

 The oxidation of water occurs on the lumenal side of the PS II complex within a structure 

known as the oxygen-evolving centre (OEC) (Figure 1.3). Under normal conditions the rate-

limiting step in PS II activity is the water oxidation reaction and alterations to the OEC can 

severely reduce PS II activity (Boekema et al., 2000). The OEC is comprises of a catalytic 

tetra-manganese (Mn), calcium (Ca
2+

) cluster co-ordinated by protein-ligand interactions 

with residues of the D1 and CP43 peptides. In the most recent crystal structure of PS II (1.8 

Å) the calcium is in close association with manganese and 5 oxygen atoms, forming a 

Mn4O5Ca group (Umena et al., 2011). Questions remain surrounding both the function and 

biogenesis of the OEC cluster.  
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1.2.2 Mechanisms of Water Oxidation and P680
+
 Reduction 

 

The water oxidation reaction of PS II occurs via a 5 step cycle known as the S-state model 

(Joliot et al., 1969; Kok et al., 1970). Each S-state (denoted S0 to S4) is defined as a step in 

the sequential oxidation of the OEC-water complex. The S4 state is a short-lived 

intermediate and rapidly transitions to S0, releasing oxygen in the process. The S1 state is the 

dark-stable state, to which most other states revert after a period of dark incubation. The 

crystal structures are therefore thought to predominantly represent the S1 state of the OEC 

(although the effects of radiation damage also need to be considered) (Figure 1.5) (Renger, 

2012). With the exception of the final S4 to S0 transition, each step between states involves 

the generation of P680
+
 and extraction of an electron from the OEC. The rate of each S-state 

oxidation step varies with the oxidation state of the Mn4O5Ca group and several factors have 

been shown to influence the kinetics of the OEC mechanism including modification of the 

OEC environment (Babcock et al., 1976; Razeghifard et al., 1997a; Razeghifard et al., 

1997b). 

 

 

Figure 1.5: The S-state model for the oxidation of water at the OEC. The four S-states S0 to S4 are shown 

as grey circles. The S4 state is a short lived intermediate. Photons are represented by hν and red arrows. Proton 

release events are shown with blue arrows and green circles are used to represent the YZ intermediate cofactor. 

Figure is adapted from (Noguchi et al., 2012; Renger, 2012).  
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Although transition between S-states is characterised by the cycling of the reaction core 

between ground (P680) and excited (P680
+
) states then back to P680, the P680

+
 species 

does not interact directly with the OEC. Instead a highly conserved residue of the D1 

peptide, tyrosine 161 (denoted YZ), acts as an intermediary between the OEC and P680 

(Debus et al., 1988; Metz et al., 1989) (Figures 1.3, 1.4). In effect YZ cycles between 

reduced and oxidised states in response to P680 excitation and thereby drives the water 

oxidation reaction. During the cycling of each S-state transition a single electron is 

sequestered from the current S-state of the OEC group to replenish the electron donated to 

P680
+
 by YZ (Meyer et al., 2007). The exact details surrounding the nature of the oxidised 

and reduced forms of YZ remain are unclear. It is thought that YZ is linked with the D1-

His190 residue and that the oxidised state is a neutral radical YZ˙. A model has been 

proposed for the mechanism of the generation and reduction of the YZ˙ radical: proton 

rocking between YZ-His190 (where His190 accepts a phenol proton released from YZ upon 

donation of an electron to P680
+
). This simultaneous transfer is known as proton coupled 

electron transport (PCET), yet the model is an area of significant debate (Rappaport and 

Lavergne, 2001; Jenson et al., 2007; Meyer et al., 2007).  

 

It is nonetheless clear that the overall function of the OEC is to provide electrons to reduce 

the oxidised form of YZ (Zhang, 2006; Dau and Haumann, 2007; Renger, 2007; Barber, 

2008; Yano and Yachandra, 2008). The exact mechanisms of the charge transfer and water 

oxidation reactions do remain a matter of conjecture. In the final S3-[S4]-S0 transition 

oxygen release and YZ˙ reduction appear concomitant, yet the distance between the OEC 

and YZ is too great for there to be a direct interaction (Razeghifard et al., 1997b). Recent 

structural evidence shows that YZ and the OEC are linked by a hydrogen bond network 

mediated through water molecules in the crystal structure, thus potentially providing a 

pathway for interaction (Umena et al., 2011).  

 

1.2.3 Calcium and Chloride Cofactors 

 

In addition to the Ca
2+

 associated with the OEC, chloride ions (Cl
-
) are also important for 

the function of PS II. In the most recent PS II crystal structure two Cl
-
 ions were identified 

in close proximity to the Mn4O5Ca cluster (Umena et al., 2011). The association of both 

Ca
2+

 with the tetra-manganese cluster and close proximity of Cl
-
 appear necessary for OEC 

activity, however, the precise roles of these co-factors in the function of the OEC have not 
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yet been clearly defined (Homann, 2002; De Riso et al., 2006). Substitution of Ca
2+

 with 

strontium (Sr
2+

) has a pronounced effect on the rate of the S-state transitions but does not 

significantly alter the structure of the OEC, suggesting a direct role in the catalytic activity 

of the OEC (Westphal et al., 2000; Lee et al., 2007; Renger, 2007; Pushkar et al., 2008). It is 

likely the involvement of Ca
2+

 in facilitating the S-state transitions follows one of two 

proposed mechanisms: either direct mechanistic involvement in formation of oxygen or 

indirectly assisting the OEC efficiency by shifting redox potentials (Hoganson and Babcock, 

1997; Pecoraro et al., 1998; Tommos et al., 1998; Siegbahn and Crabtree, 1999). The most 

pronounced effect of Ca
2+

 removal is on higher S-state transitions, particularly the  S3-[S4]-

S0 transition where it appears the actual YZ˙ reduction is slowed, suggesting Ca
2+

 modulates 

the redox gap between the OEC and YZ (Boussac et al., 1990; Wincencjusz et al., 1999). 

 

Similarly to Ca
2+

 the Cl
-
 ion was first thought to have more of a functional role rather than 

significantly influencing the structure of the OEC, possibly shifting the reaction equilibrium 

to favour generation of product and limit side reactions (Boussac and Rutherford, 1994; van 

Vliet et al., 1994; Olesen and Andreasson, 2003). Substitution of Cl
- 
by other anions reduces 

the rate of all S-state transitions and O2 evolution but not the rate of OEC to YZ˙ electron 

transfer (Boussac et al., 1992; Kuhne et al., 1999; Wincencjusz et al., 1999; Westphal et al., 

2000). Additionally, complete removal of the Cl
-
 prevents progression past the S2 state and 

appears to result in hydroxyl formation (Fine and Frasch, 1992; Cooper and Barry, 2007). 

Recent structural evidence suggests Cl
-
 is involved in substrate accessibility to the OEC and 

proton release mechanisms, such that removal of the Cl
-
 can affect the de-protonation step 

of S-state transitions (Rivalta et al., 2011). 

 

As well as possible functional roles in the water oxidation mechanism Ca
2+

 and Cl
-
 ions may 

also be involved in maintaining structural integrity of the OEC, both in the mature state and 

during biogenesis (Pushkar et al., 2008). It appears calcium binds after the manganese 

cluster is formed and prevents dissociation of reduced manganese atoms (Mei and Yocum, 

1992; Tyryshkin et al., 2006). Furthermore Ca
2+

 protects the OEC from attack by exogenous 

reductants and complete removal of the Ca
2+

 ion increases accessibility of the OEC cluster 

to solvent attack (Mei and Yocum, 1992; Vander Meulen et al., 2004; Taguchi and Noguchi, 

2007). Binding of Ca
2+

 to the OEC in vitro is increased by both temperature and ionic 

strength of the medium (Hoganson and Babcock, 1997; Vrettos et al., 2001). The binding of 

Ca
2+

 subsequently increases Cl
- 
affinity and can enhance photoactivation yield but does not 
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appear to stabilise the dark labile intermediate of photoactivation in Synechocystis 6803 

(photoactivation and photoinhibition are discussed in 1.3) (Hwang and Burnap, 2005). 

Isolated centres lacking Cl
-
 are more susceptible to photoinactivation yet D1 degradation is 

not accelerated as is observed in manganese depleted centres (Krieger et al., 1998). 

Similarly, Ca
2+

 depleted centres are more susceptible to damage yet not to as great an extent 

as observed for Cl
-
 depletion. However, it does appear the absence of Ca

2+
 during 

photoactivation results in the formation of an abnormal OEC cluster which is non-functional 

and more susceptible to photodamage, although this is not the case for Cl
-
 (Krieger et al., 

1998).  
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1.3 Biogenesis, Damage and Repair 

 

1.3.1 Biogenesis and Assembly of PS II 

 

The biogenesis of PS II is a complex, multistep process which involves the coordinated 

assembly of a number of smaller intermediate complexes to form the mature complex. 

Assembly intermediates range in size from 50 - 450 kDa and generally consist of a core 

intrinsic membrane complex with several extrinsically associated soluble subunits (Nixon et 

al., 2010; Rengstl et al., 2011). Some of the subunits and assembly factors found in the 

intermediate complexes are only transiently involved in PS II biogenesis. Furthermore some 

of the component subunits are translated as apo-proteins which undergo maturation during 

the biogenesis process. The D1 protein is an important example, it is initially translated with 

a C-terminal extension (pD1) which is cleaved during biogenesis by the CtpA protease; 

elimination of the CtpA gene stalls PS II biogenesis at an early stage (Anbudurai et al., 

1994; Shestakov et al., 1994; Komenda et al., 2007a).  

 

Cytochrome b559 (Cyt b559), a complex of the PsbE and PsbF subunits with a heme group 

associated, accumulates in the thylakoid membrane in the absence of D1 or D2 expression, 

which suggests formation of Cyt b559 is one of the first steps in the biogenesis of PS II 

(Komenda et al., 2004). The D2 subunit subsequently binds Cyt b559 to give a D2:PsbE:PsbF 

complex. Next a pD1:PsbI complex, with transiently bound PratA and the slr1471 ORF 

gene product, binds resulting in formation of the core RC complex pD1:D2:PsbE:PsbF:PsbI 

(Klinkert et al., 2004b; Dobakova et al., 2007; Schottkowski et al., 2009). The soluble CtpA 

and Ycf48 proteins are predominantly found associated with this complex, whilst PratA and 

slr1471 dissociate; PratA might also interact with CtpA (Klinkert et al., 2004a; Komenda et 

al., 2008; Schottkowski et al., 2009). The next major subunit to bind is CP47 which 

attaches, together with PsbH, to give the RC47 complex. A CP43:PsbK:PsbZ:Psb30 pre-

complex accumulates in the membrane with the transiently bound sll0606 and the Psb27 

subunit but cannot bind the RC until after the CP47:PsbH complex has bound (Komenda et 

al., 2004). The absence of sll0606 results in the accumulation of monomers lacking CP43 

and no active PS II dimers, suggesting the sll0606 gene product is an important assembly 

factor (Zhang et al., 2010). Once the CP43 complex has joined the core (as this stage 

referred to as RCC1) all assembly factors except Psb27 are released and the biogenesis of 

the OEC and attachment of the lumenal bound extrinsic subunits begins. 
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In concert with the assembly of the main protein subsections the cofactor lipids, pigments 

and OEC must also be assembled. The biogenesis of the OEC cluster is of particular interest 

as it involves many, as yet poorly understood steps. The order of assembly of the extrinsic 

subunits and the manganese cluster itself has not yet been resolved, however, D1 processing 

is known to be required for association of the extrinsic proteins (Roose and Pakrasi, 2004; 

Roose et al., 2007a). Furthermore the OEC must also be activated during assembly by a 

series of light induced rearrangements in a process known as photoactivation (Cheniae and 

Martin, 1971; Radmer and Cheniae, 1971). Photoactivation is tied in with the processing of 

D1 and the manganese cluster is oxidised as it is co-ordinated to the ligands of D1 and 

CP43. This process involves P680
+
 and YZ˙, which suggests primary charge separation is 

active during biogenesis, yet must be tightly controlled to prevent photodamage (refer 

1.3.2); Cyt b559 might be involved in photoprotection during biogenesis (Barber and De Las 

Rivas, 1993) It appears the PratA protein is responsible for pre-loading the pD1 protein with 

manganese in the RC complex, thus the OEC formation begins relatively early in the 

biogenesis of PS II and protection mechanisms should also be active at this stage (Stengel et 

al., 2012). 

 

1.3.2 Damage to the PS II Complex 

 

The PS II complex is a dynamic structure undergoing constant damage and repair cycles. 

Light-induced damage to the PS II complex, known as photodamage, is observed under all 

conditions of PS II activity (Aro et al., 1992; Aro et al., 1993). Thus, when the rate of 

photodamage exceeds the rate of repair, leading to a net overall decline in PS II activity, a 

state known as photoinhibition is said to occur (Adir et al., 2003). Under normal conditions 

photodamage appears proportional to light intensity and is independent of external factors 

such as temperature and the redox state of the quinone pool (Allakhverdiev and Murata, 

2004; Nishiyama et al., 2004; Allakhverdiev et al., 2005b). There are two main forms of 

damage to PS II: oxidative damage about the P680 site and damage occurring at the OEC 

(Lupinkova et al., 2002; Henmi et al., 2004; Lupinkova and Komenda, 2004; Ohnishi et al., 

2005).  

 

The former results from the production of triplet state chlorophyll, at P680, (
3
P680) which 

in turn reacts with molecular oxygen (normally in the triplet state) to yield singlet oxygen 
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(
1
O2). The 

1
O2 is highly reactive and can potentially damage proteins in the immediate 

surrounding environment, particularly the D1 protein in the case of singlet oxygen generated 

at the P680 site (Lindahl et al., 2000; Lupinkova and Komenda, 2004). Triplet state P680 

originates from recombination between Pheo
-
 and P680

+
; recombination does not always 

result in 
3
P680, it relies on spin flipping of the electron prior to recombination (Vass and 

Cser, 2009). Under normal conditions the formation of 
3
P680 is minimised by efficient 

forward electron transport and any triplet state Chl a which is produced can usually be 

quenched by carotenoids (also in triplet state). There are, however, circumstances under 

which the production of 
3
P680 is exacerbated, such as during photoactivation, and 

mechanisms to prevent 
3
P680 formation, including a reduced QA/QB redox midpoint during 

PS II biogenesis, have evolved (Johnson et al., 1995; Krieger et al., 1995; Krieger and 

Rutherford, 1997).  

 

In contrast to 
3
P680 damage no singlet oxygen formation is directly associated with the 

water oxidation reactions, yet other forms of oxidative damage can and do occur at the OEC 

(Hideg et al., 1994; Adir et al., 2003; Murata et al., 2007). In the presence of a bound but 

non-functional manganese cluster promiscuous reactions producing hydroxyl radicals, 

peroxide or superoxide production can be observed which results in photoinactivation of the 

PS II reaction centre (De Las Rivas et al., 1993; Hideg et al., 1994; Chen et al., 1995; 

Asada, 1999; Lupinkova and Komenda, 2004; Pospisil et al., 2004; Allakhverdiev et al., 

2005a; Hakala et al., 2005; Ohnishi et al., 2005). Furthermore, destabilisation of the 

manganese cluster by removal of Ca
2+

 or Cl
-
 increases hydroxyl production and hence 

results in an increase in the associated photoinactivation. 

 

In addition to oxidative damage resulting from promiscuous reactions about the OEC the 

Mn4O5Ca cluster itself appears susceptible to direct light-induced damage, characterised as 

photoinhibition resulting from light directly absorbed by the OEC (Hakala et al., 2006). In 

the absence of the lumenal extrinsic subunits the OEC appears more susceptible to light of 

specific wavelengths outside the action spectra of PS II, indicating these extrinsic subunits 

stabilise the OEC against light induced degradation (Ohnishi et al., 2005). Inactivation of 

the OEC can also lead to subsequent oxidative damage at P680 by the so-called two step 

mechanism. The first step is inactivation of the OEC resulting from light absorbed by the 

Mn4O5Ca group which in turn limits the ability to reduce YZ˙. This can subsequently lead to 
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a long lived P680
+
 species which can generate 

3
P680 (Ohnishi et al., 2005; Mohanty et al., 

2007; Vass and Cser, 2009).  

 

1.3.3 Repair of PS II 

 

In order to avoid net photoinhibition an efficient repair mechanism is required to balance 

photodamage and maintain homeostasis of PS II (Murata et al., 2007). The two distinct 

types of PS II damage (oxidative and direct light-induced OEC damage) have different 

repair mechanisms: the former is dependent on protein synthesis whilst the latter appears to 

be protein synthesis independent (Allakhverdiev et al., 2003; Nixon et al., 2010). As a 

means of conserving resources and increasing net photosynthetic efficiency a sophisticated 

system has evolved whereby PS II centres which sustain oxidative damage to the RC core 

do not have to be replaced by de novo synthesis of the entire complex. This repair 

mechanism entails the selective removal, degradation and replacement of only the damaged 

D1 protein, thus allowing the recycling of undamaged subunits (Nixon et al., 2005).  

 

The removal and degradation of damaged D1 occurs by an enzymatic process primarily 

involving the FtsH protease; the Deg2 protease may also be important under stress 

conditions (Lindahl et al., 2000; Haussuhl et al., 2001; Silva et al., 2003; Barker et al., 2006; 

Komenda et al., 2006; Cheregi et al., 2007). Degradation of D1 is temperature dependent 

and slower than inhibition of PS II activity (Aro et al., 1990). It appears release of Mn from 

a PS II centre is prerequisite for D1 degradation and the N-terminus of D1 must also be 

exposed (Krieger et al., 1998; Komenda et al., 2007b). Overall this suggests there is a 

mechanism to trigger dissociation of the OEC from centres which sustain damage to the D1 

protein; a model for this has not yet been proposed. In addition to repair via replacement of 

D1 it also appears some inactivated PS II centres can undergo protein synthesis independent 

repair; this has been observed in both whole cells and isolated thylakoid membranes but 

requires the presence of the extrinsic proteins (Mohanty et al., 2007). It appears this effect 

may be linked to the light induced damage to the OEC, yet this remains to be established.  
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1.4 Extrinsic Lipoproteins of PS II 

 

1.4.1 Extrinsic Subunits 

 

In Synechocystis 6803 there are 6 extrinsic proteins found on the lumenal side of the PS II 

complex: homologues of PsbO, PsbP, PsbQ, Psb27, PsbU and PsbV.  Of these all except 

PsbU and PsbV are also found in higher plants (Enami et al., 2005; Roose et al., 2007a; 

Bricker et al., 2012). The extrinsic proteins appear to have both structural and functional 

roles in the assembly, degradation and repair of PS II. In general they have been identified 

as stabilising the OEC and mutation studies have shown they can exert a great influence 

over PS II activity under varying conditions (Shi and Schroder, 2004; Eaton-Rye, 2005). In 

isolated PS II centres neither the rate of OEC activity nor the kinetics of YZ˙ reduction by 

the manganese cluster appear to be influenced by manipulation of pH within the range of pH 

6-7, demonstrating the extrinsic proteins shield the OEC system from direct exposure to the 

lumen (Tommos and Babcock, 2000; Westphal et al., 2000). It also appears the extrinsic 

proteins have a role in the assembly of the OEC and activation of PS II centres in vivo is 

dependent on their association. Furthermore, distinct differences in the function of extrinsic 

protein homologues between phyla are apparent. 

 

Three of the cyanobacterial subunits, CyanoP, CyanoQ and Psb27 (homologues of the 

higher plant PsbP, PsbQ and Psb27 subunits) are characterised by an N-terminal lipid 

modification, forming a unique group of extrinsic PS II lipoproteins found in the thylakoid 

lumen of cyanobacteria. In order to distinguish them from their higher plant homologues the 

cyanobacterial proteins will be referred to as CyanoP and CyanoQ from here on; however, 

until recently the literature does refer to them as PsbP and PsbQ. Higher plant PsbP and 

PsbQ lack the N-terminal lipidation found in CyanoP and CyanoQ and they appear more 

tightly bound to PS II (Enami et al., 2005; Fagerlund and Eaton-Rye, 2011). All three of the 

cyanobacterial extrinsic lipoproteins are absent in the currently available PS II crystal 

structures and details of their association with PS II remain unresolved (Zouni et al., 2001; 

Ferreira et al., 2004; Balsera et al., 2005; Guskov et al., 2009; Umena et al., 2011). This 

investigation focuses on the extrinsic lipoproteins CyanoP, CyanoQ and Psb27 from 

Synechocystis 6803 and includes both structural and physiological approaches to 

understanding their roles in the biogenesis, repair and function of PS II.  
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1.4.2 PsbP (CyanoP) 

 

Homologues of the PsbP subunit are found in all plants, algae and cyanobacteria 

characterised to date. This includes the cyanobacterium Gloeobacter violaceus PCC 7421 

(hereafter G. violaceus) which lacks a thylakoid membrane system and is believed to 

represent the closest modern progenitor of both cyanobacteria and higher plants (Rippka et 

al., 1974; Honda et al., 1999; De Las Rivas et al., 2004). The CyanoP subunit appears 

present at stoichiometric levels within the thylakoid membrane of Synechocystis 6803 yet 

was not detected in highly active PS II preparations containing CyanoQ which are thought 

to represent true mature complexes (Ishikawa et al., 2005; Roose et al., 2007b). Thus it 

seems CyanoP is either not directly associated with the mature PS II complex or it has a low 

binding affinity and was removed during the purification procedure. There is physiological 

evidence to suggest removal of CyanoP affects the cycling of the OEC and reduces charge 

stabilisation of the S2 and S3 states (Sveshnikov et al., 2007). The CyanoP protein is absent 

in mutants that lack assembled PS II complexes and so it appears the translation or 

stabilisation of the cyanobacterial PsbP homologue may be regulated by the status of PS II 

centres (Ishikawa et al., 2005). These observations suggest CyanoP is either required to 

maintain full activity in the mature PS II complex or it is required for correct biogenesis of 

PS II in cyanobacteria. The stoichiometric and functional relationship of CyanoP to PS II 

does, however, remain a matter of conjecture (Thornton et al., 2004; Roose et al., 2007a). 

There appears to be distinct evolutionary differences in the function of members of the PsbP 

protein family, particularly between cyanobacteria and higher plants which may be 

correlated to the apparent loss of the PsbU and PsbV subunits in higher plants (Enami et al., 

2005). 

 

The PsbP protein of higher plants appears to play a similar role in the function of the mature 

PS II complex. It appears PsbP affects the protein conformation about the Mn4O5Ca cluster 

of the OEC whilst not altering the cofactor ligands (Tomita et al., 2009). In addition, higher 

plant PsbP has been shown to bind manganese in vitro and is required for efficient 

photoactivation under manganese-limiting conditions. Hence a role has been proposed 

whereby PsbP facilitates manganese incorporation into the OEC (Bondarava et al., 2005; 

Bondarava et al., 2007). The N-terminal region of PsbP, which differs from the lipidated N-

terminus of CyanoP, has been identified as important for binding PS II and the function of 
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PsbP may rely on this interaction (Ifuku and Sato, 2002; Ifuku et al., 2005b; Ifuku et al., 

2005a; Yi et al., 2007; Tomita et al., 2009; Roose et al., 2010; Kakiuchi et al., 2012).  

 

Many higher plant species also contain several PsbP-like (PPL) homologues and 

phylogenetic analysis has revealed these homologues to be more closely related to CyanoP, 

the predicted ancestor of PsbP, than PsbP itself (De Las Rivas and Roman, 2005; Ifuku et 

al., 2008; Ifuku et al., 2010; Sato, 2010). These PPL proteins have been studied and distinct 

functions for the two PPL subunits have been identified in Arabidopsis thaliana (hereafter 

Arabidopsis). It appears that PPL1 is more closely related to CyanoP and plays a role in 

repair of photodamaged PS II whilst PPL2 is associated with NADPH dehydrogenase 

accumulation (Ishihara et al., 2007). The latter observation is intriguing and suggests the 

PsbP family may have undergone significant evolutionary divergence. 

 

At the commencement of this project the structures of two PsbP homologues from higher 

plants were available, yet no CyanoP structure had been solved (Ifuku et al., 2003; Ifuku et 

al., 2004; Ifuku et al., 2005b). To more clearly explore the biological role of CyanoP and the 

differences between higher plant PsbP and PsbP-like subunits, the structure of CyanoP from 

Synechocystis 6803 has been solved using NMR spectroscopy (Figure 1.6) (Jackson et al., 

2012). The crystal structure for CyanoP from T. elongatus has also recently been reported 

and comparisons between the two are made (Michoux et al., 2010b). The CyanoP structures 

have revealed high similarity between PsbP and CyanoP, disputing earlier theories that PsbP 

(in conjunction with PsbQ) had functionally replaced PsbU and PsbV. 

 

Figure 1.6: Structure of CyanoP. The solution state NMR structure of CyanoP from Synechocystis 6803 

(PDB:2LNJ), as determined in this investigation, coloured from blue (N-terminus) to red (C-terminus). 
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1.4.3 PsbQ (CyanoQ) 

 

The PsbQ subunit of PS II is found in most organisms capable of oxygenic photosynthesis. 

Two exceptions are algae, where a PsbQ-like subunit is found, and the thylakoid membrane-

less G. violaceus which lacks any PsbQ homologue (De Las Rivas et al., 2004; Roose et al., 

2007a). The cyanobacterial PsbQ homologue, CyanoQ, is found at stoichiometric levels (to 

PS II) in combination with the PsbO, PsbU and PsbV subunits and appears to bind centres 

with higher than average rates of oxygen evolution, suggesting it is associated with fully 

mature PS II dimers (Kashino et al., 2002b; Thornton et al., 2004; Roose et al., 2007b; 

Roose et al., 2007a). Furthermore destabilisation of the binding of the PsbV subunit in the 

absence of CyanoQ has also been observed, supporting the role of CyanoQ in the mature 

complex (Kashino et al., 2006). The functional role of the cyanobacterial CyanoQ protein 

has yet, however, to be fully defined. It is known to be required for photoautotrophic growth 

under calcium and chloride limiting conditions, suggesting it stabilises these co-factors 

within the OEC cluster (Eaton-Rye, 2005; Summerfield et al., 2005b). Similarly to CyanoP, 

the CyanoQ protein contains a protease cleavage and lipid attachment site at its N-terminus 

(Kashino et al., 2002b; Thornton et al., 2004; Wada et al., 2008). 

 

 

Figure 1.7: Structure of CyanoQ. The X-ray crystal structure of CyanoQ from Synechocystis 6803 

(PDB:3LS0), as determined in this investigation, coloured from blue (N-terminus) to red (C-terminus). 
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In higher plants the absence of functional PsbP results in a dependency on PsbQ for Ca
2+

 

binding and retention in PS II, thus it appears PsbQ stabilises PsbP binding and assists Ca
2+

 

and Cl
- 

retention (Ifuku and Sato, 2002; Bondarava et al., 2005; Ifuku et al., 2005a). In 

Arabidopsis PsbQ appears necessary for assembly and stability of PS II at low light levels, 

yet not under normal growth conditions;  it is, however, possible the function of the gene 

studied is redundant under normal conditions yet becomes functionally important at low 

light levels (Yi et al., 2006). The structure of the spinach PsbQ homologue had been 

determined prior to the commencement of this project and consists primarily of an alpha 

helical bundle with an N-terminal beta sheet region and poly-proline helix repeat (Balsera et 

al., 2003b; Balsera et al., 2003a; Calderone et al., 2003; Balsera et al., 2005). However, the 

structure of CyanoQ remained unresolved. Therefore, in order to further explore the 

structural and functional relationship between PsbQ homologues, the structure of CyanoQ 

from Synechocystis 6803 has been determined by X-ray crystallography and is detailed 

herein (Figure 1.7) (Jackson et al., 2010).  

 

1.4.5 Psb27 

 

Psb27 homologues have been identified in higher plants, algae and cyanobacteria; similarly 

to CyanoQ it is not present in G. violaceus (De Las Rivas et al., 2004). In cyanobacteria 

removal of Psb27 does not induce significant phenotypic changes under normal growth 

conditions; however, in some double mutants or under stress related conditions the absence 

of Psb27 does become apparent (Bentley et al., 2008; Roose and Pakrasi, 2008). It is 

theorised the Psb27 protein binds the PS II complex early in biogenesis where it assists 

photoactivation of the manganese cluster and is exchanged for other extrinsic subunits as the 

manganese cluster is sequentially assembled (Roose and Pakrasi, 2008). A monomeric PS II 

complex containing Psb27 with the C-terminus of D1 processed yet without manganese or 

PsbO bound has been identified, as well as a complex with manganese associated 

(Nowaczyk et al., 2006; Mamedov et al., 2007). Psb27 also appears in monomers with PsbO 

but lacking PsbU and PsbV; Psb27 is predicted to bind PS II in a similar position to PsbV, 

interacting with a lumenal loop of CP43 (Mabbitt et al., 2009; Liu et al., 2011b; Liu et al., 

2011a; Komenda et al., 2012b). The exchange of Psb27 for the PsbO, PsbU and PsbV 

subunits during biogenesis is not understood in detail, nor is the role of Psb27 in the repair 

cycle (Ferreira et al., 2004; Nixon et al., 2010).  
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In higher plants Psb27 homologues have been linked to D1 processing and recovery from 

photodamage, thus supporting a universal role for Psb27 in the biogenesis and repair of PS 

II (Chen et al., 2006; Wei et al., 2010). Similarly to the CyanoP and CyanoQ proteins the 

Psb27 protein is predicted to be anchored to the thylakoid membrane via a lipid attachment 

at its N-terminus (Nowaczyk et al., 2006). The structure of Psb27 from cyanobacteria has 

been determined in solution by heteronuclear NMR spectroscopy and appears as a four helix 

bundle (Cormann et al., 2009; Mabbitt et al., 2009). 
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1.5 Aims of this Investigation 

 

The primary focus of this investigation is on the role of the CyanoP, CyanoQ and Psb27 

proteins from Synechocystis 6803. The scope of the project covers both structural biology 

and physiological characterisations. Structural information can be useful when interpreting 

physiological measurements and attempting to generate molecular mechanisms for a 

protein’s function. Therefore, the first part of this project focuses on solving the structures 

of the CyanoP and CyanoQ subunits of PS II. It is hoped this effort will increase the 

knowledge of these subunits and explore the relationship between them and their higher 

plant homologues. The primary hypothesis tested is that the subunits are evolutionarily 

conserved between higher plants and cyanobacteria and therefore should have similar 

functional roles. The presence of multiple homologues in higher plants including PPL and 

PQL subunits suggests the function of PsbP and PsbQ may have diverged and become more 

specialised since the endosymbiosis and formation of chloroplasts. Identification of both 

conserved structural features and notable differences between the cyanobacterial subunits 

and their higher plant counterparts might provide insight into the evolution of these proteins.  

 

The roles of the CyanoP, CyanoQ and Psb27 subunits in Synechocystis 6803 are not clearly 

defined. It is currently believed these subunits are involved in the biogenesis, activity and 

repair of PS II. To further examine this hypothesis a detailed physiological characterisation 

of mutant strains lacking each of these subunits is performed. Recent evidence suggesting 

the Psb27 protein is involved in the early biogenesis and repair of PS II is tested by stalling 

the repair cycle through inactivation of the CtpA protease. The rationale behind this 

approach is that if Psb27 does bind and act to stabilise repair intermediates then this role 

might be highlighted by increasing the proportion of centres which are mid-repair. 

Additionally, if the CyanoP and CyanoQ proteins function after the D1 processing event has 

occurred then removal of these subunits should not have an additive effect in strains where 

the CtpA protease is inactivated. 
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Chapter 2 

 

Materials and Methods 

 

2.1 Molecular and Structural Biology 

 

2.1.1 Primers 

 

Oligonucleotide primers were obtained from Sigma-Proligo (Singapore). Table 2.1 details 

the primers designed and used in this project. Restriction enzyme (RE) sites are shown 

underlined. 

 

Table 2.1: Primer sequences. 

Primer Sequence (5' - 3') RE site 

PexpF GTTGGATCCTGTGGAGGAGTGG BamHI 

PexpR GTGAATTCTTAGTAAACGTGGAAGGAGC EcoRI 

QexpF AATCGGATCCTGCAGTAGCCCCCAGGTG BamHI 

QexpR GTGAATTCCTAGCTAGCTTGGGGCAACAGG EcoRI 

CtpAfwd GTTCTGTTGGCGGAGTTAGAGGATGACAGC 

CtpArev CAGTCCTCCATAAACATTGAATAGCCTAGC 

CtpAseq1 CTACTGTTGCAATCCTGGCGTTTGGTC 

CtpAseq2 CACTAGAGTGGCCCGCTGATTATCCTGC 

 

 

2.1.2 Spectroscopic Quantification  

 

Protein and DNA concentrations were quantified by absorption spectroscopy using a 

Nanodrop (Biolab Ltd, USA) with a 1.5 μL sample. 

 

2.1.3 Plasmid DNA Extraction 

 

Plasmid DNA amplification and purification from Escherichia coli (E. coli) was performed 

by established techniques (Sambrook, 2001). Briefly: 2 mL of media was inoculated with a 

single colony from plate and grown for 18 h at 37°C. The cells were collected by 

centrifugation at 15,000 g for 30 s and the supernatant aspirated. Plasmid DNA was then 

extracted by alkaline lysis mini-prep as described in Sambrook (2001). 
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2.1.4 Restriction Digests and Blunting 

 

All restriction enzymes were obtained from Roche (Germany) or New England Biolabs 

(USA). Reactions were performed according to manufacturers’ instructions in a typical total 

volume of 10 μL which contained 2 μg of DNA. Where blunt ending of the restriction 

fragment was necessary this was performed using T4 pol (Roche) or Klenow (Roche) 

according to manufacturer’s instructions.  

 

2.1.5 Polymerase Chain Reaction 

 

Standard PCR for cloning: Polymerase chain reactions (PCR) for cloning were performed 

as per manufacturer’s instructions in a 50 μL volume: 5 μL 10x buffer, 1.5 μL 50 mM 

MgCl2, 1 μL 10 mM dNTPs, 1 μL of each primer at a concentration of 10 μM, 2 μL 

template DNA, sterile distilled water to a total volume of 49.5 μL and 0.5 μL Expand High 

Fidelity Taq polymerase (Roche, Germany). Template DNA for cloning of Synechocystis 

6803 genomic regions was obtained by extraction from wild type and used for PCR at a 

concentration of 250 ng μL
-1

. The PCR reactions were carried out using an Eppendorf 

Mastercycler Gradient thermal cycler. Typically 25 cycles of amplification were performed 

using empirically determined annealing and extension parameters. 

 

Colony PCR to verify segregation: Colony PCR to verify segregation of Synechocystis 6803 

mutants (2.3.4) was performed as above for standard 50 μL reactions except the template 

DNA was replaced by a single colony picked from a plate with a sterile toothpick and used 

to inoculate the PCR reaction mix. Platinum Taq polymerase (Invitrogen, USA) was used 

and, to ensure complete lysis of the cells, an additional 3 min was added to the initial 95 C 

denaturing step. 

 

2.1.6 Ligations 

 

Ligations were carried out in 10 μL reactions typically containing: 1 μL 10X buffer, 7 μL 

combined vector and insert (individual volumes determined in each instance), 1 μL 50% 

polyethylene glycol (PEG)-8000, 0.4 μL 10 mM ATP and 0.6 μL T4 DNA Ligase (Roche). 
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The ligation reactions were performed overnight at 4°C before transformation into DH5α as 

described in 2.2.3.   

 

2.1.7 Protein Purification 

 

Unlabelled CyanoQ: A single colony of E. coli BL21(DE3) containing the pCyanoQexp 

plasmid (refer 3.2.1) was grown overnight in a 10 mL LB culture. The overnight culture 

(ONC) was used to inoculate 500 mL of 2xYT media containing 50 μg mL
-1

 ampicillin and 

5 mM glucose in a 2 L baffled flask at a starting OD600 of 0.05. The culture was grown with 

aeration by shaking until an OD600 of 0.35 - 0.4 was reached. Expression was then induced 

by addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to 0.4 mM. After 3.5 h the 

cells were harvested by centrifugation and re-suspended in 30 mL of phosphate buffered 

saline (PBS). The re-suspended cells were sonicated on ice for 3 min (refer 2.1.8) followed 

by addition of 1 mL of 20% Triton X-100 to the lysate and incubation for 30 min at 4ºC on a 

rotary wheel. The lysate was clarified by centrifugation, twice at 12000 g for 10 min, and 

the supernatant recovered as the soluble protein fraction. One milliliter of GST resin 

(Glutathione Sepharose 4B; GE Healthcare, Piscataway, NJ) was then added to the lysate 

and incubated for 1 h at room temperature on a rotary wheel. The suspension was washed 

three times in PBS and three additional times in 3C protease buffer. Recombinant CyanoQ 

was released by overnight cleavage with GST-bound 3C protease (Novagen). Liberated 

CyanoQ was collected in the supernatant and stored at 4ºC for subsequent use.  

 

Selenomethionine labelled CyanoQ: For production of CyanoQ with incorporated 

selenomethionine (Se-Met) the same protocol was used as above except that the cells were 

first grown in minimal media to an OD600 of 0.07 before harvesting and resuspending in 

LeMaster medium containing 60 mg L
-1

 of Se-Met at an OD600 of 0.15. The cells were 

subsequently grown to an OD600 of 0.5 before addition of an additional 30 mg L
-1

 Se-Met 

and induction of expression with 1 mM IPTG. After an expression time of 10 h the cells 

were harvested.  

 

Unlabelled CyanoP: Same as per unlabelled CyanoQ except with the pCyanoPexp plasmid. 

 

 

Stable isotope labelled CyanoP: A single colony of E. coli BL21(DE3) containing the 

pCyanoPexp plasmid (refer 4.2.1) was grown overnight in a 10 mL LB culture and the cells 

harvested and washed in minimal media lacking carbon or nitrogen sources. The washed 
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cells were used to inoculate large-scale cultures (500 mL each in 2 L baffled flasks) 

containing minimal media supplemented with 1 g/L 
15

N-NH4Cl and 2 g/L unlabelled D-

glucose or 1 g/L 
15

N-NH4Cl and 2 g/L U-
13

C D-glucose (Marley et al., 2001). These 

cultures were grown at 22°C to an OD600 of 0.4 before induction of expression with 0.4 mM 

IPTG. After 6 h the cells were harvested by centrifugation and re-suspended in 30 mL of 

PBS. The re-suspended cells were sonicated, on ice for 3 x 1 min, followed by addition of 1 

mL of 20% Triton X-100 to the lysate and incubation for 30 min at 4ºC on a rotary wheel. 

The lysate was clarified by centrifugation, twice at 12000 g for 10 min, and the supernatant 

recovered as the soluble protein fraction. Four millilitres of washed GST resin were then 

added to the lysate and incubated for 1 h at room temperature on a rotary wheel. The 

suspension was washed three times in PBS and three additional times in 3C protease buffer. 

Recombinant CyanoP was released by overnight cleavage with GST-bound 3C protease. 

The liberated recombinant peptides were collected in the supernatants and stored at 4°C for 

subsequent use. 

 

Phosphate buffered saline (pH 7.4): 150 mM NaCl, 2.5 mM KCl, 10 mM Na2HPO4 and 2 

mM KH2PO4 

 

3C Protease buffer: 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM 

ethylenediaminetetraacetic acid (EDTA) and 1 mM dithiothreitol (DTT) 

 

2.1.8 Cell Lysis 

 

Lysis of E. coli cells was performed by sonication, inside a plastic 100 mL beaker on ice, 

using a Sonifier Cell Disruptor (Branson Sonic Power Co) on power setting number 5 at a 

duty cycle of 40%. 

 

2.1.9 Crystallisation Screening and Optimisation 

 

For preliminary crystallisation trials the CyanoQ protein wash buffer was exchanged with a 

solution of 10 mM Tris-HCl (pH 7.0) and 5 mM ZnCl2 then concentrated to 18 mg mL
-1

 

with a 5 kDa molecular weight cut off (MWCO) centrifuge concentrator (Vivaspin 2; GE 

Healthcare). Two screens were performed, PACT Premier HT-96 (Molecular Dimensions, 

UK) and Crystal Screens 1 and 2 (Hampton Research, USA), using the hanging drop vapour 

diffusion technique in standard 96 well plates with 180 μL of reservoir solution. One 
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hundred nanolitres of protein was combined with 100 nL of reservoir solution using an 

automated robotic system (Mosquito robot; TTP LabTech, UK) and spotted onto a cover 

slip which was subsequently inverted and sealed over the plate. Drops were visualised using 

a microscope and scored at the commencement of the screen then at 1, 2, 4, 7 and 14 days 

following setup. For growth optimisation screens an up-scaled version of the preliminary 

screens was used. These were manually performed using the hanging drop method in 24 

well Flacon plates (BD Biosciences, USA) with 500 μL reservoir in each well. The drops 

consisted of 1 μL of reservoir and 1 μL of protein solution mixed by pipette on a 22 mm 

silanized square cover slip which was inverted and sealed over the well using Vaseline. All 

screen preparation and crystal growth was performed at 18°C.  

 

Protein crystals were looped using 0.1 - 0.2 mm nylon loops (Hampton Research) and 

briefly dipped in cryoprotectant solution (refer 3.2.3) before snap freezing in the cryostream 

(Rigaku X-Stream 2000 at 100 K) . In some instances the high concentration of low 

molecular weight PEG negated the requirement for use of a cryoprotectant. For synchrotron 

data collection some crystals were frozen directly in liquid nitrogen. 

 

2.1.10 Data Collection 

 

Diffraction data for the native crystals grown in the presence of Zn
2+

 were collected in-

house using a CuKα X-ray source (Rigaku 007HF, 40 kV, 30 mA) collimated to 0.3 mm 

(Osmic VariMax optics) equipped with an R-AXIS-IV++ image plate. The crystal to 

detector distances and exposure times were optimised for individual datasets so as to ensure 

maximum utilisation of the full area and dynamic range of the detector whilst also limiting 

potential radiation damage. The selenomethionine and native datasets obtained from crystals 

grown in the absence of Zn
2+

 were collected on the PX2 beamline at the Australian 

Synchrotron (Victoria, Australia) using the Blu-Ice interface (McPhillips et al., 2002). The 

native dataset was obtained with an oscillation range of 0.5°, an exposure time of 1 s and a 

beam attenuation of 92.5%. The data were recorded with an ADSC Omega 180 CCD 

detector. For the Se-Met derivative, a fluorescence excitation scan was performed to 

accurately determine the peak and inflection wavelengths (Table 3.5). Data were then 

collected at 1° oscillations with an exposure time of 1 s and a beam attenuation of 92.5%.  
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2.1.11 Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

The 
15

N and 
13

C
 15

N labelled CyanoP proteins were further purified by size exclusion 

chromatography using a HiLoad 16/60 Superdex 75 column (GE Healthcare, UK) with 25 

mM sodium phosphate (pH 6.7) buffer containing 10 mM NaCl. Fractions were collected in 

2 mL samples and those containing the CyanoP protein (determined by SDS-PAGE 

analysis) were pooled and concentrated with a 5 kDa MWCO centrifuge concentrator 

(VivaSpin 6; GE Healthcare) which was pre-rinsed with sterile distilled water. Samples for 

NMR spectroscopy contained 0.4 mM protein in 25 mM sodium phosphate (pH 6.7), 10 

mM NaCl, 5 mM tris (2-carboxyethyl)phosphine (TCEP), 0.02% sodium azide and 4,4-

dimethyl-4-silapentane-1-sulfonic acid (DSS). Deuterated water (
2
H2O) was added to 5% of 

the total sample volume; 
2
H2O is required for the field lock of the spectrometer. All reagents 

used for the preparation of samples for NMR were filter sterilised. Samples were snap 

frozen in liquid nitrogen and shipped on dry ice to the Walter and Eliza Hall Institute of 

Medical Research in Parkville, Australia. The spectrometer setup and data collection was 

performed by M. G. Hinds (Jackson et al., 2012). Spectra were collected at 25°C on Bruker 

AV-600 or AV-800 spectrometers with cryogenically cooled probes. The 
15

N-HSQC-

NOESY, 
13

C-HSQC-NOESY and 
15

N-filtered 2D NOESY were acquired with mixing times 

of 100 ms. Details of spectra collected are available in appendix 1. 

 

2.1.12 Mass Spectrometry 

 

A sample of 10 μL total volume containing 30% methanol, 0.1% acetic acid and 15 pmol of 

protein in double distilled water was prepared for mass spectrometry analysis. The mass 

spectrometry was performed by staff at the University of Otago Centre for Protein Research 

(Dunedin, New Zealand). An accurate intact mass determination was requested to verify the 

extent of Se-Met incorporation. 

 

2.1.13 SDS-PAGE 

 

Tricine based sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels 

were run according to (Schagger and Vonjagow, 1987). These were stained with Coomassie 

blue for 30 min before de-staining overnight.  
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10 x Cathode buffer: 1 M Tris-HCl (pH 8.25), 1 M Tricine and 1% SDS 

 

5 x Anode buffer: 1 M Tris-HCl (pH 8.9)  
 

1 x Gel buffer: 3 M Tris-HCl (pH 8.45) and 0.3% SDS 

 

Coomassie blue stain: 0.14 g Coomassie Brilliant Blue R, 100 mL methanol, 20 mL acetic 

acid and distilled water to a total volume of 200 mL. The stain was filtered through #3 

Whatman paper before use. 

 

De-stain: 30% methanol and 10% acetic acid in water. 

 

2.1.14 Heavy Atom Binding 

 

Saturated heavy atom stock solutions were prepared by excess addition of heavy atom salts 

(Figure 3.9) to 50 μL of distilled water. To determine binding of heavy atoms to the 

recombinant CyanoQ protein in solution, 2 μL of protein at a concentration of 10 mg mL
-1

 

was first combined with 4 μL 0.5 M 2-(N-morpholino)ethanesulfonic acid (MES)-NaOH 

(pH 6.5) and 5 μL water. To the resulting buffered protein solution 1 μL of saturated heavy 

atom salt solution was added and the samples were mixed thoroughly then incubated at 

room temperature for 20 min. The entire reaction mixture was subsequently combined with 

5 μL of sample buffer and run on a clear native (CN) PAGE gel at 20 mA for 2 h (refer 

2.1.16). 

 

2.1.15 Clear Native PAGE 

 

Clear native (CN) PAGE was performed similarly to SDS-PAGE (2.1.12) with reagent 

modifications as detailed below. No staining or de-staining of the gel was required. 

 

Separating gel: 3.5 mL of 1.5M Tris-HCl (pH 8.9), 3 mL 30% acrylamide, 2.5 mL water, 75 

μL APS (10%) and 10 μL tetramethylethylenediamine (TEMED) 

 

Stacking gel: 2.5 mL of 0.5M Tris-HCl (pH 6.8), 1 mL 30 % acrylamide, 5 mL water, 35 μL 

APS (10%) and 10 μL TEMED 

 

Sample buffer: 2 mL glycerol, 1 mL Tris-HCl (pH 6.8), 2 mL water and a trace addition of 

bromophenol blue 

 

Running buffer: 50 mM Tris-HCl (pH 8.9) and 350 mM glycine 
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2.1.16 Size Exclusion Chromatography 

 

Size exclusion chromatography was performed using a BioLogic system (BioRad Ltd, 

USA). All buffers were filtered through 0.22 μm filters and degassed immediately prior to 

use. For further details refer 2.1.11. 

 

2.1.17 Dynamic Light Scattering 

 

Dynamic light scattering measurements were performed using a DynaPro system with 

temperature controlled micro sampler (ProteinSolutions, USA). Recombinant CyanoP 

protein was measured in PBS at a concentration of 1 mgmL
-1

 against a blank sample of 

PBS. Analysis was performed using the Dynamics V.6 software package. 
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2.2 Escherichia coli 
 

2.2.1 Strains 

 

The Escherichia coli (E. coli) strain DH5α was used as the primary host strain for cloning of 

plasmids in this investigation. The E. coli strain BL21(DE3) was used for expression of 

recombinant proteins. 

 

2.2.2 Media 

 

Lysogeny Broth (LB): 1% bactotryptone, 0.5% yeast extract, 0.1% NaCl  

SOC: 2% bactotryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 

mM MgSO4 and 20 mM glucose. 

 

2xYT: 1.6% bactotryptone, 1% yeast extract and 0.5% NaCl 

 

LeMaster Medium: Combined  equal parts I and II (LeMaster and Richards, 1985).  

 

Part I (500 mL total volume, filter sterilised): 0.5 g alanine, 0.58 g arginine-HCl, 0.4 

g aspartic acid, 0.03 g cystine, 0.67 g glutamic acid, 0.33 g glutamine, 0.54 g glycine, 0.06 g 

histidine, 0.23 g isoleucine, 0.23 g leucine, 0.42 g lysine-HCl, 0.13 g phenylalanine, 0.1 g 

proline, 1.04 g serine, 0.23 g threonine, 0.17 g tyrosine, 0.23 g valine, 0.5 g adenine, 0.5 g 

uracil, 1.5 g sodium acetate, 1.5 g succinic acid, 0.75 g ammonium chloride, 10.5 g K2HPO4 

and 1.1 g NaOH. Filter sterilised.  

Part II (500 mL total volume): 10 g glucose, 0.25 g MgSO4, autoclaved then 

supplemented with 4 mg FeSO4 and 10 μL 1 M thiamine-HCl. 

 

Minimal Media: 17.19 g Na2HPO4·12H2O, 3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 2 mM 

MgSO4, 10 μM CaCl2, 1 mM thiamine-HCl, 5 mM glucose and distilled water to 1 L total 

volume.  

 

Where appropriate media was supplemented with antibiotics at the following 

concentrations: ampicillin 50 μg mL
-1

 and
 
spectinomycin 50 μg mL

-1
.  
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2.2.3 Preparation and Transformation of Competent Cells 

 

Competent DH5α were prepared by the Inoue method and stored at -80°C in 400 μL 

aliquots until required (Inoue et al., 1990). Transformations were carried out in chilled 1.5 

mL microfuge tubes with 100 μL of cells and ≤ 10 μL of transformation product. Cells were 

incubated on ice for 30 min then heat shocked at 42°C for 1 min followed by 3 min chilling 

in ice cold water before addition of 800 μL sterile SOC media. Cells were then incubated at 

37°C for 45 min on a rotating platform before centrifugation at 15,000 g for 30 s. The 

supernatant was aspirated leaving 100 μL of media in which the cell pellet was subsequently 

resuspended before being plated onto LB plates containing the appropriate antibiotics used 

to select for successful transformants. Typically a transformation efficiency > 2 x 10
7
 cfu 

µg
-1

 of DNA was achieved; determined by transformation of 1 ng of pUC19. 

 

Competent BL21(DE3) cells were prepared and stored in 250 μL aliquots until required 

(Cohen et al., 1972). Transformations were carried out in chilled 1.5 mL microfuge tubes 

with 125 μL of cells and 10 μL of plasmid (1 μg). The cell and plasmid mix was incubated 

on ice for 30 min then heat shocked at 37°C for 2 min followed by 3 min chilling in ice cold 

water before addition of 1 mL sterile LB media. Cells were then incubated at 37°C for 60 

min on a rotating platform before centrifugation at 15,000 g for 30 s. The supernatant was 

aspirated leaving 100 μL of media in which the cell pellet was subsequently resuspended 

before being plated onto LB plates containing the appropriate antibiotics used to select for 

successful transformants. 
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2.3 Synechocystis 
 

2.3.1 Strains 

 

The cyanobacteria strain Synechocystis sp. PCC (Pasteur Culture Collection) 6803 is 

referred to throughout as Synechocystis 6803. All Synechocystis 6803 strains used in this 

investigation were obtained from laboratory freezer stocks, including: ΔCyanoP, ΔCyanoQ 

and ΔPsb27 (Summerfield et al., 2005b; Summerfield et al., 2005a; Bentley et al., 2008). 

The glucose tolerant strain of Williams is referred to throughout as wild type (Williams, 

1988). Strains in which the ORF for the CtpA protease has been inactivated were 

constructed during the course of this project (refer 6.3). 

 

2.3.2 Media 

 

Strains were maintained on solid BG-11 plates (1.5% agar) supplemented with antibiotics 

(as below), 5 mM glucose, 20 mM atrazine, 10 mM TES-NaOH (pH 8.2) and 0.3% sodium 

thiosulfate, under 10 μE m
-2 

s
-1 

light at 30°C and re-streaked on to fresh plates every 3 to 4 

weeks as appropriate (Eaton-Rye, 2004). Liquid cell cultures were grown in BG-11 media in 

modified conical flasks under 50 μE m
-2 

s
-1

 light with constant aeration provided by an 

aquarium pump equipped with a Millex – FG50 sterile air filter apparatus (Millipore, 

France). All media were autoclaved at 15 psi for 20 min prior to use. Where appropriate 

sterile media were supplemented with antibiotics at the following concentrations: 

chloramphenicol; 15 μg mL
-1

 and
 
spectinomycin; 25 μg mL

-1
.  

 

2.3.3 Starter Cultures 

 

The term ‘starter culture’ refers to a 150 mL liquid culture of BG-11 media supplemented 

with appropriate antibiotics and 5 mM glucose inoculated with cells scraped from a 1- to 3-

week-old plate. Cultures were acclimated under growth conditions without aeration for 16 h 

after which time aeration of the cultures was begun as described in 2.3.2. 

 

2.3.4 Transformation  

 

Starter cultures were grown as in 2.3.3 to an OD730 of between 0.6 and 0.8. Cells were 

harvested by centrifugation at 2760 g for 10 min at 30°C and subsequently resuspended in 
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BG-11 to an OD730 of 2.5. Five hundred microliters of cells were placed in a sterile test tube 

along with 5 μg of plasmid DNA and incubated for 6 h at 30°C under 30 μE m
-2 

s
-1

 light. 

Samples were then spread over BG-11 plates containing glucose and appropriate antibiotics. 

Plates were incubated at 30°C at a light intensity of 10 μE m
-2 

s
-1

 until colonies of 

transformants appeared. Colonies were picked and re-streaked for successive generations 

until complete segregation could be verified by colony PCR (refer 2.1.5) (Eaton-Rye, 2004). 

 

2.3.5 Oxygen Evolution 

 

Starter cultures were grown for 3 days and used to inoculate fresh 300 mL liquid cultures to 

an OD730 of 0.1. These were then grown to an OD730 of 0.8 – 1.0 and harvested by 

centrifugation at 2750 g for 10 min at 30 C. Cells were washed once in BG-11 and 

centrifuged again before being re-suspended in 5 mL of BG-11. The concentration of Chl a 

in each sample was determined by absorption at 663 nm (a concentration of 1 mgmL
-1

 Chl a 

corresponds to an A663 of 82) in methanol (10 μL cells in 1 mL methanol, centrifuged at 

15000 g for 5 min) and adjusted to 5 μg mL
-1

 with additional BG-11. Cell suspensions were 

incubated in 50 mL conical flasks at 30 C with a light intensity of 50 μE m
-2 

s
-1

 on an 

orbital shaking platform for at least 30 min before measurements were taken.  

 

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. Illumination 

of the samples was provided by an FLS1 light source (Hansatech, UK) equipped with a 580 

nm bandpass filter (Melles Griot, USA) to provide a red light illumination of 5000 μE m
-2 

s
-

1
. The primary artificial electron acceptors used were either 0.2 mM 2,6-dichloro-1,4-

benzoquinone (DCBQ) or 0.2 mM 2,5-dimethyl-1,4-benzoquinone (DMBQ), which were 

maintained in the oxidised state by addition of 1 mM K3Fe(CN)6. The oxygen concentration 

in the chamber was measured using an oxygen electrode control box (CB1D; Hansatech, 

UK) for 1 min with the light off, 3 min under illumination followed by a further 1 min with 

the light switched off. 

 

2.3.6 Photoinactivation  

 

For the photoinactivation experiments cells were grown, harvested, resuspended and 

incubated according to the oxygen measurement protocol 2.3.5 at 5 μg mL
-1

. Twenty five 
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millilitres of cell suspension was subsequently incubated inside a 50 mL water jacketed 

beaker with water circulating at the specified temperature using a temperature controlled 

refrigerated water bath (Haake K15; Fisons, UK). The sample was illuminated using a 

tungsten bulb light source (LS2; Hansatech, UK) equipped with neutral density filters to 

provide an initial light intensity of 50 μE m
-2 

s
-1

 white light. Two measurements were taken 

15 min apart and averaged for the initial time point. After the second sample was taken the 

light intensity was increased to the photoinactivation level as specified by changing the 

neutral density filter. Samples from the beaker were then taken for oxygen and fluorescence 

measurements every 20 min for the duration of the experiment. 

 

2.3.7 Fluorescence Measurements 

 

For determination of the Fv/Fm values during the photoinhibition experiments (2.3.6) a 

continuous excitation fluorometer (Plant Efficiency Analyser; Hansatech, England) was 

used to measure the room temperature Chl a fluorescence characteristics of the strains. A 

0.5 mL sample of cells from the photoinactivation experiment (Chl a concentration of 5 μg 

ml
-1

) was added to the sample cuvette and incubated in the dark for 5 min before recordings 

were made. All other room temperature fluorescence measurements were made using a FL 

3300 fluorometer (Photon System Instruments, Czech Republic) equipped with 455 nm 

peak wavelength actinic and measurement light emitting diodes (LEDs). Samples consisted 

of 2 mL of cells at a Chl a concentration of 2.5 μg mL
-1

. The specific data acquisition 

protocols used are listed in appendix 2.  

  

2.3.8 77 K Fluorescence 

 

Cells were grown, harvested, resuspended and incubated according to the oxygen 

measurement protocol 2.3.5 at 5 μg mL
-1

. A portion of the cells was diluted immediately 

prior to measurement by combining 0.5 mL cell suspension with 0.5 mL BG-11 in a test 

tube. A sample volume of 0.5 mL diluted cells (2.5 μg mL
-1

) was then transferred to a glass 

tube (4 mm internal diameter, 6 mm external diameter) and immediately frozen in liquid 

nitrogen. For data collection with an excitation wavelength of 440 nm the excitation and 

emission slit widths were set at 12 and 2 nm, respectively. For excitation at 580 nm the slit 

widths were 8 nm and 2 nm. The scan speed was set to 4, corresponding to a rate of 
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approximately 100 nm min
-1

. Raw spectra were averaged prior to curve fitting and 

normalisation to the PS I peak (refer 5.2.6).  

 

2.3.9 Whole Cell Absorption Spectra 

 

Whole cell absorption spectra were collected using a JASCO V-550 spectrophotometer at a 

cell density corresponding to an apparent OD800 of 0.3. An absorption scan, against a 

reference sample of BG-11, was performed using a slit width of 1 nm.  
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2.4 Computers and Software 

 

2.4.1 Protein Crystallography 

 

Diffraction data were indexed and integrated using iMOSFLM (in house data) or XDS 

(synchrotron data) (Leslie and Powell, 2007; Kabsch, 2010). The analysis of systematic and 

general absences to determine the point groups was performed using POINTLESS and 

manually verified by inspection of intensity data (Figure 3.11). Intensities were scaled and 

converted to structure factors with SCALA and Ctruncate (Evans, 2006). Integrated data 

were scaled on the rotation axis with secondary beam correction and isotropic B factor 

scaling. The datasets were truncated if the crystal began to show signs of radiation damage 

and individual images with abnormally high Rmerge values were manually excluded (Evans, 

2011). 

  

For molecular replacement the software packages Phaser_MR and MolRep MR_solution 

were used (Vagin and Teplyakov, 1997; McCoy, 2007; McCoy et al., 2007). Experimental 

phasing of the Se-Met derivative dataset was performed using the SHELX C/D/E pipeline 

(Sheldrick, 2008). The initial structure in each dataset was built using ARP/wARP then 

further refined with iterative cycles of model building using COOT (into a 2Fobs-Fcalc density 

map using a Fobs-Fcalc map to illustrate regions where the model contained more or less 

density than expected from the experimental data) and maximum likelihood refinement 

using REFMAC5 (Murshudov et al., 1997; Emsley and Cowtan, 2004; Langer et al., 2008). 

A portion (5%) of the reflections was reserved as a test set to verify the fit without bias 

(calculation of the Rfree statistic). The anomalous difference maps were generated with Fast 

Fourier Transform (FFT) using a SCALA output, in which the amplitudes of Bijvoet pairs 

were treated separately, merged with the refined data phases using the program CAD 

(Teneyck, 1973). The POINTLESS, SCALA, TRUNCATE, REFMAC5, Phaser, FFT and 

CAD programs were used via the CCP4i suite of software (Bailey, 1994). The final 

structures were validated using SFCHECK before upload to the Protein Data Bank (PDB) 

(Vaguine et al., 1999; Berman et al., 2003). 
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2.4.2 NMR Spectroscopy 

 

The NMR spectra were processed using TOPSPIN (Bruker Biospin) with chemical shifts 

referenced to the internal DSS standard; this step was performed by M. Hinds (Jackson et 

al., 2012). The processed spectra were loaded into CCPNmr ANALYSIS v2.1 for 

subsequent analysis (Vranken et al., 2005). Peak picking of the amide backbone and side 

chain resonances in the 2D 
15

N-HSQC was performed manually, followed by automated 

peak picking of the third dimension in 3D spectra based on these manually assigned root 

resonances. The peaks were then assigned to specific atomic resonances as described in 

(4.2.2). The 3D NOESY spectra were automatically picked using the root HN or CH 

resonances followed by manual inspection and removal of overlapping or poorly defined 

peaks, peaks close to the H,H diagonal and those within the water band. 

 

Dihedral angle restraints were generated using TALOS+ from the HN, Ha, Ca, Cb and CO 

shifts (Shen et al., 2009). Predictions were accepted where at least 9 out of 10 database 

references clustered within a similar region of the Ramachandran plot and the remainder 

was within the same phi area (either +φ or –φ). Ambiguous NOE assignment was performed 

using CYANA 2.1 with 7 cycles of simulated annealing where 256 structures were 

generated and the top 20 used for NOE assignment in the next cycle (Guntert, 2004). 

 

 Refinement of the final CYANA structures was performed using XPLOR-NIH 2.7 with a 

customised annealing protocol which included NOE, DIHE, HBDB, CDIH and Gaussian 

RAMA restraints (Kuszewski et al., 1995; Schwieters et al., 2003). A total of 200 refined 

structures were generated and sorted according to minimal restraint violations and the best 

20 selected for inclusion in the released ensemble. Structure quality was validated using the 

Protein Structure Validation Server (Bhattacharya et al., 2007). Ramachandran statistics are 

according to MolProbity (Chen et al., 2010). The secondary structure elements were 

classified by consensus amongst models of the ensemble using DSSP (Kabsch and Sander, 

1983).  

 

2.4.3 Electrostatic Surface Calculations 

 

Surface electrostatic potentials were determined using the program DelPhi (Rocchia et al., 

2001). An internal dielectric constant of 2.0 and external constant of 80.0 were used in a 
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solvent with an ionic strength of 0.1 M. The default atom size and charge parameters were 

used except zinc was assigned a charge of +2.00 and a radius of 1.35 Å. For structures 

containing alternate side chains the first listed conformation for a given residue was used.  

 

2.4.4 Homology Modelling 

 

For modelling of PsbP-like structures the PPL1 and PPL2 sequences from Arabidopsis 

(Uniprot P82538 and O80634) were truncated to remove all N-terminal residues prior to the 

first residue of the β1 strand of sheet 1 (refer 4.3.3). A default Modeller 9.9 structure-based 

sequence alignment was manually edited by adjusting the loop regions using the aromatic 

residues which are structurally conserved as reference points (Eswar et al., 2008). Structure 

modelling was subsequently performed using the default Modeller script for multiple 

templates and all four experimentally determined PsbP homologue structures. For 

comparison homology models were also generated using individual PsbP structure 

templates and although subjective inspection of local conserved residue motifs suggested 

the models generated using all templates were more likely representative of the actual 

protein folding, there was no apparent significant difference in the peptide geometry 

statistics by which models are often validated. The model residue numbering used 

throughout is the same as per the annotated sequences in the database.  
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2.5 Electronics 
 

2.5.1 Circuit and Printed Circuit Board Design 

 

The PROTEUS package (Labcenter electronics, UK), including the ISIS and ARES 

programs, was used exclusively for circuit design, simulation and printed circuit board 

(PCB) design. Circuit simulations are based upon the SPICE model; where no model was 

available for a particular component, for example the charge pump integrated circuit (IC), a 

similar functional substitution was made or the component was replaced with a signal 

generator. 

 

2.5.2 Printed Circuit Board Construction 

 

Prototype PCBs were made from blank single sided 1 oz copper coated fibreglass PCB 

board using a resist etch method. The raw circuit board design was printed onto resist 

transfer paper (Press-n-Peel Blue, Techniks Inc.) using a laser printer set to transparency 

mode (Figure 2.1, A). The printed layout was placed face side down onto a pre-cut piece of 

blank PCB cleaned with DECON detergent and isopropyl alcohol (Figure 2.1, B-C). The 

resist layout-PCB sandwich was then ironed using a standard clothes iron set to ‘cotton’ for 

3 min with constant downward pressure; a sheet of plain white paper was placed between 

the iron and layout board sandwich to prevent damage to the resist from the face of the iron. 

The ironed resist-PCB sandwich was subsequently quenched in cold water for 2 min and the 

resist transfer film removed (Figure 2.1, D). The resulting resist layout on the bare copper 

was inspected to ensure all regions had fully transferred. Any problems which may have 

resulted in missing or broken tracks were corrected with an indelible resist pen. 
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Figure 2.1: Steps in the preparation of a PCB for etching. A: Press-n-Peel Blue resist layout; B: Blank 

copper board prior to cleaning; C: Sandwiched resist transfer and copper board ready for ironing; D: Copper 

board with applied resist layout transferred to the surface and ready for etching.  

 

The next step, etching, removed all bare copper not protected by the resist layer. The PCB 

was etched in a 20% w/v solution of ammonium persulfate (APS) heated to 60°C with 

shaking at 250 rpm on an orbital shaker (Figure 2.2, A). Typically 250 mL of etchant 

solution was used for a board with 50 cm
2
 of exposed copper. After 1 h the PCB was 

inspected to ensure etching was complete and the etching solution then discarded and the 

board rinsed with a copious quantity of water. The resist layer was subsequently removed by 

scrubbing with fine steel wool under running water to reveal the bright copper tracks 

(Figure 2.2, B). To protect the copper traces from oxidation a commercial PCB is typically 

tin coated and or silk screened. The resources required to do this were not available so 

instead a layer of silver was deposited using a cold immersion bath technique. The cold 

immersion silvering solution was made as follows: A 5 mL solution of distilled water 

containing 1 g NH4Cl was added to a 5 mL solution of water containing 1.5 g AgNO3. The 

combined NH4Cl and AgNO3 solution was then added to a 90 mL aqueous solution 

containing 3 g sodium thiosulfate and stirred thoroughly on a magnetic stirrer until 

dissolved.  The silvering solution was poured into a shallow plastic tray containing the 

freshly etched circuit board. After 1 min of gentle agitation the board was removed and 

rinsed with water before drying. 
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Figure 2.2: Etching and final steps in PCB assembly. A: Etching the PCB in 20% APS; B: Freshly etched 

PCB with resist layer removed; C: Completed PCB shown from the underside which has been silver plated and 

holes drilled with several passive components loaded prior to soldering, note the oxidation of silver is 

apparent; D: Completed PCB shown from the top with the majority of component loading and soldering 

completed. 

 

The final step in the creation of the PCBs was to drill holes for the components and wires. 

This was done using a standard vertical drill press. One millimetre holes were used for 

general components and 1.5 or 2 mm holes where necessary for larger leads. The completed 

PCB was loaded with components and soldered in place (Figure 2.2, C). Passive 

components (resistors, capacitors and connectors) were added first followed by IC’s and 

other static sensitive devices (Figure 2.2, D). Lastly wires were added and the completed 

board assembled in a protective box, as discussed in chapter 5.   
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Chapter 3 

 

Structural Characterisation of CyanoQ 

 

3.1 Introduction 

 

3.1.1 Background 

 

At the commencement of this project no structure of a cyanobacterial PsbQ homologue had 

yet been determined and there was considerable debate on the evolutionary relationship 

between PsbQ, CyanoQ and PsbQ-like (PQL) subunits (refer Chapter 1). The aim of this 

project was therefore directed toward determining the structure of the PsbQ homologue, 

CyanoQ, from Synechocystis 6803. Furthermore it was reasoned that knowledge of the 

structure of CyanoQ might aid interpretation of physiological data relating to the function of 

CyanoQ and assist formation of a molecular mechanism for the role of CyanoQ in the 

biogenesis, activity or repair of PS II. The structure of CyanoQ was successfully elucidated 

via protein X-ray crystallography as detailed in this chapter. 

 

Protein crystallography is currently the predominant method for protein structure 

determination and over 87% of the approximately 85,000 structures deposited in the Protein 

Data Bank (PDB) thus far have been determined by X-ray crystallographic methods 

(Berman et al., 2003). The main requirement for the application of crystallography to solve 

the structure of a protein is the generation of suitable protein crystals which diffract X-rays 

and remain stable under the data collection conditions. The most common contemporary 

approach to protein crystallisation involves purification of the target protein followed by 

screening for reagents and conditions under which crystals of the target protein form; the 

target protein is generally obtained from either a native or recombinant source. No a priori 

methods currently exist for prediction of crystallisation conditions; therefore a rational 

systematic approach is best applied (Carter and Carter, 1979; Jancarik and Kim, 1991; 

Wiencek, 1999). In the project presented herein the structure of the PsbQ homologue, 

CyanoQ, from Synechocystis 6803 has been successfully determined by protein X-ray 

crystallography both in the presence and absence of bound zinc ions (Jackson et al., 2010). 

The following introduction is intended as a general overview to orient the reader as to the 
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key principles exploited for practical application of X-ray crystallography theories toward 

protein structure determination.  

 

3.1.2 Fundamentals of X-ray Crystallography 

 

A protein crystal contains a large number of molecules of the target protein arranged in an 

ordered, repeating lattice. The repeating unit of a crystal is defined by a unit cell with 

parameters describing both the cell dimensions and angles. A crystal lattice can be bisected 

at various angles by a number of different sets of continuously repeating planes, known as 

Bragg planes. These sets of planes are defined by the Miller indices (denoted h, k and l) 

which are related to the inverse of the unit cell axes; for a unit cell with dimensions abc the 

angle of the Bragg plane 2,0,0 (h,k,l), when referenced to the unit cell origin will be such 

that the h axes will intersect the unit cell a axes halfway (1/2) along its length. The inverse 

relationship between the two lends the Miller indices to being described as representing 

reciprocal space. Each set of Bragg planes has a different spacing or distance (d) between 

repeating equivalent planes and herein lies the fundamental basis of X-ray crystallography. 

 

The basic principle behind diffraction is that X-rays interact with electrons and produce 

spherical secondary waves of scattered X-rays from each point of electron density (atom 

position) within the unit cell. The overlapping waves result in constructive and destructive 

interference between diffracted X-rays. For a repeating lattice structure, such as a protein 

crystal, the constructive interference is characterised by Bragg’s law 2d sinθ = nλ where d is 

the distance between repeating Bragg planes, θ the scattering angle, n an integer and λ the 

wavelength. Thus for each set of planes constructive interference will occur at a number of 

specific angles related to d and the incoming wavelength. When projected to a distant plane 

(detector) the result is an ‘image’ on the detector which consists of spots or ‘reflections’. 

Each reflection originates from constructive interference of X-rays scattered by a specific 

set of Bragg planes which satisfy Bragg’s law within the defined area of the detector screen. 

Not all planes will satisfy the diffraction conditions at a given incident X-ray angle, it 

depends on the orientation of the Bragg planes in relation to the incoming X-ray beam. 

Therefore, the crystal must be rotated to bring different plane sets into a position where 

constructive interference can be observed; Ewald’s sphere is a commonly applied 

construction that determines which Bragg planes will meet the reflection conditions for a 

given orientation of the crystal (Cruickshank et al., 1992).    
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3.1.3 The Phase Problem 

 

In order to deduce the underlying atomic structure from which a given diffraction pattern 

results, the information contained in the reflections must be transformed back into an 

electron density (ρ) map within the unit cell. This can be achieved using an inverse Fourier 

transform, however, in practice the calculation requires both the amplitude of the wave and 

also information of the X-ray wave phase relative to the lattice. The combined amplitude 

and phase information is referred to as a structure factor (F). The amplitude of waves 

scattered from plane sets hkl in the crystal can be deduced from the reflection intensity 

measurements. Unfortunately the phase component of a given reflection cannot be so easily 

measured. Here-in lies the so-called phase problem; the phase data are critical for back-

calculating the electron density but there is no direct method of measuring this information. 

There are, however, several techniques which can be used to solve the phase problem: 

molecular replacement (MR), isomorphous replacement (IR) and anomalous scattering; the 

former method relies on prior knowledge of similar structures whilst the latter two are direct 

experimental approaches (Rossmann and Blow, 1962; Taylor, 2003). Each approach can 

itself also be implemented in several different ways, for clarity only the methods used in this 

investigation are summarised below. 

 

One of the most common methods of MR involves first using the Patterson equation to 

create an inter-atomic vector map from the experimental data. A model structure which is 

believed to be representative of the target structure (frequently the structure of a closely 

related homologue) is then rotated and translated within the known unit cell of the 

experimental dataset and used to generate theoretical Patterson maps (Evans and Mccoy, 

2008). These are then compared to the experimental map and if the orientation and position 

of the model closely match the unknown experimental structure then the Patterson maps will 

be similar (Rossmann and Blow, 1962). The rotation function can be performed prior to the 

translation step to reduce the computational power this approach requires (Read, 2001).  

 

In contrast to MR the IR method of phasing is an experimental based method. This method 

involves the incorporation of atoms with large electron densities within the crystal lattice to 

give so-called heavy atom derivatives (Perutz, 1956). The electron-dense atoms within such 

derivatives give rise to significant differences in the amplitude components of structure 
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factors. By subsequent subtraction of the native dataset it is possible to simplify the 

unknown structure to that of only the positions of the heavy atoms within the unit cell. This 

greatly simplifies the phase problem, which can then be solved to deduce the phase 

component of the structure factors from the native dataset. Successful IR phasing relies on 

the same lattice packing for the native and derivative crystals; everything must be the same 

except for the addition of the heavy atoms.  

 

Experimental phasing via the anomalous dispersion method exploits a property of atoms in 

which their electrons can absorb electromagnetic radiation; the incoming X-rays excite 

electrons to higher orbitals. The absorbed energy can either be reemitted at the same energy 

but with a delayed phase or at a lower energy level. Both processes occur to varying extents, 

along with elastic scattering, the combined result is a change to both the phase and 

amplitude of the scattered X-rays. This leads to a measureable intensity difference in the 

reflections observed (Hendrickson and Ogata, 1997). There is a wavelength dependence on 

anomalous scattering and the contribution of each component will vary with the incident X-

ray frequency. Not all reflections are equally affected by the anomalous scattering, 

reflections hkl normally have the same magnitude but phase of opposite sign as reflections 

hkl ; known as Friedel’s law (Friedel, 1913). Anomalous scattering breaks this law and the 

differences between Friedel pairs can be used, similarly to the difference between a native 

and heavy atom derivative dataset for IR phasing, to deduce the location of the anomalous 

scattering atoms within the unit cell and subsequently the phase information of the native 

dataset. Similarly, since the anomalous contributions are wavelength dependent, the 

differences between equivalent reflections at different wavelengths can also be used for 

phasing, this is known as multiple anomalous dispersion (MAD) (Hendrickson, 1991). 

 

3.1.4 Model Building and Refinement 

 

Once the phase component for each measured reflection is known an electron density map 

within the unit cell can be generated. The unit cell specifically describes a three dimensional 

volume which is repeating in the sense that only translation is required to match any 

position within a repeating lattice (crystal). However, the unit cell itself may comprise of 

more than one repeating sub-unit, each of which are related by symmetry operators such as 

rotation. These so-called minimum repeating units are termed the asymmetric unit (ASU). 

Considering only the ASU simplifies the real-space density to only cover the minimum 
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volume of space that can be rotated or translated to cover the entire unit cell. This reduces 

the model building required to account for all of the density within a unit cell; a model built 

into the ASU can simply be rotated or translated to cover the whole unit cell (Giacovazzo et 

al., 2002). The term space group is used to classify the unit cell, ASU and symmetry 

operators required to represent a repeating lattice such as a protein crystal.  

 

The minimum experimental information required to generate an electron density map 

covering the ASU is: the space group, unit cell dimensions and set of structure factors. A 

three dimensional electron density map can then be calculated and a structural model of the 

protein built inside the density map. Structure factors can be derived from both experimental 

information (denoted Fobs) or calculated from structure models (denoted Fcalc). The two sets 

of structure factors can be used to check the agreement between modelled structures and the 

underlying experimental data by calculation of the R-factor. In order to observe bias within 

Fcalc a random sample (typically 5 – 10%) of structure factors is reserved from the working 

set and used to generate an independent measure of fit termed Rfree (Brunger, 1992). This 

represents a simplified summary of the process as any more detailed discussion is beyond 

the scope of this introduction. Further details relating to specific aspects of protein X-ray 

crystallography are further expanded upon in the following chapter.  
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3.2 Structure Determination 

 

3.2.1 Cloning, Expression and Purification of Recombinant CyanoQ 

 

The Synechocystis 6803 CyanoQ open reading frame (ORF), sll1638, contains a lipid 

processing site which results in cleavage of the N-terminal signal peptide and attachment of 

a lipid group to the Cys22 position (Thornton et al., 2004). Processing in Synechocystis 

6803 is by the SpII type protease IspA (slr1366) and the recognition site is also active in E. 

coli (Juncker et al., 2003; Ujihara et al., 2008). Lipidated proteins can prove difficult to 

crystallise, therefore a recombinant expression system which eliminated the lipid processing 

site was used to generate source protein. An additional advantage of using a recombinant E. 

coli system is the ability to label the protein with either stable isotopes or modified amino 

acids. Furthermore, if mutant versions of the protein are also required then constructs for the 

expression of these can be rapidly generated by site directed mutagenesis. 

  

 

 

Figure 3.1: Protease cleavage site of CyanoQ from different cyanobacterial species. Lipo processing box 

of CyanoP sequences. The recognition sequence is outlined with a box and the cleavage site preceding the 

cysteine with a dashed line. The solid bar above the alignment shows a region rich in hydrophobic residues. 

 

A truncated sll1638 ORF (residues Cys22 onward) was cloned into the E. coli expression 

vector pGEX-6-P-3 as an N-terminal glutathione S-transferase (GST) fusion protein (Figure 

3.2). The resulting construct includes a 3C protease cleavage site between the GST and the 

CyanoQ reading frames to allow later removal of the tag. A GST tagged 3C protease was 

used for removal of the tag post purification (refer 2.7.1; Figure 3.3). There is, however, a 

cloning artefact consisting of 5 vector derived residues (Gly-Pro-Leu-Gly-Ser) retained at 

the N-terminus of the CyanoQ protein post cleavage of the tag. The final recombinant 

protein contains 133 amino acid residues and has a molecular weight (MW) of 14.6 kDa. 

Small scale expression trials were performed to determine the optimum growth temperature 

Synechocystis sp. PCC 6803         MSRLRSLLSLILVLVTTVLVSCSSPQVEIP 

Thermosynechococcus elongatus    MLRLNRKSLISILLSVVALILVGCGGPSATTP 

Cyanothece sp. PCC 8801            MSRLRSILSIVLVFVTIFLVSCGSPKASIP 

Crocosphaera watsonii WH 8501  MRFVQIGADFKKTILVMKRYRSILACVLAFVTAF 

Anabaena sp. PCC 7120              MARQRSIISLILVLLATFLISCGSPTTVVV 

Nostoc punctiforme ATCC 29133      MARQRSIFSFVLVLLATFLMSCGGPSASVT  

Microcystis aeruginosa             MPRLRSIISLVLVLLTTLLVSCSGPQATIP 
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and expression times. Large scale expression and purification was then performed, and 

isolated CyanoQ protein was used for crystallisation trials (refer 2.1.9) (Figure 3.3). 

 

 

 

Figure 3.2: Vector map of the CyanoQ expression plasmid. The 3C protease cleavage site and restriction 

enzyme sites used for insertion of the CyanoQ ORF are indicated. 

 

 

 

Figure 3.3: Purification of the CyanoQ protein as shown by SDS-PAGE. Lane loading is as follows, 1: 

pre-induced cells; 2: cells 3.5 h post induction; 3: clarified lysate; 4: resin bound fusion protein; 5: cleaved 

CyanoQ supernatant. 
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3.2.2 Screening and Crystallisation of CyanoQ 

 

For the crystallisation of PsbQ from spinach the authors reported that the presence of zinc 

ions was absolutely required for crystallisation even when tested in a broad range of 

conditions (Balsera et al., 2005). Therefore, to increase the probability of a successful 

crystallisation event 5 mM ZnCl2 was included in all conditions of the screens; this was 

added directly to the protein solution but not the reservoir solutions. Two screens, each with 

96 conditions, one a pH/PEG and the other a sparse matrix screen, were performed; sparse 

matrix screens allow efficient use of limited protein resources (Jancarik and Kim, 1991). 

Further details on screening are provided in the methods section 2.1.9. Within 2 days at 

18°C several crystals of varying morphology were observed under a number of conditions 

(Figure 3.4). In order to verify these were genuine protein crystals, not those of salts from 

the reservoir solution, several crystals were screened for X-ray diffraction directly from the 

trial drops.  

 

 

 

Figure 3.4: Crystallisation observed in the initial screens. A: 0.2 M sodium fluoride, 20% PEG-3350; B: 

0.2 M sodium fluoride, 0.1 M Bis-Tris propane (pH 6.5), 20% PEG-3350; C: 0.1 M MMT buffer (pH 7), 25% 

PEG-1500; D: 0.1 M MMT buffer (pH 5), 25% PEG-1500; E: 0.2 M lithium chloride, 0.1 M MES (pH 6), 

20% PEG-6000; F: 0.1 M MMT buffer (pH 6), 25% PEG-1500. MMT buffer is a combined malic acid, MES 

and Tris buffer system produced by the manufacturer (2.1.9). Drops are approximately 200 nL in volume. 
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3.2.3 Data Collection and Crystal Growth Optimisation  

 

Prior to the screening of potential protein crystals the corresponding reservoir solution that 

each crystal was grown in was tested to determine if cryoprotectant would be required prior 

to freezing for low temperature data collection. Collection of diffraction data at cryogenic 

temperatures reduces both radiation damage and thermal motion within the crystal at the 

expense of increased mosaicity and often the requirement for use of a cryoprotectant (Hope, 

1988; Garman, 1999). For some conditions with high concentrations of low molecular 

weight PEG no cryoprotectant appeared necessary, in other cases ethylene glycol was 

determined to act as a suitable cryoprotectant; this was combined with reservoir buffer to a 

final concentration of 10%.  

 

One of the crystals screened produced a clear diffraction image with reflections detected to 

a resolution of approximately 2.2 Å (crystal, Figure 3.4 F; diffraction, Figure 3.5). A dataset 

was subsequently collected from this crystal with an exposure time of 5 min and oscillation 

range of 1°. A total of 218 images was collected, representing 218° of rotation; a minimum 

of 180° rotation is required to ensure all reflections are observed for a monoclinic system. 

The reflections were indexed, integrated and scaled at 2.3 Å resolution. However, whereas 

the diffraction pattern observed appears clear and the integrated Rmerge value is 

representative of a high quality dataset, the overall completeness and multiplicity of the 

dataset is low (Table 3.1). Possible reasons for the low redundancy and completion may be 

related to the low order symmetry of the P2 space group, limited number of diffraction 

images acquired or the orientation of the crystal may have been such that one axis of the 

unit cell was aligned along the axis of rotation (Dauter, 1999).  

 

In an effort to grow larger, more highly diffracting crystals an optimised growth screen was 

subsequently performed as detailed in 2.1.9. The screen tested various concentrations of 

four different molecular mass PEG solutions in the pH range of 6.0 to 7.5 (Table 3.1). 

Within 2 to 4 days crystallisation was evident in several of the conditions, with the largest 

crystals formed in a drops containing: 0.1 M MES-NaOH (pH 6.5), 25% PEG-1450 and 5 

mM ZnCl2.  
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Table 3.1: Optimised crystallisation screen. 

 

PEG-

1000 

PEG-

1450 

PEG-

1450 

PEG-

1450 

PEG-

3000 

PEG-

6000 

25% 20% 25% 30% 25% 25% 

0.1 M MES pH 6.0 
 

     

0.1 M MES pH 6.5 
 

 X    

0.05 M MES, 0.05 M Tris pH 7.0 
 

     

0.1 M Tris pH 7.5 
 

     

The condition from which the largest crystals were obtained is indicated by X. 

 

A second dataset was subsequently collected on a crystal from this condition; 5 min 

exposure 0.5 ° oscillation, 789 total images collected with 767 included in the scaled 

dataset. The diffraction observed was of higher resolution but poorer quality than the 

previous dataset. In this instance the Rmerge is greater than would be expected of a high 

quality dataset and there is evidence of poorly resolved diffraction in individual images 

(Figure 3.6). The reflections indexed to a different space group (C2) than the first dataset 

(P2) suggesting the lattice structure for CyanoQ crystals is influenced by the growth 

conditions. This is in contrast to the observations made for higher plant PsbQ where, under a 

broad range of conditions, the crystal packing remained consistent (Balsera et al., 2005).  
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Figure 3.5: Example diffraction image from preliminary screen. A representative diffraction image 

collected from the crystal screened directly from a drop in the initial screen. 

 

 

Table 3.2: Data collection statistics for a crystal screened from the drop shown 

in Figure 3.4 F. 

Space group  P2  

Cell dimensions (Å)  44.1, 28.3, 95.7  

(deg)  100.97  

Mosaicity  1.1  

Resolution range (Å)  22.5-2.30 (2.42-2.30)  

Unique reflections  8714  

Redundancy  2.5 (2.3)  

Completeness (%)  81.9 (83.2)  

I/    10.1 (4.3)  

Rmerge  0.064 (0.18)  

Values in parentheses are for the highest resolution shell. 
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Figure 3.6: Example diffraction image from the optimised screen. A representative diffraction image 

collected from the first crystal obtained in the optimised growth screen crystal dataset. Note the poorly 

resolved diffraction to the left of the image. 

 

 

Table 3.3: Data collection statistics from the first optimised crystal screened. 

Space group  C2  

Cell dimensions (Å)  99.4, 28.5, 40.2  

(deg)  97.89  

Mosaicity  1.2  

Resolution range (Å)  24.6-2.15 (2.27-2.15)  

Unique reflections  6202  

Redundancy  6.3 (3.7)  

Completeness (%)  98.8 (92.1)  

I/    10.1 (3.9)  

Rmerge  0.11 (0.21)  

Values in parentheses are for the highest resolution shell. 
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3.2.4 Final Dataset Obtained in the Presence of Zn
2+

 

 

A second crystal from the same condition was then screened and another dataset collected. 

The diffraction images appeared clear and well defined with no overlap of spots. The 

reflections initially indexed to the monoclinic C2 space group with a β angle of 128.8º. Post 

integration the dataset was reindexed to the space group I2, thereby reducing the β angle to 

97.8º. The underlying lattice structure of the crystal is equivalent for the C2 and I2 space 

groups, the difference between the two relates to selection of the unit cell and centring; C2 

is C-centred and I2 is body centred (Giacovazzo et al., 2002). The space group assignment 

was verified by analysis of general absences (no systematic absences were observed) using 

the program POINTLESS. For the I2 space group the rule for general absences is h + k + l = 

2n only. It is interesting to note the two crystals from the same drop grew with different 

lattice arrangements (when the second crystal is indexed as C2 the cell dimensions are 126.5 

Å, 29.0 Å, 92.8 Å; β 128.8º compared with 99.4 Å, 28.5 Å, 40.2 Å; β 97.9º for the first 

crystal from the drop). This is not uncommon and can be explained whereby one form is 

kinetically more favoured (more symmetry related contacts) and nucleates more rapidly and 

the other form is of a lower energy, more thermodynamically favourable state (Giacovazzo 

et al., 2002). The crystal appeared relatively stable under the data collection conditions with 

the Rmerge remaining relatively consistent for 720 total images (360°) collected (Figure 3.7) 

(Ravelli and McSweeney, 2000; Evans, 2011). The next stage of the structure determination 

process involved solving the phase problem to allow conversion of the reflection data to an 

electron density map into which a structural model could be built. 

 

Figure 3.7: Analysis of Rmerge versus batch (image) number. Data derived from a SCALA output. 
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Figure 3.8: Example diffraction image from the final dataset obtained in the presence of Zn
2+

 

  

 

Table 3.4: Data collection statistics for the final dataset obtained in the 

presence of Zn
2+

. 

Space group  I2  

Cell dimensions (Å)  92.8, 29.0, 99.5  

(deg)  97.8  

Molecules in ASU  2  

Mosaicity  0.69  

Resolution range (Å)  21.8-1.85 (1.95-1.85)  

Unique reflections  22914  

Redundancy  8.5 (5.4)  

Completeness (%)  99.6 (97.8)  

I/    20.4 (4.5)  

Rmerge  0.060 (0.26)  

Values in parentheses are for the highest resolution shell. 
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3.2.5 Solving the Phase Problem 

 

As an initial approach to solving the phase problem, molecular replacement was attempted 

(refer 2.4.1). A number of software pipelines for molecular replacement are available and 

were tried, yet despite exhaustive attempts using a variety of candidate search models no 

molecular replacement solution could be determined for the CyanoQ dataset obtained in the 

presence of Zn
2+

; search models used included: spinach PsbQ with all non-conserved side 

chain groups removed, a poly-alanine model of PsbQ, a CyanoQ sequence threaded model 

of PsbQ, 2 helices of plant PsbQ and a generic 12 residue alpha helix. An experimental 

approach to solving the phase problem was therefore required (Taylor, 2003). Two separate 

approaches to experimental phasing were undertaken concurrently: isomorphous 

replacement (IR) and multiple wavelength anomalous diffraction (MAD).  

 

Isomorphous replacement phasing 

 

Experimental phasing using the IR approach generally involves either growing crystals in 

the presence of heavy atoms or soaking crystals in heavy atom solutions (refer 3.1.3). The 

goal is to obtain incorporation of the heavy atom at a specific site, or sites, within the ASU 

of each unit cell within the lattice. The former method can encounter difficulties with 

different crystal packing in the presence of the heavy atom and given the variety of crystal 

forms already observed for the growth of CyanoQ the latter approach was instead pursued. 

The approach is somewhat trial and error because not all heavy atom soaks result in 

successful incorporation of the heavy atom into defined sites and frequently data from one 

or more heavy atom derivatives is required for accurate phase determination. To increase 

the odds of achieving a successful heavy atom soak the potential binding of suitable metals 

to CyanoQ was investigated using a gel shift assay (refer 2.1.14; Figure 3.9). This technique 

provides a rapid screening method which frequently correlates with phasing success and 

potentially reduces the total number of crystals which might otherwise be required (Boggon 

and Shapiro, 2000).  
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Figure 3.9: Clear Native PAGE analysis of heavy atom binding to CyanoQ in solution. 1: Native CyanoQ 

control; 2: erbium (II) chloride; 3: samarium acetate; 4: uranyl acetate; 5: potassium hexachloroiridate; 6: 

potassium tetrachloroplatinate; 7: mercuric acetate; 8: mercuric chloride; 9: sodium ethylmercurithiosalicylate.  

 

Several candidate heavy metals appear to interact with the native form of CyanoQ, resulting 

in a reduced migration rate within the gel. It is possible to achieve phasing with heavy atom 

derivatives using a combination of both isomorphous replacement and anomalous 

diffraction techniques, provided the heavy atom used also exhibits sufficient anomalous 

scattering at the wavelength used (Hendrickson, 1991). Thus the optimal candidate heavy 

atom selected on the basis of both the gel shift and potential anomalous scattering at the 

CuKα wavelength was samarium (Sm); erbium would also have been suitable. Subsequently 

two soaks were tried with buffered Sm salt solutions; however, the diffraction of both 

crystals was visibly degraded by the soaking procedure. In the interim the MAD phasing 

avenue, being concurrently pursued, proved fruitful and a decision to discontinue the IR 

phasing approach was made. 

 

Multiple anomalous diffraction phasing 

 

To facilitate MAD phasing a selenomethionine derivative of CyanoQ was produced utilising 

the same E. coli recombinant expression system as previously used for native CyanoQ 

expression and purification except with altered media and growth conditions; there are two 

methionine residues in the recombinant protein, Met55 and Met86 (refer method section 

2.1.7). Crystallisation trials were set up at a protein concentration of 14 mg mL
-1

 in an 

optimised screen testing different pH levels and PEG concentrations (Table 3.5). Although 

zinc was required for the crystallisation of higher plant PsbQ and had previously been 

included in the CyanoQ trials, this necessity was also tested by the setup of both native and 

Se-Met CyanoQ trials in the absence of zinc. In two of the drops large clusters of crystals 
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formed within 2 days but were unsuitable to obtain single crystals. These clusters were 

therefore shattered using the point of an acupuncture needle. Within 24 hours multiple 

single crystals of suitable size formed within the drops, likely the result of seeding from 

small micro fragments of the shattered cluster. Several of these crystals were screened in-

house and produced high resolution diffraction patterns. The crystals were stored in liquid 

nitrogen and diffraction data were subsequently collected on one each of the native and Se-

Met derivatives at the Australian Synchrotron (Table 3.6).  

 

Table 3.5: Optimised crystallisation screen for native and Se-Met without Zn
2+

. 

 

native Se-Met 

PEG-

1450 

PEG-

1450 

PEG-

1450 

PEG-

1450 

PEG-

1450 

PEG-

1450 

20% 25% 30% 20% 25% 30% 

0.1 M MES pH 6.0 
 

     

0.1 M MES pH 6.5 
 

X     

0.05 M MES, 0.05 M Tris pH 7.0 
 

   X  

0.1 M Tris pH 7.5 
 

     

The conditions from which the largest crystals were obtained is indicated by X. 

 

For the native dataset 720 images were collected with an oscillation range of 0.5°. Of these 

only 511 were included in the final scaled dataset as the crystal began to show signs of 

radiation damage. Prior to data collection from the Se-Met derivative a variable wavelength 

X-ray scan was initially performed to accurately determine the peak and inflection 

wavelengths (Hendrickson, 1991). The atomic absorption edge values are influenced by the 

local environment and neighbouring atoms, thus it is good practice to empirically determine 

their values (Cromer, 1983; Giacovazzo et al., 2002). In addition no fluorescence peaks 

characteristic of zinc were observed indicating there were not any bound zinc ions present. 

Two datasets were then collected on the same Se-Met crystal, a high end remote and an 

inflection point dataset. Both were collected with a 1° oscillation for a total of 360 images. 
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Figure 3.10: Example synchrotron diffraction image. A representative diffraction image from the Se-Met 

inflection dataset collected at the Australian Synchrotron. Note the CCD detector area is divided into 9 

sections. The detector edge distance represents the equivalent of approximately 1.8 Å of diffraction.  

 

Table 3.6: Data collection statistics for the datasets obtained from native and Se-Met 

crystals grown in the absence of Zn
2+

. 

  Native  Remote Inflection 

Wavelength (Å)  0.95364  0.96064 0.97984 

Space group  P 212121  P 212121 P 212121 

Cell dimensions (Å)  28.3, 46.8, 93.5  27.9, 46.9, 93.5 27.9, 47.0, 93.7 

Molecules in ASU  1  1 1 

Resolution range (Å)  19.1-1.80 

(1.90-1.80) 
 

19.0-1.75 

(1.84-1.75) 

19.4- 1.80 

(1.90-1.80) 

Unique reflections  12135  12905 11962 

Redundancy  9.8 (9.7)  12.6 (10.5) 13.8 (12.2) 

Completeness (%)  99.9 (100)  99.4 (98.2) 99.4 (98.8) 

I/    24.8 (5.8)  22.6 (6.0) 25.3 (7.8) 

Rmerge  0.061 (0.40)  0.076 (0.39) 0.074 (0.37) 

 Values in parentheses are for the highest resolution shell  

The Remote and Inflection datasets were obtained from a Se-Met derivative 
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The reflections were indexed to the orthorhombic space group P222 and analyses of 

systematic absences further delineated this to be P212121 (refer 2.4.1; Figure 3.11). In 

protein crystals systematic absences are related to both translational symmetry elements and 

screw axes; for a 2-fold screw (21) along the a axis, reflections (h,0,0) corresponding to 2n + 

1 are absent (Giacovazzo et al., 2002). Under some circumstances detecting systematic 

absences can be unreliable because the axial reflections may be few in number or missing 

from the data set if they lie along the spindle rotation axis (in the data collection blind 

region), or there may be an approximate non-crystallographic screw axis; in this instance the 

symmetry does appear to represent genuine screw axes (Dauter, 1999).   

 

 

Figure 3.11: Axial reflection intensity plots. Miller indices, A: h00, B: 0k0 and C: 00l. 

 

The phases of the data obtained in the absence of Zn
2+

 were subsequently solved by 

multiple-wavelength anomalous dispersion with the native and selenomethionine derivative 

datasets (Table 3.6). Two heavy atom (Se) sites, each with an occupancy factor greater than 

0.9, were identified, corresponding to the two Se-Met residues as expected for a single 

CyanoQ molecule in the ASU; in agreement with the prediction based on the Mathews 
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coefficient (2.13 Å
3
/Da, given the MW of 14.6 kDa, corresponding to 42.0% solvent) 

(Matthews, 1968; Kantardjieff and Rupp, 2003). The heavy atom locations were used to 

deduce the two possible sets of experimental phase information; the phase ambiguity results 

from the two possible vector combinations used to derive the phases from atom locations. 

Therefore two electron density maps were generated and visual inspection revealed one to 

more likely resemble a peptide density map (Figure 3.12, A) 

  

 

 

Figure 3.12: Electron density produced for the two possible phase vector solutions. The density in (A) 

more favourably resembles allowed stereochemistry of a peptide chain than the density calculated with the 

inverse phase solution in (B). Notably the connectivity is greater and an area of density resembling an aromatic 

residue is apparent. 

 

3.2.6 Modelling the Structure Obtained in the Absence of Zn
2+

 

 

A preliminary, incomplete structure was built into the initial density map using the program 

ARP/wARP (refer 2.4.1) (Langer et al., 2008). The structure was subsequently completed 

and refined by iterative cycles of modelling and refinement; the model was refined against 

the native diffraction dataset to eliminate possible artefacts associated with structural 

differences resulting from Se-MET incorporation. Waters were manually added after the 

majority of the main peptide density had been modelled. A final REFMAC5 refinement was 

performed using previously refined isotropic B-factors as well as 8 translation, libration and 

screw-rotation (TLS) displacement groups (Schomaker and Trueblood, 1968). Selection of 

the TLS groups, defined by the residues: 32-36, 37-58, 59-80, 81-90, 91-98, 99-112, 113-

140 and 141-146, was performed using the TLSMD sever with appropriate manual input 

(Painter and Merritt, 2006). 
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Figure 3.13: Electron density for the final model. A cross-eye image map of an example section of electron 

density from the final model is shown. Density within 4 Å of residues 71 - 80 is displayed at a sigma level of 

2.0. Water molecules within 3 Å are also shown as spheres. Additional electron density and surrounding 

residues have been omitted for clarity. 

 

In the final completed model electron density was assigned for residues Thr32 to Pro146, 

whereas the remaining residues appeared disordered and could not be modelled. Apparent 

disorder within a crystal can be the result of either: static disorder, where the structure of a 

particular region varies from one ASU to another, or dynamic disorder where the region is 

mobile within the crystal. The latter is generally insignificant when diffraction data are 

collected at cryogenic temperatures so it appears the N-terminus lacks intrinsic order. 

Diffuse scattering originating from regions such as this within crystals can interfere with the 

measurement of diffraction from the well-ordered parts of the molecule and may have 

restricted the maximum diffraction achievable in this instance. Final refinement statistics are 

given in Table 3.7 and there were no Ramachandran outliers (Figure 3.14). The completed 

model coordinates and structure factors have been deposited into the PDB under the 

accession code 3LS0.  
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Table 3.7: Refinement statistics for the structure obtained in the absence of Zn
2+

. 

Resolution Range (Å) 18.7 - 1.80 

Rwork 0.17 

Rfree 0.21 

Protein atoms 905 

Metal atoms - 

Solvent atoms 109 

Average B-factor (Å
2
) 21.2 

Wilson B estimate (Å
2
) 28.3 

Patterson B overall (Å
2
) 23.7 

Bond length rmsd (Å) 0.028 

Bond angles rmsd (°) 2.19 

 

 

 

Figure 3.14: Ramachandran plot for the structure obtained in the absence of Zn
2+

. The Ramachandran 

plot is divided into general, glycine, proline and pre-proline residues according to (Chen et al., 2010). 
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Figure 3.15: The structure of CyanoQ in the absence of bound zinc. Invariant residues are coloured green 

and highly conserved residues orange. Note the clustering of conserved resides toward the apex of the bundle. 

 

  

3.2.7 Solving the Structure Obtained in the Presence of Zn
2+

 

 

The dataset obtained in the presence of Zn
2+

 was solved by molecular replacement using an 

early structure from the dataset obtained in the absence of Zn
2+

 as a search model. The 

Mathews co-efficient indicated a total of two CyanoQ molecules within the ASU, therefore 

two copies of the search model were sampled to produce a single solution containing both of 

the expected molecules. Poorly fitting residues were subsequently removed from the model 

solution and the electron density map was recalculated (essentially the phases were 

recalculated) by refinement without prior phase information in REFMAC5; because every 

atom contributes to every reflection the more correct density points which are known the 

better the refinement can be made, thus phases improve locally as the model correctness is 

increased (refer 2.4.1).  
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Figure 3.16: Molecular replacement solution of the dataset obtained in the presence of Zn
2+

. The solution 

was obtained using an early model from the minus Zn
2+

 dataset. The N-termini (upper left and bottom right) of 

the two molecules are in poor agreement with the observed data. 

 

The structure model was subsequently completed by iterative cycles of manual building and 

refinement as per the structure obtained in the absence of Zn
2+

. Toward the end of 

refinement it became apparent there were four sites of significant electron density which 

remained unaccounted for. These appeared to represent ions bound to the protein structure 

and further analyses of both the anomalous difference and |Fobs|-|Fcalc| maps as well as 

predicted bond lengths revealed the sites to be consistent with zinc ions (Harding, 2001). At 

the CuKα wavelength used (1.5418 Å) the anomalous scattering associated with zinc atoms 

(f” = 0.68 electrons at 1.5418 Å) is approximately equivalent to that of sulfur atoms (0.55 

electrons) and can clearly be seen in an anomalous difference map (Figure 3.17) (Dauter, 

2002). Zinc coordination is further discussed later in this chapter. 
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Figure 3.17: Anomalous difference density map showing zinc sites. A phased anomalous difference map is 

displayed at a contour level of 5ζ; the anomalous difference (DANO) and refined data phases (PHIC) (minus 

90º) were used in generation of the map (refer 2.4.1). The high multiplicity of the dataset helps to clearly 

resolve the anomalous signal. Zinc atom locations are indicated by spheres and their coordinating ligands. The 

sulfur atoms of methionine residues are coloured yellow (methionine side chains are also shown). A Patterson 

anomalous difference map would similarly show peaks characteristic of 8 equivalent atoms sites. 

 

Following assignment of the zinc sites the model was further refined and built. Assistance in 

this further refinement step was provided by R. D. Fagerlund. Waters were added when the 

structure was close to completion and, similarly to the dataset obtained in the absence of 

Zn
2+

, TLS refinement parameters were added to the final refinement run. The TLS groups 

consisted of residues: 17-24, 25-37, 38-59, 60-80, 81-89, 90-113, 114-129 and 130-149 for 

chain A and 17-27, 28-40, 41-59, 60-80, 81-88, 89-106, 107-127, 128-149 for chain B. 

Electron density could be assigned for all residues of the recombinant CyanoQ protein, 

including the N-terminal cloning artefact. The Ramachandran plot showed all residues in 

allowed positions and final refinement statistics are given in Table 3.8. The structure has 

been deposited into the RCSB PDB under accession code 3LS1. 
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Table 3.8: Refinement statistics for the structure obtained in the presence of Zn
2+

. 

Resolution Range (Å) 21.8-1.85 

Rwork 0.18 

Rfree 0.22 

Protein atoms 2070 

Metal atoms 4 

Solvent atoms 241 

Average B-factor (Å
2
) 27.8 

Wilson B estimate (Å
2
) 32.3 

Patterson B overall (Å
2
) 26.2 

Bond length rmsd (Å) 0.027 

Bond angle rmsd (°) 2.01 

 

 

Figure 3.18: Ramachandran plot for the structure obtained in the presence of Zn
2+

. The Ramachandran 

plot is divided into general, glycine, proline and pre-proline residues according to (Chen et al., 2010).  
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3.3 Structural Analysis 

 

3.1.1 Overview 

 

The general overall fold of CyanoQ is of a helical bundle (C-terminal region) with an N-

terminus lacking of defined secondary structure. The helical bundle contains four alpha 

helices (H1: 35-64; H2: 68-92; H3: 95-121; H4: 127-145) arranged in an up-down-up-down 

configuration. The second -helix is split into two helices (H2a and H2b) by a small loop 

(Gly77-Leu79) which induces a kink in the H2 helix. In cyanobacterial PsbQ homologues 

six residues appear invariant (Leu59, Trp68, Gly77, Pro78, Leu93 and Asp116) and a 

further eleven are highly conserved (Ile38, Ile63, Asn67, Ile75, His76, Leu79, Leu89, 

Gln98, Leu112, Leu115 and Ala119) (Jackson et al., 2010). The majority of conserved 

residues are positioned toward the apex of the helical bundle, including the invariant (across 

all phyla) Trp68 residue previously identified in this position (Balsera et al., 2003a). 

 

3.3.2 Comparison of Structures Obtained in the Presence and Absence of Zn
2+ 

 

The CyanoQ structures obtained in the presence and absence of Zn
2+

 exhibit highly similar 

overall domain fold and secondary structure elements. Furthermore the backbone topology 

and orientations of invariant residues are consistent between both structures; Cα rmsd of 

0.715 Å (Figure 3.19). The region of most significant difference is the N-terminus which 

could not be modelled in the absence of Zn
2+ 

(suggesting disorder) and lacked secondary 

structure in the structure obtained in the presence of Zn
2+

. Given the N-terminal residue of 

the cloning artefact is involved in Zinc coordination with a symmetry related molecule it is 

likely the extended N-terminal region was ordered as a result of favourable crystal packing 

in the presence of Zn
2+

 rather than inherent structural stability. Similarly minor side chain 

orientation and order parameter variations are apparent between both structures which likely 

relate to different crystal packing and interaction between symmetry related molecules. 

Some genuine structural differences are present, such as the orientation of the Z1 ligand 

Asp116 sidechain, which are discussed with respect to the higher plant PsbQ homologue in 

3.3.4. 
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Figure 3.19: Comparison of structures obtained in the presence and absence of Zn
2+

. Cα backbone trace 

overlay of CyanoQ structures obtained in the presence (blue) and absence (red) of Zn
2+

. A: H2/H3 face. B: 

H3/H4 face. The side chains of invariant residues are shown (sticks) as are the zinc atoms (spheres). 

 

3.3.3 Zinc Coordination 

 

In total there are four zinc atoms within each ASU, bound at two unique sites, denoted Z1 

and Z2. The Z1 site is located at the interface between the two CyanoQ molecules in the 

ASU where each of the two sites are coordinated by three ligands from one CyanoQ 

molecule and one ligand from the adjacent peptide (Figures 3.17 and 3.20). This gives a 

tetrahedral coordination with bond lengths (based on the Z1 site from chain A) of: 

A/Glu107/Oε1, 1.9 Å; A/His111/Nε2, 1.8 Å; A/Asp137/Oδ2, 2.0 Å; B/Glu133/Oε2, 2.1 Å.  
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Figure 3.20: Zinc coordination at the Z1 site. A cross-eye image of the electron density (2|Fobs|-|Fcalc|) at the 

Z1 site, shown at a level of 2ζ. Additional electron density and surrounding residues have been omitted for 

clarity. 

 

The Z2 site is located on the H2/H3 face of each CyanoQ molecule where two ligands 

(His76 and Asp116) are provided from the same chain whilst the N-terminal Gly17 (from 

the cloning artefact) of a symmetry related molecule provides a further two ligands (Figure 

3.21). In addition a water molecule was assigned in close proximity to the Z2 ion, thus 

giving a total of 5-way coordination in a trigonal bipyramidal configuration. The bond 

lengths are: A/His76/Nε2, 2.1 Å; A/Asp116/Oδ2, 1.9 Å; B*/Gly17/O, 1.9 Å; B*/Gly17/N, 

2.1 Å; B*/HOH239/O, 1.7 Å; * indicates a symmetry related molecule from an adjacent 

ASU. Although, it is likely the Z2 binding site is an artefact of crystallisation because the 

ligands are not conserved and although Zn
2+

 did also mediate dimerisation in crystals of 

higher plant PsbQ, the dimer interface differs between the two species and there is no 

evidence to support dimerisation of CyanoQ in vivo. 

 

 

Figure 3.21: Zinc coordination at the Z2 site. A cross-eye image of the electron density (2|Fobs|-|Fcalc|) at the 

Z1 site, shown at a level of 2ζ. Additional electron density and surrounding residues have been omitted for 

clarity. 
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3.3.4 Comparison to Higher Plant PsbQ 

 

The overall domain fold of the C-terminal helical bundle of CyanoQ is similar to that of 

spinach PsbQ. The N-terminal regions of the two homologues are, however, significantly 

different. In contrast to the CyanoQ N-terminus, which lacks defined secondary structure, 

the N-terminus of higher plant PsbQ forms a defined anti-parallel beta sheet and poly-

proline helix structure. The backbone topology of the C-terminal bundle (Cα rmsd of 1.425) 

also contains subtle differences between the two homologues, notably the split helix 2 of 

CyanoQ compared to the continuous helix of spinach PsbQ. The H1 and H4 helices also 

appear extended in CyanoQ compared with higher plant PsbQ. 

 

Figure 3.22: Comparison of PsbQ homologues. Cα trace of CyanoQ obtained in the presence of Zn
2+

 (blue) 

and spinach PsbQ (orange) structures oriented with the A: H2/H3 and B: H3/H4 faces toward the front. 

 

The zinc coordination ligands differ between the two homologues with no overlap of 

binding sites (Figure 3.22). The ligands coordinating Zn
2+

 in the higher plant PsbQ structure 

are not conserved within cyanobacteria. In contrast the ligands of the CyanoQ Z1 site 

(His76 and Asp116) are highly conserved between the two phyla; corresponding to Arg79 

and Asp119 in spinach PsbQ (nonetheless the site does not coordinate a zinc atom in the 
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higher plant structure). Intriguingly the Z1 site is located next to a large solvent-accessible 

cavity on the H2/H3 surface of CyanoQ and a similar cavity is also found on the surface of 

the higher plant PsbQ (Figure 3.23). A large number of conserved residues (Ile75, His76, 

Leu79, Leu112 and Asp116) are clustered in the vicinity of the cavity, including the 

invariant GlyPro loop motif which splits H2 (Figure 3.15). The surface of the H2/H3 face in 

the absence of Zn
2+

 is similar, albeit with a slightly reduced cavity volume (217 Å
3
 

compared to 249 Å
3
 in the presence of Zn

2+
); calculated with CASTp (Dundas et al., 2006). 

The spinach structure contains a comparable cavity on the H2/H3 face which also consists 

primarily of conserved residues (Ile142, Leu161, Arg162, Ala165, Arg169, Ile198, Asp202) 

and resembles the enlarged cavity observed for CyanoQ in the presence of Zn
2+

. This cavity 

may therefore be a shared feature of PsbQ proteins across different phyla.  

 

The highly conserved nature of His76 and Asp116 ligands and their proximity to the large, 

hydrophobic cavity suggests this site on the H2/H3 face might be functionally important for 

the role of PsbQ family proteins; solvent exposed hydrophobic patches are often involved in 

protein-protein interactions (Young et al., 1994). Exposure of Zn
2+

 on the surface of 

CyanoQ may instead reflect the mechanism for a specific cation-mediated interaction with 

another PS II subunit. Furthermore, the similarity of the surface of Synechocystis 6803 

CyanoQ in the presence of Zn
2+

 to spinach PsbQ suggests binding of a divalent cation may 

induce a functional conformation change to the protein.  

 

The opposite surface of CyanoQ, the H4/H1 face, also has a large solvent accessible cavity, 

located near three conserved residues (Ile38, Leu89, Leu93) and the extension of the H1 

helix (Pro35-Gln42). The cavity is larger in the structure obtained in the absence of Zn
2+

, 

resulting from the absence of three C-terminal residues (Gln147-Ser149) which could not be 

modelled in this structure. Lack of density for these residues suggests they may be 

disordered and flexible, possibly allowing a conformational change upon interaction with 

another protein. This cavity does not appear in the spinach structure, which lacks the 

extended H1, and is instead replaced with a ridge consisting of residues Lys136 and Gly222. 

A further notable difference in the surface topology between homologues is the N-terminal 

β sheet region of spinach PsbQ which extends out over the surface of H2; in contrast to the 

exposed surface of the split H2 helix in CyanoQ. The N-terminal region of spinach PsbQ 

has been identified as required for binding to PS II, therefore, assuming a similar orientation 

of bound PsbQ homologues in relation to PS II, these observations suggest the H2 helix of 
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CyanoQ may be involved in binding cyanobacterial PS II centres. A positively charged 

patch located on the surface of CyanoQ toward the end of H3 appears shared with the higher 

plant PsbQ structure and might be involved in binding PS II (Figure 3.24).  

 

3.3.5 Interaction between CyanoQ and PS II 

 

In silico docking between models of T. elongatus CyanoQ (built using the CyanoQ structure 

presented here) and the PS II structures from T. elongatus (PDB:2AXT) and T. vulcanus 

(PDB:3ARC) have suggested putative binding sites for CyanoQ to the mature PS II dimer 

(Fagerlund and Eaton-Rye, 2011; Bricker et al., 2012). However, the binding sites and 

models presented in each instance differ. Similarly, models are presented for docking 

between CyanoP and PS II. For these, a common binding site was identified but the 

orientation of CyanoP relative to the PS II complex is rotated almost 180º between the two. 

In the second paper the authors make no attempt to address these issues or offer an 

explanation as to the reasons behind the variability of docking models presented. A 

computer-based docking approach, to examine the interaction between CyanoQ and PS II, 

was attempted during the course of this project but was found to produce highly variable 

results. The models which were generated differed significantly depending on the software 

used and input parameters specified. Furthermore rigid-model docking does not account for 

likely variations between the structures of PS II components in different states of PS II 

biogenesis or repair. It is the author’s opinion that the docking technology is immature and 

that advances in software algorithms, approaches and validation techniques are necessary 

before this type of work has a reasonable chance of consistent success. A more detailed 

summary including discussion of alternate approaches to dissecting the interaction between 

CyanoQ and PS II is provided in section 7.2.3.  
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Figure 3.23: Conserved residue analysis of PsbQ homologues. CyanoQ in the absence of zinc, A: H2/H3 

face; B: H4/H1 face; CyanoQ in the presence of zinc C: H2/H3 face; D: H4/H1 face; PsbQ from spinach, E: 

H2/H3 face; F: H4/H1 face; G: H1/H2 and beta sheets. Invariant and highly conserved residues are coloured 

orange whilst additional significant residues identified by ConSurf analysis are coloured yellow.  
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Figure 3.24: Electrostatic surface analysis of PsbQ homologues. CyanoQ in the absence of zinc, A: H2/H3 

face; B: H4/H1 face; CyanoQ in the presence of zinc C: H2/H3 face; D: H4/H1 face; PsbQ from spinach, E: 

H2/H3 face; F: H4/H1 face; G: H1/H2 and beta sheets. Contoured to ± 5 kTe
-
, refer 2.4.3 for calculation. The 

positively charged patch of H3 in close proximity to the N-terminus is indicated. 
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3.4 Summary 

 

The highly conserved structure of the C-terminal bundle of CyanoQ compared to higher 

plant PsbQ shows a large part of the structure of this PS II subunit is evolutionarily 

conserved. This raises the question as to whether the function and interaction with PS II is 

also conserved between PsbQ homologues. Differences in the N-termini, including lipid 

attachment and lack of secondary structure in CyanoQ compared to an anti-parallel beta 

sheet structure in higher plant PsbQ suggest there is at least some degree of evolutionary 

divergence between the two. An investigation into the physiological function of CyanoQ is 

presented in Chapter 6, followed by a discussion in Chapter 7 of the physiological findings 

in relation to the structural observations presented here and current literature.  
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Chapter 4 

 

Structural Characterisation of CyanoP 

 

4.1 Introduction 

 

4.1.1 Background 

 

At the commencement of this project no structure of a cyanobacterial PsbP homologue had 

yet been determined and there was considerable debate on the evolutionary relationship 

between PsbP, CyanoP and PsbP-like (PPL) subunits (refer Chapter 1). The aim of this 

project was therefore directed toward determining the structure of the PsbP homologue, 

CyanoP, from Synechocystis 6803. The CyanoP ORF (sll1418) was cloned into an 

expression vector and purified from E. coli in a similar fashion to CyanoQ (refer 2.1.7). 

Likewise, in an attempt to obtain crystals for the purposes of structure determination by X-

ray crystallography, protein crystallisation screens for CyanoP were subsequently 

performed. Multiple crystallisation screens were conducted under a variety of conditions, 

including the addition of zinc, manganese (II) and calcium cations. However, no successful 

crystallisation conditions could be determined so therefore an alternate approach, nuclear 

magnetic resonance (NMR) spectroscopy, was taken to determine the structure of CyanoP. 

 

After X-ray crystallography, NMR spectroscopy is the second most used route for the 

determination of protein structures; currently approximately 11% of the structures deposited 

in the PDB were determined by solution state NMR spectroscopy (Berman et al., 2003; 

Kwan et al., 2011). The use of NMR for structural molecular biology has several advantages 

and disadvantages. The solution state dynamics, folding and interactions of proteins can be 

studied more readily than with X-ray crystallography, however, not all proteins are suitable 

for NMR spectroscopy which makes its use applicable only in specific areas. There is an 

inherent limit to the maximum size of proteins which can be characterised by NMR 

spectroscopy and homogeneous samples of the target protein at high concentrations in 

solution are required. Furthermore the target protein generally needs to be labelled using 

NMR active nuclei, commonly 
13

C and 
15

N, which can prove difficult if the target protein is 

obtained from a native source. In this instance the target recombinant CyanoP protein is of 
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an appropriate size and appeared soluble enough (a high concentration had successfully 

been employed in the crystallisation screens) to make it a suitable candidate. Heteronuclear 

NMR spectroscopy was subsequently successfully applied and the solution state structure of 

CyanoP determined (Jackson et al., 2012).The introduction which follows is a general 

overview of important NMR concepts and how they relate to acquisition and evolution of 

the spectra observed for the purposes of protein structure determination. It is intended to 

orient the reader and provide a rationale for the various steps undertaken to determine the 

structure of CyanoP as described in this chapter. 

 

4.1.2 Quantum Spin and Precession 

 

NMR spectroscopy exploits the angular momentum property of nuclei with non-zero net 

quantum spins, such as 
1
H, 

13
C and 

15
N nuclei which all have spin = 1/2. When placed in a 

static external magnetic field (B0) nuclei with a spin = 1/2 act as dipoles and can exist in one 

of two states, aligned parallel (α, lower energy) or antiparallel (β, higher energy) with B0. 

Other non-zero spin nuclei have different behaviours: 
14

N has a net quantum spin of 1 and 

acts as a quadrapole with four energy states. However, the nuclei (spins) do not align 

precisely with the external field, instead the dipole generated by a spin precesses about B0; 

the direction of B0 is positioned parallel to the z-axis of a spectrometer so a precessing 

nucleus spins about its own axis whilst also rotating about the z-axis (Abragam, 1983). The 

frequency of precession, termed the Larmor frequency, is a property of the type of nuclei 

and is proportional to the external field strength; for example the 
13

C Larmor frequency is 

approximately one quarter that of the 
1
H frequency for a given field strength. The strength 

of B0 for a spectrometer is commonly quoted as a frequency, for example 800 MHz, which 

equals the Larmor frequency of a 
1
H reference nucleus at the field strength of the 

instrument’s magnets. 

 

4.1.3 Chemical Shift and Spin Systems 

 

In a multiple atom system not all nuclei experience the same apparent B0; the reason for this 

discrepancy is that electrons orbiting nuclei generate small local magnetic fields which 

oppose B0. The net result is such that the observed external field (Beff) experienced by 

individual nuclei is reduced. The shielding effect is known as chemical shift and causes a 

corresponding decrease in the resonance (Larmor) frequency of a nucleus. The shift is 
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directly proportional to the strength of B0 thus the absolute value of the frequency reduction 

is commonly divided by the spectrometer frequency to give a field strength independent 

value in parts per million (ppm). The shielding effect (shift) is proportional to the 

electronegativity of the environment about the atom and thus all nuclei in the same 

structural positions of equivalent molecules will have the same chemical shift. The net sum 

of equivalent nuclei is thereby termed a spin system: every unique NMR active atom within 

a protein is part of a unique spin system.  

 

The concept of each spin system having a distinct chemical shift and thus different Larmor 

frequency is fundamental to discriminating between atoms for the purpose of gaining 

structural information. If the chemical shifts for all active nuclei in a molecule are 

determined then a complete ‘shift list’ can be produced. This represents an important step in 

the protein structure determination process, yet requires the identification of a large number 

of shifts (typically over a hundred shifts per kDa of total molecular weight). In order to 

determine the chemical shift list a series of experiments must be performed to link different 

spin systems with each other and their chemical shifts. Performing these experiments 

requires manipulation and detection of spin system resonances and magnetisation.  

 

4.1.3 Magnetisation and Manipulation 

 

The energy gap between α and β spin states is small. Thus, the ground state equilibrium 

population is only slightly biased (polarised) toward the lower energy level, described by 

the Maxwell-Boltzmann distribution. The overall sum of the individual magnetic dipoles 

from all nuclei in the system can be represented by a vector, referred to as the bulk 

magnetisation (M0), which at equilibrium state is in the direction of B0. Since the direction 

of B0 is equivalent to the z-axis of a spectrometer M0 has both longitudinal (Mz) and 

transverse (Mx, My) components. If another external field (B1) is applied perpendicular to B0 

and rotated about the z-axis in the same direction and speed as a spin precessess then nuclei 

precessing about B0 will begin to also rotate about the B1 field; commonly the x- and y-axes 

are considered to also be rotating at the Larmor frequency such that B1 is aligned with the x-

axis and M0 rotates toward the y-axis. The extent to which a spin system is affected depends 

on its Larmor frequency and the frequency, amplitude and duration of the applied 

electromagnetic radiation. The short term application of a wide frequency, high intensity B1 

field, a so-called hard pulse, influences all spin systems in the same manner regardless of 
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chemical shift and refers to the type of pulse considered from here on: it is simply the pulse 

length which determines the extent of rotation about the x-axis (Kessler et al., 1991). 

 

Following a hard 90° pulse individual dipoles will be aligned in phase along the y-axis, a 

state known as phase coherence. Phase coherence is important because it maximises the 

transverse (Mxy) components of the magnetisation vector. A 180° pulse can be used to rotate 

magnetisation from Mz to M-z and the spin populations of α and β will effectively be 

inverted (polarisation inverted); similarly a 180° pulse can rotate magnetisation from My to 

M-y or Mx to M-x. This manipulation of spin systems and magnetisation is an integral 

element of NMR experiments which reveal different information about spin systems and 

their shifts (Ernst et al., 1987). The significant difference in Lamor frequency between 
1
H, 

13
C and 

15
N nuclei is a highly useful property as it means they can be independently 

manipulated; this is exploited for collection of multidimensional data.  

 

4.1.4 Resonance Detection and Relaxation  

 

If a B1 pulse is applied along the rotating x-axis and M0 rotates away from the z-axis then 

the Mz component will decrease whilst the My component increases. For a 90° pulse the 

transverse component (My) is maximised whilst Mz is equal to zero. At the end of the pulse 

the transverse component continues rotating about the z-axis (in line with the rotating y-

axis) at the resonance frequency. If a coil is placed around a stationary axis (in the same 

plane as the rotating x- and y-axes) then the transverse vector appears rotating to the fixed 

axis and will induce a current inside this (detector) coil of the spectrometer probe, hence the 

resonance signal of the rotating magnetisation is measured. However, not all spin systems 

have the same shift (resonance) and therefore various components will precess about the z-

axis at different rates, some faster and some slower; the net magnetisation is now split into 

individual vectors for each spin system. Therefore, the measured signal is a superposition of 

frequency components from all the individual spin systems. The data are deconvoluted by 

Fourier transformation (FT) which generates a spectrum with resonance peaks at specific 

frequencies for each spin system (the chemical shift frequency); this application of NMR is 

therefore known as FT-NMR. 

 

The above description represents an ideal system with no interaction between spins and their 

surrounding environment where the signal would effectively continue indefinitely. In 
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reality, however, this does not occur because interaction of spins with their environment 

causes relaxation back to its equilibrium B0 Maxwell-Boltzmann state. The principle 

environmental factor driving relaxation is fluctuating magnetic fields: these fluctuating 

fields arise from several different sources, most notably the motion of molecules (and hence 

relative orientation of dipolar magnetic flux fields) in solution. Two types of relaxation 

occur during restoration of the equilibrium state, relaxation of the longitudinal vector (T1 or 

spin-lattice relaxation) and relaxation of the transverse vector (T2 or spin-spin relaxation). 

The T2 relaxation results in a time dependent decrease in the observed FT-NMR signal 

intensity, known as free induction decay (FID). 

 

4.1.5 Coupling and the Nuclear Overhauser Effect 

 

The concept of interaction between spin systems, also known as coupling, must also be 

considered. In a molecule containing multiple spin systems these coupling interactions can 

be exploited or suppressed depending on information required from an FT-NMR 

experiment, most frequently to provide spin-spin connectivity information. Two types of 

interaction are important for protein NMR spectroscopy: direct, dipole-dipole coupling and 

indirect, J-coupling. The direct dipole-dipole interaction ordinarily contributes to relaxation 

of the signal (T1) yet can also be exploited to transfer polarisation between spin systems. 

The magnetic field fluxes of dipoles close together in space interact (the effect is 

independent of bonding) such that for two dipoles there are four energy states, represented 

by the possible combination of spin states (αα, αβ, βα or ββ); there is an orientation 

dependence on the dipole-dipole interaction but in a solution state model this averages to 

zero and is not considered here. A consequence of the dipole-dipole interaction is that cross 

relaxation between adjacent spins becomes possible such that zero (αβ↔βα) and double 

(αα↔ββ) quantum transitions occur; the probability of these transitions relative to each 

other and single quantum (T1 type) relaxation are again related to fluctuation of local 

magnetic fields induced by molecular motion. The cross relaxation effect can be exploited 

so that polarisation of one spin system can be used to either increase or decrease the 

proportion of β spins in a coupled system. The rate by which polarisation transfer occurs can 

be exploited to gain structural information with experiments such as nuclear Overhauser 

effect spectroscopy (NOESY). For a NOESY experiment saturation of one spin system 

changes the polarisation of nearby spin systems at a rate dependent on the through-space 

distance between the nuclei; thus, the derived distance information between two atoms is 
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colloquially referred to as a NOE. Identification of NOEs between different spin systems in 

a protein molecule is an integral part of the protein structure determination process. 

 

The second form of spin-spin interaction, J-coupling, is related to atoms joined by covalent 

bonds (J-coupling through hydrogen bonds is also observed). It is described as indirect 

because the magnetic dipole of one nucleus influences the local magnetic field induced by 

bonding electrons which in turn effects the Beff of bonded nuclei, the two possible spin 

states (α or β) of the first nucleus results in either a decrease or increase in Beff and thus the 

resonance frequency of the bonded nucleus is split in two; the reciprocal is also true, so both 

shifts are split by the same coupling constant. The split in energy states results in individual 

nuclei of the same spin system precessing at different rates depending on the state of the 

coupled spins (α or β). In a multiple bond system the effect is observed over more than one 

bond but generally less than three bonds apart. J-coupling is exploited as an integral part of 

many different NMR experiments where it is commonly used to enhance polarisation of 

specific nuclei and transfer magnetisation between bonded spins; if one spin system (A) 

connected to another (X) is polarised in the β direction the corresponding J-coupled higher 

energy state of the X nucleus will be enhanced. In some circumstances the effects of J-

coupling are not desirable so they are suppressed by a process known as decoupling 

(Anderson and Nelson, 1963).  

 

4.1.6 Application of NMR for the Determination of Protein Structures 

 

Many diverse applications of the chemical shift, spin manipulation and coupling concepts 

have been developed to provide a range of FT-NMR experiments used in the determination 

of protein structures. The basis of such an experiment is an electromagnetic pulse sequence 

which manipulates spin system magnetisation in a defined manner to provide a number of 

FID signals which are combined to produce a spectrum of frequency (resonance) 

components. These spectra can be interpreted to establish connectivity between spin 

systems and allow subsequent assignment of chemical shift lists (Benn and Gunther, 1983). 

Also almost all spin = 1/2 nuclei in a triple labelled protein sample (
1
H, 

13
C, 

15
N) are 

connected by one-bond couplings, providing multiple possible methods to establish 

connectivity. The most fundamental coupling for protein NMR spectroscopy is the 
1
H-

15
N 

amide bond present in all residues except for proline and the N-terminal residue. Once the 

chemical shifts have been established then distance information derived from NOESY 
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spectra can be used to deduce the real space positions of atoms within a structure; generally 

1
H NOESY data are used, which provides NOEs between hydrogen atoms in the structure.  

 

The assignment of NOE information to specific spin systems, however, is complicated by 

the finite frequency range observed for chemical shifts. It is common for several unique spin 

systems to have the same apparent 
1
H shift, thus distinction between which hydrogen atoms 

the NOE belongs to is not obvious. Three dimensional NOESY experiments correlate the 

NOE to one known atom, yet if ambiguous shifts exist the other atom remains unresolved. 

For smaller molecules with less shift overlap manual assignment of NOEs to specific atoms 

is possible. Manual assignment for large proteins becomes tedious and a more efficient 

method is the use of automated assignment algorithms. In practice automated NOE 

assignment and structure calculations are performed simultaneously using software 

packages such as CYANA (Guntert, 2004). The software generally employs molecular 

dynamics simulation of the unknown structure to greatly assist NOE assignment. Manual 

curation of the automated assignments is, however, still required.  

 

For CYANA structure simulations, ambiguous distance information is combined with other 

experimental data, such as manual assignments or dihedral angle restraints, and predefined 

parameters for allowed configurations and energy constants; the predefined parameters have 

been determined by database analysis of known protein structures. Generally not all of the 

chemical shifts for a protein can be determined prior to an initial structure simulation. Thus, 

the preliminary structures are used to further assign chemical shifts, thereby improving 

future simulations in an iterative process. When a near complete structure is reached a 

refinement procedure is conducted involving more rigorous restraints for the molecular 

dynamics simulation by applying further database reference parameters and less tolerance 

for violated experimental data (NOEs). During the final refinement artefacts in the 

experimental data are checked and removed and the stereochemical and energy properties of 

the modelled structure are validated. 
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4.2 Structure Determination 

 

4.2.1 Cloning, Expression and Purification of Recombinant CyanoP  

 

The CyanoP ORF in Synechocystis 6803 contains a putative N-terminal lipid processing 

motif and the N-terminus of the mature protein is blocked to the Edmund degradation 

reaction (Kashino et al., 2002b; Thornton et al., 2004). These observations indicate the N-

terminal residue of CyanoP is lipid modified in a similar fashion to CyanoQ and Psb27 in 

Synechocystis 6803. For expression and purification of CyanoP a similar approach to that 

used for CyanoQ was therefore applied, where a truncated version of the CyanoP ORF was 

inserted into a recombinant E. coli expression system. The CyanoP ORF, from Cys24 

onwards, was cloned into the pGEX-6-P-3 vector as a GST fusion protein with a 3C 

protease clevage recognition site between the GST tag and the CyanoP reading frame 

(Figure 4.2). The purified, cleaved protein therefore consisted of the entire predicted mature 

sequence of CyanoP (residues 24-188) as well as 5 N-terminal residues (Gly-Pro-Leu-Gly-

Ser) derived from the protease cleavage site of the vector. The final recombinant protein 

contains 170 amino acid residues and has a molecular weight of 18.7 kDa. 

 

 

Figure 4.1: Lipo processing box of CyanoP sequences. The recognition sequence is outlined with a box and 

the cleavage site preceding the cysteine with a dashed line. The solid bar above the alignment indicates a 

hydrophobic rich region of residues. 

 

For preliminary crystallisation trials unlabelled CyanoP was expressed in rich media as 

described in 2.1.7. However, for the purposes of NMR characterisation, CyanoP was 

expressed in minimal media and found to be insoluble under the same expression 

conditions. Small scale expression trials in unlabelled minimal media were then used to 

determine the optimum expression conditions for CyanoP in minimal media. Subsequently 

large scale expression and purification was performed to obtain samples for NMR analysis. 

The CyanoP protein was expressed in minimal media and subsequently purified by affinity 

chromatography (Figure 4.3, refer 2.1.11). Gel filtration was then performed to both further 

Synechocystis sp. PCC 6803          MLKKSLSTAVVLVTLLLSFTLTACGGVGI  

Thermosynechococcus elongatus           MLQRFFATALAIFVVLLGGCSATSG 

Cyanothece sp. PCC 8801                 MLKSIKIIIIALVSITLISCSTGIS    

Microcystis aeruginosa                  MIKSLLATFLLITTLLLTGCATPIA 

Crocosphaera watsonii WH 8501           MYQSLRILVLTLISLSLISCSVGVG 

Cyanobium sp. PCC 7001      MTSHSAPVPRLQPRFLLRGAVALLLALVLVGCSAAAA 

Microcoleus chthonoplastes sp. PCC 7420 MLKTIAAILLLVLSLSLHGCTVGVS 
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purify the protein and also exchange it into a buffer suitable for NMR spectroscopy; low 

conductivity buffers are used to improve the sensitivity of NMR, especially when 

cryoprobes are utilised (Kelly et al., 2002). The purified protein was analysed by dynamic 

light scattering (DLS) to ensure homogeneity: polydispersity was determined to be 12-14%, 

indicating the samples were essentially monodisperse (Figure 4.4). 

 

 

 

Figure 4.2: Plasmid map for the pGEX_CyanoP vector used for expression of CyanoP. The IPTG 

inducible promoter is coloured red. The expressed fusion protein contains GST at the N-terminus and CyanoP 

at the C-terminus. The 3C protease cleavage site and restriction sites used for insertion of the CyanoP ORF are 

indicated. 

 

 

Figure 4.3: Expression and purification of 
15

N labelled CyanoP as shown by SDS-PAGE. Lane loading is 

as follows, 1: pre-induced cells; 2: cells 6 h post induction; 3: clarified lysate; 4: resin bound fusion protein; 5: 

liberated CyanoP. 
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Figure 4.4: Dynamic light scattering analysis of purified CyanoP. Measured at a protein concentration of 1 

mgmL
-1

 at 25 ºC, refer 2.1.17. 

 

4.2.2 NMR Spectra and Chemical Shift Assignment 

 

For the assignment of chemical shift resonances a set of classic through-bond heteronuclear 

spectra was acquired (Sattler et al., 1999). The spectra were collected and processed by M. 

G. Hinds at the Walter and Eliza Hall Institute of Medical Research in Parkville, Australia 

(Jackson et al., 2012). Refer to Appendix 1 for a list of the spectra acquired. The work 

presented herein details the analysis and interpretation of these spectra for the determination 

of the structure of CyanoP performed by the author. The majority of backbone chemical 

shifts were manually assigned by sequential assignment using the HNCO, HNcaCO, 

HNCA, and HNCACB spectra. Side chain and remaining backbone shifts were assigned 

using additional spectra including: HAHBcoNH, CCcoNH-TOCSY, HCCH-TOCSY, 

HBHAcoNH and HcccoNH-TOCSY. Following assignment of approximately 90% of the 

total resonances an initial structure was determined by automated NOE assignment and 

simulated annealing (2.4.2) (Jee and Guntert, 2003). Additional chemical shift assignments 

were then made based upon the initial structure and the process continued by iterative cycles 

of structure calculation and resonance assignment as described in 4.2.3.  
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Figure 4.5: Sequential assignment of backbone chemical shifts. Spectra strips corresponding to the NH 

resonances for CyanoP residues: Asp86, Lys87, Thr88, Leu89, Thr90 and Asp91. The carbon axis is split in 

the centre so both the Ca and CO shifts can be visualised simultaneously. The HNCACB (Purple, Orange), 

HNCO (Green) and HNcaCO (Blue) spectra are shown; the Cα and Cβ shifts in the HNCACB are of opposite 

phase and hence are coloured differently to distinguish between them. 
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Figure 4.6: Backbone chemical shift assignments. A 15N-HSQC spectrum for CyanoP collected on an 800 

MHz spectrometer. HN root resonances are labelled according to residue assignments. Amide side chain NH2 

pairs are identified by solid lines, arginine Hε-Nε side chain groups (aliased 30 ppm in the nitrogen direction) 

are labelled R and the two tryptophan Hε-Nε groups are labelled by W. 

 

4.2.3 Structure Determination and Refinement 

 

Three through-space spectra were used for the purposes of structure determination; 
15

N-

HSQC-NOESY, 
13

C-HSQC-NOESY and 
15

N-filtered 2D-NOESY. Automated NOE 

assignment using the CANDID method for ambiguous assignment and simulated annealing 

was performed using CYANA 2.1 (Herrmann et al., 2002; Guntert, 2004). Dihedral 

restraints and manual NOE assignments were included for the initial calculation. Iterative 

cycles of resonance identification, manual NOE assignment and automated structure 

generation were performed before a near complete structure was reached. Hydrogen bond 

restraints were subsequently added to defined secondary structure regions where their 

addition was supported by NOE peaks. The chemical shift list (96.2% complete) is available 

in the BMRB (Biological Magnetic Resonance Bank) under accession number 18167. The 

final simulated annealing and automated NOE assignment run fulfilled the expected criteria 

for an accurate structure determination; rmsd for the initial bundle of less than 3 Å, initial 

and final target factors (TF) of less than 250 and 10, respectively and less than 25% of long 

range NOEs in cycle 1 discarded (Figure 4.7) (Jee and Guntert, 2003; Guntert, 2004). The 

final 20 CYANA structures were further refined using XPLOR-NIH, where iterative cycles 

of simulated annealing with slow cooling and removal of consistently violated NOEs were 

performed to give a final ensemble of 20 models for the CyanoP structure (refer 2.4.2) 

(Figure 4.8).  
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Figure 4.7: Automated NOE assignment using CYANA. The annealed structures are shown superimposed 

over the backbone atoms (20 structures per ensemble). The 20 structures with the lowest target factor are 

shown for each cycle 1 to 7 (A to G) and the final 20 structures (H).  

 

4.2.4 Validation 

 

The structure models were validated using the Protein Structure Validation Server  

(PSVS) (Bhattacharya et al., 2007). Statistics for the final ensemble are given in Table 4.1. 

The ordered region is defined as residues with S(φ) + S(ψ) ≥ 1.8 and consists of residues 32-

188.  All residues in the ordered region fall within the favoured or allowed regions of the 

Ramachandran plot (Figure 4.10).  There are two non-glycine residues with positive φ 

values, Asp127 and Arg156, these were verified by inspection of the underlying NMR 

spectra; for residues with positive φ angles the HN-Hα NOEs are stronger than residues 

with negative φ angles (Ludvigsen and Poulsen, 1992). Furthermore Arg157 is equivalent to 
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the Arg151 residue of CyanoP from T. elongatus which also has a positive φ angle 

(Michoux et al., 2010b). In the final ensemble there are no distance restraint violations 

greater than 0.3 Å or dihedral angle violations greater than 5°. The coverage of NOE 

assignments over the residue sequence is consistent with the observed secondary structure; 

loop regions and the N-terminus have less NOE restraints, as expected for flexible and 

disordered regions (Figure 4.9). The structure coordinates of the final 20 structures have 

been deposited in the Protein Data Bank (PDB) under the accession code 2LNJ. 

 

Figure 4.8: Refined solution structure of CyanoP. Cross-eye image of the superposition of the top 20 lowest 

energy conformers of CyanoP. Side chains are shown for representative residues in the ordered region. The N-

terminus is coloured blue and the C-terminus red. 

 

 
Figure 4.9: Constraint coverage for the CyanoP solution structure. Distance constraints per residue 

coloured light grey (intraresidue and sequential), dark grey (short range) and black (long range).  
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Table 4.1: Restraints and structural statistics for the CyanoP structure ensemble. 

 

Experimental constraints  

Distance constraints  

Intraresidue 546 

Sequential (|i-j| = 1) 680 

Short range (1 < |i-j| < 5) 327 

Long range (|i-j| <= 5) 726 

Total 2279 

Dihedral angle restraints (156 φ; 145 ψ) 301 

Hydrogen bond restraints 73 

Rmsd from experimental distance restraints (Å) 0.016 ± 0.002 

Rmsd from experimental dihedral restraints (°) 0.38 ± 0.04 

 

Measures of Structural Quality  

Deviation from idealised covalent geometry  

Bond length rmsd (Å) 0.00287 ± 0.00008 

Bond angle rmsd (°) 0.464 ± 0.006 

Impropers (°) 0.274 ± 0.009 

ELJ (kcal mol
-1

) -711.0 ± 15.5 

Ramachandran Plot Statistics, residues 32-188 (all residues)  

Most favoured regions 97.7%  (96.6%) 

Additionally allowed regions 2.3%  (3.0%) 

Disallowed regions 0.0%  (0.4%) 

Angular order: residues with S(φ) +S (ψ) ≥ 1.8  157 

Coordinate precision  

Mean pairwise rmsd (Å), 20 structures Cα, C, N all heavy atoms 

Residues 32-188 0.59 ± 0.09 1.34 ± 0.08 
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Figure 4.10: Ramachandran plot for the CyanoP structure. The MolProbity Ramachandran plot is divided 

into general, glycine, proline and pre-proline residues according to (Chen et al., 2010). Outliers are labelled 

according to the model number in the final ensemble [x] and residue identification. 
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4.3 Structure Analysis 

 

4.3.1 Overview 

 

CyanoP in solution forms an  structure with the central feature a -sheet packed 

between two -helices (Figure 4.11). The secondary structure elements are well defined 

(backbone rmsd 0.4 Å for residues 32-188) whilst the flexible N-terminus (residues 19-31) 

lacks order, as characterized by low backbone angular order parameters and absence of 

medium and long range NOE peaks. The secondary structure of CyanoP contains ten β 

strands (β1: 32-37; β2: 42-47; β3: 50-54; β4: 63-68; β5: 75-82; β6: 114-126; β7: 129-140; 

β8: 143-155; β9: 158-166; β10: 186-187) and four  helices (α1: 89-92; α2: 95-110; α3: 

168-171; α4:175-184). The β strands are organised into two anti-parallel β sheets (sheet 1: 

β1-2-10; sheet 2: β3-4-5-9-8-7-6). The β1 and β2 strands are linked by an α turn (Asp37-

Gly41) whilst β hairpin turns connect strands β6-7 (Glu126-Gln129; type II), β7-8 (Val140-

Asn143; type I) and β8-9 (Asn155-Lys158; type II). Loops connect elements β3-4 (loop 1), 

β4-5 (loop 2), β5- α1 (loop 3) and α2- β6 (loop 4). 

 

 

 

Figure 4.11: Secondary structure of CyanoP.  A: The first, closest to average, model of the Synechocystis 

6803 solution structure ensemble showing the secondary structure elements.  B: Same as in (A), rotated 90° 

about the horizontal axis.   
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4.3.2 Comparison to Known Homologue Structures 

 

The overall domain fold of CyanoP from Synechocystis 6803 is similar to that observed in 

the CyanoP crystal structure from T. elongatus (PDB: 2XB3) and higher plant PsbP 

homologues from both spinach (PDB: 2VU4) and Nicotiana tabacum (tobacco, 

PDB:1V2B); pairwise backbone rmsds over the ordered region (residues 32-188) of 1.68 Å, 

2.03 Å and 2.08 Å, respectively (Ifuku et al., 2004; Kohoutova et al., 2009; Michoux et al., 

2010a).  

 

 

Figure 4.12: Comparison to known homologue structures. The Synechocystis 6803 CyanoP solution 

structure (blue) with A: T. elongatus (red). B: Spinach (orange) and C: Tobacco (yellow). Backbone Cα trace 

is shown superimposed. Zinc atoms are shown as they appear in the PDB entries; several of the sites are also 

co-ordinated by residues from symmetry related molecules. The zinc sites discussed in the text are labelled 

accordingly. Dashed lines indicate where residues are absent from the crystal structures. 

 

The short helix α1 is well conserved among all homologues; however, in the crystal 

structures the helix appears to exhibit hydrogen bonding characteristic of a 310 helix as 

opposed to the  helix observed in the Synechocystis 6803 CyanoP solution structure 

(supported by experimentally observed NOEs). In contrast, the most pronounced difference 

between the solution structure of CyanoP from Synechocystis 6803 and all of the available 

PsbP homologue structures is helix α2. In Synechocystis 6803 the observed NOEs and 

backbone chemical shifts support α2 as an extended  helix, whereas in both the higher 

plant structures two short helices are present, followed by an unmodelled loop region for 

which no defined electron density was observed. The T. elongatus CyanoP structure 

contains a helix more closely resembling the Synechocystis 6803 α2 helix and the loop 

region was modelled into the electron density. The B factors in this region are higher than 
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average for the structure which may suggest this helix and loop are less ordered in the 

crystal lattice than the rest of the peptide, however, other factors such as crystal packing and 

symmetry related contacts do need to be taken into consideration (Figure 4.13).  

 

 

Figure 4.13: B factor analysis of PsbP homologue crystal structures. The Cα backbone trace of PsbP 

homologue crystal structures for A: T. elongatus, B: spinach and C: tobacco. Colouring is from lowest (blue) 

to median (green) and highest (red) relative B factor. Ribbon width is also proportional to the absolute value of 

the B factor for each residue. 

 

The helical region near the C-terminus generally appears consistent between structures 

although in some instances there are differences in the loop between the two helices. 

Notably in T. elongatus, helix α3 appears contiguous with helix α4; it is possible, however, 

that the limited resolution of this structure may not have allowed distinction of the loop 

transition between the two helices. The backbone corresponding to helix α4 exhibits a 

similar topology between all structures, whilst helix α3 is less similar and sometimes takes 

the form of either a 310 helix or a loop. The lysine residue at the start of helix α4 in 

Synechocystis 6803 (Lys175) is conserved with a lysine equivalent in spinach (Lys173) and 

a glutamate in T. elongatus (Glu170). The presence of a charged residue at this position is 

potentially significant given the link identified between lysine residues of higher plant PsbP 

and binding to PS II (Tohri et al., 2004). In general the β strands of sheets 1 and 2 are of 

similar length and topology between Synechocystis 6803 CyanoP and the structures of all 

three other PsbP homologues. The main exceptions are the extended  strands β6, β7 and β8 

which are immediately adjacent to loop regions not modelled in the higher plant structures. 

In this region of sheet 2 the Synechocystis 6803 CyanoP structure contains several  bulges, 

apparent from the corresponding NOE cross peaks, which increase the right-handed twist of 
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the sheet and may promote more favourable geometry for residues within the turns linking 

these strands.  

 

Previous phylogenetic and sequence analysis has identified the loop regions of PsbP as 

evolutionarily diverse elements which differentiate homologues within the PsbP superfamily 

(Sato, 2010). Indeed there are significant structural differences apparent within the loop 

regions not only between CyanoP and homologues from higher plants but also between 

CyanoP homologues. The topography of loop 1 varies between the CyanoP solution 

structure and that of the crystal structure from T. elongatus. In Synechocystis 6803 the loop 

contains three additional residues compared with that of T. elongatus, thus appearing larger 

and more similar to that of the higher plant PsbP structures which contain two more residues 

in this loop than T. elongatus. Furthermore the increased backbone disorder observed 

between models in the solution state CyanoP ensemble suggests this loop region is dynamic 

in solution (Figure 4.8). The backbone conformation of loop 2 also differs between the 

solution state and crystal structures; however, the side chain orientations of the surface-

accessible, conserved residues Ile70, Glu74 and Asn75 (equivalent to Ile60, Glu65 and 

Asn66 in T. elongatus) are similar in both CyanoP structures. The conserved nature of this 

loop region suggests it might be important for the function of CyanoP. The electron density 

for the loop residues between strands β7 and β8 is missing in all of the current crystal 

structures, whereas the Synechocystis 6803 CyanoP sequence contains fewer residues in this 

loop and these residues form a defined  turn (Figure 4.12).  

 

One face of the CyanoP protein contains a large surface cleft bounded by loop 1 and helix 

α2 (the L1/H2 face) (Figure 4.14). A number of residues which are highly conserved 

amongst cyanobacteria cluster within this region: the highly conserved Arg146 and invariant 

Asn75 (equivalent to Lys143 and Asn58 in spinach PsbP) are located at the head of the 

cavity, the polar side chains of residues Ser78, Thr161 and Ser165 are oriented toward the 

pocket as are the highly conserved residues Val65, Leu89, Val98 and Leu158. In close 

proximity to the cavity are a number of residues identified by conserved surface residue 

analysis (ConSurf server) as significant: Val53, Val55, Arg67, Ile79, Ser81, Leu92, Phe102, 

Arg114, Val138, Val152 and Asp163 (Ashkenazy et al., 2010). Overall the base of the 

cavity is predominantly hydrophobic, similar to the T. elongatus structure. In contrast, the 

opposite face of CyanoP contains a lower number of conserved or ConSurf identified 

residues with surface accessible side chains. The charged residue identified at the start of 
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helix α4 (Lys175) is surface exposed. Whilst the T. elongatus CyanoP structure has a similar 

surface topography on the L1/H2 face to Synechocystis 6803, the surface cleft is not present 

in the spinach or tobacco PsbP structures; instead the middle section of the cleft is filled, 

leaving only a small hydrophobic pocket towards the base and the upper surface exposed 

portion containing Asn58 and Lys143.   

 

 

Figure 4.14: Comparison of PsbP homologue surfaces. The solvent accessible surface of CyanoP from 

Synechocystis 6803 (A: L1/H2 face, B: Opposite face) and T. elongatus (C: L1/H2 face) and PsbP from 

spinach (D: L1/H2 face). Invariant residues, within phyla, are coloured green and highly conserved residues in 

orange. Residues coloured yellow in the CyanoP structure from Synechocystis 6803 were identified as 

significant in the ConSurf analysis.   
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4.3.3 Homologue Modelling and Comparison 

 

The αβα sandwich domain fold of CyanoP is shared with several other protein structures 

deposited in the PDB, including the eukaryotic nuclear import protein Mog1 (1EQ6) and the 

proteins of unknown function 1TU1 and 3LYD, as previously reported (Ifuku et al., 2004; 

Michoux et al., 2010a). A DALI search using the Synechocystis 6803 CyanoP solution 

structure revealed the N-terminal domain of the PDB entry 3HLZ, an unidentified protein 

from the gram-negative bacterium Bacteroides thetaiotaomicron, also shares a similar fold 

(Figure 4.15).  

 

Figure 4.15: Comparison for CyanoP to the protein of unknown function 3HLZ. The secondary structure 

of the 3HLZ protein is shown in orange and the CyanoP structure is overlaid in grey. The strands β1-4 and β6-

9 are in close agreement as is helix α4. 

 

Comparison of the residues shared between structures of the αβα sandwich basal fold family 

members reveals several aromatic residues at key positions which may contribute to the 

domain fold (Baud and Karlin, 1999). This information provides a base ‘scaffold’ for the 

PsbP superfamily which was used to align PsbP-like sequences from Arabidopsis and 

subsequently the PPL1 and PPL2 structures have been modelled on all four of the 

experimentally determined PsbP structures (refer 2.4.4). This enables further examination, 

at a structural level, of the loop and secondary structure elements which differentiate PsbP 

homologues. Interestingly, the higher plant PsbP, PPL and CyanoP structures contain two 

conserved core aromatic residues (Tyr131 and Tyr132 in Synechocystis 6803) which are in 

close structural agreement between all PsbP homologues yet are not found in other αβα 

sandwich family members (Figure 4.16). These appear to differentiate PsbP from other 

proteins with a similar domain fold and suggest the structurally similar proteins may have 

evolved independently of each other despite their apparent 3D similarity.  
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Figure 4.16: Secondary structure features and residues of PsbP homologues. A: Synechocystis 6803, B: T. 

elongatus, C: spinach, D: tobacco, E: Arabidopsis PPL1 model, F: Arabidopsis PPL2 model. Conserved core 

aromatic residues are coloured orange, the aromatics in close proximity to the L1/H2 surface cleft green, the 

Z4 ligands red and the charged or polar residues mentioned in the text are blue.  
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Closer inspection of loop 1 and helix α2, which border the L1/H2 surface cleft in CyanoP, 

reveals a number of distinct differences between PsbP homologues. The tobacco and 

spinach structures contain additional aromatic side chains in loop 1 and helix α2 which 

appear to stabilise loop 1 and bridge the region where the cleft is found in both CyanoP 

structures. In spinach PsbP the proline (Pro43) in loop 1 appears to interact with Tyr86 in 

helix 2: immediately preceding this proline, is either a phenylalanine in spinach or a tyrosine 

in tobacco PsbP which appear to interact with hydrophobic residues in helix 2. The PsbP-

like sequence from Arabidopsis PPL1 does not contain these aromatic residues and thus is 

more similar to CyanoP in structure (furthermore PPL1 lacks the proline in loop 1). 

However, an aromatic residue (Phe72) equivalent to spinach Tyr86 is present in PPL2 but 

the surface topography of the L1/H2 face for both the PPL1 and PPL2 models remains more 

similar to CyanoP than higher plant PsbP (Figures 4.14 and 4.17). The same holds true even 

when only the higher plant structures are used as a template for generation of the PPL 

structure models, although the cleft in the models based on CyanoP does appear more 

pronounced; in general the models shown and used for analysis which incorporate 

information from all the experimentally determined structures, appear of higher quality than 

models based on higher plant or cyanobacterial data alone. The two charged residues found 

at the head of the L1/H2 surface cleft (Asn75 and Arg146 in the Synechocystis 6803 

structure) are not conserved in PPL1 or PPL2. In each case one of the charged residues is 

substituted for a polar side chain; Ser42 in PPL1 and Thr108 in PPL2. These substitutions 

and differences in surface topography might, in part, account for the differences in function 

observed for PPL proteins versus PsbP in higher plants. 

 

Figure 4.17: Solvent accessible surface of the PPL models. The L1/H2 surface of the A: PPL1 and B: PPL2 

homology models. Both PPL1 and PPL2 appear have surface clefts similar to the CyanoP homologues. 
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4.3.4 Cation Binding Sites 

 

It has been suggested higher plant PsbP may bind and deliver manganese to PS II and 

although this theory does fit with physiological evidence to support a role for PsbP in 

photoactivation, reports of direct manganese binding by higher plant PsbP in vitro are 

disputed (Bricker and Frankel, 2011). Furthermore, as only the higher plant PsbP 

homologue was examined and not CyanoP or PPL subunits, it remains possible the latter do 

perform this role or a similar ion-delivery function. In support of this theory the crystal 

structure of CyanoP from T.  elongatus contains a number of bound zinc atoms which 

potentially represent in vivo cation binding sites and based upon ligand conservation within 

PsbP homologues across a range of phyla the Z4 site was identified as most likely to be 

physiologically significant (Michoux et al., 2010b). The ligands for Z4 are conserved in the 

Synechocystis 6803 CyanoP structure determined in this project (His147 and Glu168) and 

furthermore the side chains of both potential ligands appear mobile, which is consistent with 

the lack of NOEs observed for these residues. This site is also conserved in PPL1 (His110 

and Glu131), however, the PPL2 modelled structure contains only one ligand (Glu130) as 

the other is substituted by a threonine residue (Thr109). If the Z4 site is functionally 

important then this distinction between PPL1 and PPL2 may in part account for the 

differences in phenotypes observed between mutants in Arabidopsis (Ishihara et al., 2007). 

 

Examination of CyanoP homologues and modelled PPL structures also suggests another of 

the sites, the Z1 site from the T. elongatus protein, might be physiologically significant. The 

ligands co-ordinating Z1 in T. elongatus (Asp31, Asp34 and Asp54) are conserved in the 

CyanoP solution structure from Synechocystis 6803 with three aspartate residues in similar 

positions yet with different side chain orientations; in the absence of bound zinc it is 

unlikely the side chains will exhibit similar orientations as those in the T. elongatus 

structure (Figure 4.18). The distances between the side chains appear greater in the CyanoP 

structure from Synechocystis 6803, consistent with the lack of bound zinc at this site. It is 

possible the binding of a metal ion at this site stabilises loop 1; stabilisation of this loop 

region in the presence of bound zinc in the CyanoP crystallographic structure from T. 

elongatus is evident by the below average B values of the residues concerned.  
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Figure 4.18: Comparison of the Z1 binding site among PsbP homologues. The Z1 binding site and loop 

between strands β1 and β2 is shown for A: Synechocystis 6803, B: T. elongatus, C: PPL1 and D: PPL2. The 

zinc in T. elongatus is shown as a yellow sphere and in the T. elongatus crystal structure Glu164 from a 

symmetry related molecule provides another ligand for Z1. 

 

The turn between strands β1 and β2, containing two of the Z1 ligands, is similar in both 

cyanobacterial homologues and the modelled PPL1 and PPL2 structures yet distinct to 

higher plant structures. Both PPL1 and PPL2 also contain equivalent aspartate ligands 

suggesting this is an important binding site in CyanoP and PsbP-like proteins. The precise 

ligand nature and geometry of the Z1 site is not, however, conserved amongst all 

cyanobacteria. Other cyanobacterial sequences contain an Asp-Gly-Arg motif in the turn 

between strands β1 and β2 and either an aspartate, glutamate or glutamine residue for the 

other ligand. Intriguingly, the region similar to the Z1 site in the structurally related Mog1 

protein has been identified as functionally important for binding to another protein (Ran) 

(Baker et al., 2001). 

 

The remaining putative zinc binding sites identified in the T. elongatus structure appear less 

likely to represent bona fide cation binding sites. The residues involved in Z2  coordination, 

Glu87 and Asp91 correspond to threonine and tyrosine residues (Thr96 and Tyr100) in 

Synechocystis 6803 which do not generally support zinc coordination (Tamames et al., 

2007). The other Z2 ligands, His58 and Thr63, from a symmetry related molecule in the 

crystal lattice, are both equivalent to arginine residues (Arg67 and Arg72) in the structure 

from Synechocystis 6803 which, again, are not common zinc ligands. The arginine residue 

in the first position (Arg67) is equivalent to a glutamate (Glu50) in spinach. In both PPL1 

and PPL2 the residue in this position is a lysine which suggests the presence of charged side 

chains may substitute for zinc binding or could possibly be involved in charge specific 

interactions. Similarly the Z3 and Z5 sites are monodentate ligands and thus not likely to 

support zinc binding in vivo without a significant ligand contribution from another source.  
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Chapter 5 

 

Instrument Design and Construction 

 

5.1 Introduction 

 

Many of the observations and measurements made in the study of photosynthesis require 

specialised equipment. Some systems are commercially available, yet as the requirements of 

the research field represent a niche market such equipment is generally expensive and 

functionally limited. Furthermore low competition means product development is not 

pushed as far as it may be for other fields. Of the currently available specialised instruments 

many of the designs are commercialised versions from labs, driven by need from other 

research groups. They are not necessarily the best designs or adaptations and the 

physiological differences between higher plants and cyanobacteria mean equipment 

designed for higher plants may perform poorly on cyanobacterial samples.  

 

The majority of the initial measurements made during the course of this project (detailed in 

chapter 6) were collected on commercially acquired equipment. However, it subsequently 

became apparent the use of specialised equipment was required to further explore the 

phenotypes of mutants observed. This equipment was not available and therefore needed to 

be constructed specifically for measurements obtained in this work. This relates primarily to 

77 K fluorescence and thermoluminescence emission spectra, without which the exploration 

of the function of CyanoP, CyanoQ and Psb27 would have been limited. The design and 

construction of equipment for physiological measurements in-house also provides the 

opportunity to tailor elements of the instrument’s function for specific applications. In this 

instance the objective was to design a machine intended primarily for measurements of 

cyanobacteria as opposed to higher plants. Among other things, the two are differentiated in 

both the characteristics of light harvesting antenna and the level of PS II centres relative to 

chlorophyll pigments. 
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5.2 Measurement of Low Temperature (77 K) Fluorescence 

 

5.2.1 Fluorescence Spectrophotometer Background 

 

In the context of photosynthesis low temperature (77 K) fluorescence provides a means to 

examine the relative abundance of PS II to PS I and also the connectivity of energy 

harvesting antenna (such as phycobillisomes in Synechocystis 6803) to PS II and PS I 

(Krause and Weis, 1984). Various chlorophyll containing intermediate complexes of the PS 

II biogenesis and degradation pathways have also been characterised by specific 77 K 

maxima (Boehm et al., 2011). Measurement of cyanobacterial fluorescence emission spectra 

at 77 K has traditionally been achieved through the use of specifically modified 

fluorescence spectrophotometers. Although modern fluorometers can be equipped with 

cryogenic sample holders these are often prohibitively expensive and unless a dedicated 

instrument is assigned for exclusive measurement of 77 K fluorescence the cryostat must be 

installed and removed between uses. In either case a system for measurement of 77 K 

spectra was not available for collection of data in this project. On request a redundant 

fluorometer was made available and hence the adaption to a dedicated instrument for the 

measurement of 77 K fluorescence of cyanobacterial samples was undertaken. The majority 

of the conversion presented herein was performed during the course of this project, with 

some design and mechanical assistance provided by Dr M. F. Hohmann-Marriott which is 

noted where applicable. 

 

5.2.2 Electronic Interfacing with the Fluorometer 

 

The base fluorometer is a Perkin Elmer MPF-3L fluorescence spectrophotometer circa 1974 

(Figure 5.1). The model features excitation and emission grating monocromators, a xenon 

lamp for excitation and photomultiplier tube (PMT) for detection of emission. Following 

acquisition a red shifted PMT was installed specifically for photosynthesis related 

measurements. Personal computers were not readily available at the time the fluorometer 

was manufactured so it was designed to interface with a mechanical chart recorder device. 

An analog output signal (0 to 10 mV full scale) is used to drive the external chart recorder 

and this also provides an ideal mode of interface, via an analog to digital converter (ADC), 

to a computer. In contrast the only means of wavelength output supported by the factory 

configuration consists of a reed switch driven by an offset cam lobe on the wavelength drive 
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shafts which switches at 20 nm intervals. This system was designed to trigger the recording 

pen of the chart recorder to mark in 20 nm increments. This is a rather crude, yet at the time 

sufficient, means of marking a wavelength scale on the output and requires subsequent 

calculation to determine the wavelength of a given point. Utilising the cam-driven reed 

switch would rely on a uniform scan speed and accurate software timing between switch 

pulses received by the computer interface. This was not deemed satisfactory for modern use 

where data accuracy standards and benchmarks have improved. Furthermore accurate 

determination of the emission maxima is important for reporting of 77 K fluorescence 

values; ideally an accuracy of within 1 nm is desirable. 

 

 

Figure 5.1: The converted fluorometer setup for measurement at 77 K. The main fluorometer housing (A), 

amplifier unit (B), light source (C), modified sample chamber (D) with extension to house the sample Dewar 

(E) and the computer interface (F). The emission and excitation potentiometers are located behind the lamp 

unit (C) out of the current view.  

 

An advanced feature of the MPF-3L fluorometer is an optional manual baseline correction 

system which is designed to offset background measurements during a fluorescence scan. 

This system includes a set of two multi-channel potentiometers which attach to both the 

emission and excitation wavelength drive shafts and provides a range of wavelength-

dependent variable resistances. Exploitation of this additional hardware gives rise to a 
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practical method for wavelength determination: by measuring the resistance across a given 

potentiometer the wavelength can be measured with high accuracy along a continuous scale. 

Alternatively a rotary optical encoder or stepper motor could be implemented. However, 

installation of such a device would be more complex and require permanent modification of 

the fluorometer. The loss of hardware driven baseline correction by utilisation of the 

potentiometers for wavelength measurement can be compensated for by using software 

baseline correction.  

 

Each channel of the emission potentiometer has a measured resistance range of 0 to 50 kΩ 

between 0 and 360° rotation which corresponds to approximately 325 nm of wavelength 

drive. An emission window of 500 to 800 nm can therefore be covered by approximately 

330° of the potentiometer, varying between 1.01 kΩ and 47.36 kΩ on the selected channel. 

Conversion of the potentiometer resistance to an analog voltage signal (for measurement 

with an ADC) is achieved using a simple voltage divider circuit (Figure 5.2). The output 

signal is non-linear and can be converted from an input voltage (Vin at the ADC) to 

wavelength by the formula:  

 

Wavelength (nm) = (10,000 Vin – (kdivkini – koff)(Vin – 5.05))/(5.05 kdiv – Vinkdiv) 

 

where Vin is the measured voltage and kdiv, kini and koff are constants representing the 

resistance slope, initial resistance and starting wavelength offset, respectively. For a 500 to 

800 nm emission window the constants are: koff = 500 nm, kini = 1010 Ω and kdiv = 154.4 Ω 

nm
-1

. The values of kini and kdiv are empirically corrected using the 500 and 800 nm 

wavelengths as reference points. The use of a voltage regulator (5.05 V) ensures the 

wavelength calibration is not affected by voltage drop resulting from depletion of the 

battery. In the event that the wavelength displayed on screen does not exactly match the 

value on the instrument when set to 800 nm this indicates the battery voltage under load has 

dropped below the minimum input for the LM7805 regulator and requires replacement. 
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Figure 5.2: The wavelength signal generation circuit. The circuit is battery powered and mounted within the 

emission potentiometer housing. Shielded cable is used to connect the circuit with the computer interface DAQ 

card. The power switch (SW1) must be turned off to save power after the instrument has been shut down.   

 

The ADC selected for computer interfacing is a National Instruments (NI) data acquisition 

(DAQ) NI-PCI6013 card which provides sixteen single ended or eight differential 16-bit 

analog inputs. The card also includes driver support for both LabView (commonly used for 

scientific data collection and analysis) and Measurement Studio (for customised Windows 

programming); more details on the software interface are detailed in 5.2.4. The NI-DAQ is 

configured to measure the wavelength and fluorescence analog signals via differential 

inputs. This improves the absolute voltage accuracy and avoids formation of a ground loop 

that might otherwise increase interference and decrease the signal to noise ratio. However, 

the wavelength measurement circuit is considered to be a true floating source (because it is 

battery powered) so one half of the floating input is tied to the ground of the NI-DAQ by a 

100 kΩ resistor. 

  

5.2.3 Mechanical Modifications and Sample Holder 

 

The primary mechanical adaption of the fluorometer required was addition of a sample 

holder which would maintain the sample inside liquid nitrogen, namely a Dewar. A base 

overview of the 77 K fluorescence setup is described in Figure 5.3, A. Excitation light is 

provided by the fluorometer lamp and excitation monochromator used to select the desired 

wavelength band. The sample is placed in a sample tube immersed in liquid nitrogen 

contained within a customised Dewar (Figure 5.3, B). The fluorescence emission bandwidth 

is selected by the emission monochromator and signal detected by a PMT. The sample 

Dewar was designed by M. F. Hohmann-Marriott, as well as the mechanical modifications 

to the fluorometer necessary to mount the Dewar. The remainder of the conversion was 

carried out by the author.  
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Figure 5.3: Overview of the 77 K fluorometer mechanical setup. A) Schematic diagram of the light path 

and sample holder configuration; diagram not drawn to scale. B) The custom built Dewar which is silvered on 

the outside (apart from the sample path length) to reflect heat. 

 

5.2.4 Computer Graphical User Interface 

 

The graphical user interface (GUI) software for the NI-DAQ6013 card was written in 

VB.net code (Visual Studio 2005) with Measurement Studio (v 8.6) and was designed 

specifically for the collection of 77 K fluorescence emission spectra from cyanobacteria 

(Figure 5.4). An emission window between 500 nm and 800 nm is predefined and the 

excitation wavelength may be set at any desired value without effecting the data acquisition. 

The software does, however, contain an option to set the emission recording start point so as 

to avoid any overlap with the excitation wavelength specified; the emission start and end 

values do not effect calibration of the wavelength measurement and are only used to specify 

the window where data are recorded.  
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Figure 5.4: The graphical user interface for collection of 77 K emission spectra.  

 

Key objectives for the software design were to ensure the high quality and integrity of data 

collection, coupled with ease of use of the instrument.  Before a sample can be run the user 

must select the directory where they want data to be stored on the computer with the 

‘Choose Folder’ button: this opens a standard Windows folder browsing dialogue. To 

facilitate efficient data processing each individual spectrum collected is saved to a comma 

separated value (.csv) file with the name specified in the ‘Filename’ text box which can then 

be opened directly in Microsoft Excel. A new file name should be specified for each sample, 

if not data will be appended to the end of the previous file. The wavelength calibration 

section was used for empirical determination of the values of kini and kdiv (refer 5.2.2) and 

also provides flexibility to move the wavelength calibration window to other wavelength 

ranges if required (for example 300 to 650 nm). This feature is not required for normal 

operation of the instrument to collect 77 K fluorescence spectra on chlorophyll containing 

samples and therefore the default values specified should not be altered. 

 

5.2.5 Data Acquisition 

 

Prior to any data acquisition the spectrometer must be correctly initiated and the amplifier 

gain set to an appropriate level, according to the manufacturer’s instructions. The 
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fluorometer and wavelength circuit outputs are measured by a 16-bit ADC on-board the NI-

PCI6013 DAQ and multiple readings (default: 5) are averaged for each data point. To 

perform an emission scan the user must manually set the emission output on the fluorometer 

to a wavelength approximately 10 nm shorter than the desired start point (for example 490 

nm for a scan with a start point of 500 nm). The ‘Start Sample’ button is pressed and the 

electric wavelength drive of the fluorometer is initiated. The software waits until the 

emission wavelength reaches the specified start point (λinitial) minus 0.5 nm and then begins 

collecting and storing blocks of fluorescence signal data. Between each sample block the 

software checks to see if the wavelength drive has reached λinitial + 0.5 nm; if not another 

sample block is measured and added to the data buffer. When λinitial + 0.5 nm is reached all 

of the fluorescence sample blocks collected for the preceding 1 nm (λinitial - 0.5 nm to λinitial 

+ 0.5 nm) are averaged and output to a file along with the wavelength (for the first point this 

is λinitial) they were collected at. Block sampling of the fluorescence signal begins again until 

the next wavelength (λinitial + n + 0.5 nm; where n is an integer) is reached and the data are 

stored in the output file. Thus the data are essentially integrated in 1 nm blocks with the 

number of samples averaged proportional to wavelength drive speed. Sampling continues in 

this fashion until the end of the fluorescence emission recording window (plus 0.5 nm) is 

reached and the data recording ends. A prompt is subsequently displayed on screen 

indicating the emission drive must be manually switched to the off position. The emission 

wavelength can then manually be moved back to λinitial minus 10 nm for the next recording 

to be made. 

 

5.2.6 Testing the 77 K Fluorometer  

 

In order to verify correct functioning of both the mechanics and software of the converted 

instrument a number of test samples were run using wild type Synechocystis 6803 cells. 

These tests also served to empirically determine the optimum Chl a concentration, sample 

volume and slit widths for the instrument; refer 2.3.8. An example spectrum collected from 

wild type is shown in Figure 5.5. The raw data contains a contribution from background 

fluorescence which is also observed in blank samples containing only BG-11. In order to 

standardise and normalise the spectra a baseline fluorescence function was removed by 

subtraction of the curve 
baef )(  where the values of a and b were obtained using a 

least squares curve fitting algorithm. To improve the accuracy of the baseline fitting the 

peak components of the spectra were also included in the curve algorithm as Gaussian 
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components such that the whole function 
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solved with the constants an, bn and cn each defining one of 6 Gaussian components with 

pre-fitting peak wavelengths of: 640, 665, 685, 695, 730 and 755 nm. A similar method was 

used for the 580 nm excitation spectra with the baseline formula ƒ(χ) = a(χ - b)
-c

 and 7 

Gaussian components with pre-fitting peak wavelengths of: 617, 650, 665, 685, 690, 725 

and 750 nm. 

 

Figure 5.5: Example fluorescence emission spectrum. A representative 77 K fluorescence emission 

spectrum for wild type Synechocystis 6803, at an excitation maximum of 440 nm, showing uncorrected (dotted 

line) and baseline corrected (solid line) spectrums.  

 

The fluorescence values are in arbitrary units so the data must therefore be normalised to 

enable comparison between samples. The peak at approximately 725 nm originates from PS 

I and is used for normalising of the datasets (refer 2.3.8). No significant difference was 

observed in the final spectra when datasets were averaged prior to or post curve fitting and 

normalisation. Furthermore the reduced noise level of data averaged prior to fitting 

facilitates more accurate modelling of the background baseline so this method of data 

processing was adopted as the preferred technique. Typically five or more individual spectra 

are required for each trace. The PMT spectral sensitivity is non-linear and there will be 

variance in the wavelength sensitivity between instruments equipped with different PMTs, 

which means comparison of peak heights between instruments is not a valid indicator of the 

physiological state unless an adjustment is made to correct for the wavelength-dependent 
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sensitivity of the instrument. Some reported results do include an internal fluorescence 

standard which can be used to standardise the absolute fluorescence rather than normalising 

to the PS I peak at 725 nm. This methodology will, however, be sensitive to variations in 

sample concentration, whereas normalising to the PS I peak eliminates differences resulting 

from small variations in individual sample Chl a concentrations. 

 

Figure 5.6: Concentration dependence of 77 K samples. Normalised fluorescence emission spectra obtained 

for the ΔCyanoQ strain at: 2 (black), 3 (green), 4 (blue) and 5 (red) µg mL
-1

 Chl a. These spectra were 

obtained prior to a change in the PMT to a more red-sensitive model which subsequently improved the signal 

to noise ratio. 

 

At Chl a concentrations below 5 μg mL
-1

 there is no observable difference in the peak 

heights of spectra once background has been removed and the traces normalised (Figure 

5.6). This indicates the sample density is low enough to avoid absorption artefacts in the 

emission spectra (Weis, 1985). Increasing the concentration has the advantage of increasing 

the signal to noise ratio because the amplifier gain can be reduced without sacrificing 

sensitivity. A further influence on the sensitivity of the instrument and signal to noise ratio 

is the emission slit width. Ideally this should be kept as narrow as practical to enable 

collection of high resolution data. Conversely increasing the slit width increases the absolute 

level of fluorescence reaching the PMT and reduces noise in the signal (Figure 5.7). Thus it 

appears both the sample concentration and slit widths need to be optimised for mutants with 

fluorescence yields significantly different to wild type; this was observed for the ΔCtpA 

mutants as described in chapter 6. 
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Figure 5.7: Effect of emission slit width on spectral sensitivity and the signal to noise ratio. Raw 

fluorescence emission spectra for wild type Synechocystis 6803, collected at 580 nm excitation, with 1 (grey) 

or 2 (black) nm emission slits. 

 

5.2.7 Summary 

 

Overall the conversion of the room temperature fluorescence spectrophotometer to an 

instrument capable of measurement of low temperature (77 K) fluorescence emission from 

cyanobacterial samples was successful. The experimental parameters required to collect data 

have been optimised for Synechocystis 6803 whole cell samples. This has enabled 

subsequent collection of data from PS II extrinsic lipoprotein knockout mutant strains which 

has revealed novel difference in both the ratio of PS II to PS I and also energy coupling 

between phycobillisomes and PS II in the absence of these subunits (chapter 6).  
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5.3 Detection of Photosystem II Thermoluminescence 

 

5.3.1 Introduction to Measurement of Thermoluminescence 

 

Thermoluminescence is a phenomenon studied and exploited in a number of fields which 

involves measuring the emission of photons from an organic or inorganic sample when 

heated. These photons are emitted as a result of radiative de-trapping of radical pairs when 

an activation energy barrier is reached or surpassed. In the context of photosynthesis 

thermoluminescence (TL) predominantly originates from PS II, thus it provides a unique 

method to probe the stability of charge-separated radicals within PS II. There is some 

contribution from PS I and also other non-photosynthetic sources but these generally fall 

outside the temperature range of the PS II components. Under normal conditions de-

trapping also occurs to some extent at physiological temperatures and is known as delayed 

light emission (DLE). Manipulation of temperature in the case of TL is used to differentiate 

different DLE components by their thermal activation properties. Thermoluminescence has 

been exploited to examine a number of PS II characteristics such as: structural changes to 

the donor and acceptor sides of PS II, the relative redox midpoints of Pheo, QA and QB and 

stability of different S-states. Several recent reviews provide extensive background on the 

theory of thermoluminescence in relation to the practical study of photosynthesis, thus only 

the specific details important to instrument design are covered herein (Sane, 2004; Ducruet 

and Vass, 2009; Rappaport and Lavergne, 2009).  

 

There are several different possible charge separated traps (radical pairs) in the PS II 

complex, some of which can recombine via radiative pathways to result in observable 

luminescence. The temperature dependent nature of the recombination pathways results in 

TL bands at specific temperature maxima (TM) whilst the sample is heated at a uniform rate. 

There are, however, also non-radiative pathways which compete with the radiative pathways 

for a finite number of traps, thus reducing the luminescence emitted (Figure 5.8) (Vass et 

al., 1981). A temperature range from -30°C to 70°C covers the majority of the PS II specific 

components: the At, A, Q, B, B2, B1, AG and C bands (Ducruet and Vass, 2009). 
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Figure 5.8: Photosystem II recombination pathways. An example of the various charge recombination 

pathways for the S2/QA
-
 trap pair which gives rise to the so-called Q band. There is competition between 

radiative pathways (red arrows) and non-radiative pathways (black arrows); in general the non-radiative 

pathways dominate. Figure adapted from (Rappaport et al., 2002), (Vass, 2003) and (Rappaport and Lavergne, 

2009). 

 

Measurement of thermoluminescence from photosynthetic samples is not a trivial process: 

the instrumentation required is very specific and must be capable of coordinated 

temperature regulation, detection of very low levels of luminescence and pre-illumination of 

the samples with saturating light pulses (Ducruet and Vass, 2009). Traditionally instruments 

for photosynthetic TL measurements are constructed in-house and there is a wide variation 

in designs and configurations used. As such only a relatively restricted number of 

specialised research groups within the field have access to, or report data obtained from, 

thermoluminescence measuring instruments (Ducruet and Vass, 2009). Furthermore this 

means the commercial market is very limited and only one company (Photon System 

Instruments, Czech Republic) manufacture an instrument for measurement of PS II 

thermoluminescence; the current cost (ca. 2012) for this model is €24990. Therefore, the 

economics of building TL instruments in-house remain attractive. Furthermore this 

approach enables more flexibility in the design and ability to customise the instrument to 

achieve specific objectives of this project: namely characterisation of cyanobacterial 

mutants which may be impaired in donor side function of PS II and biogenesis of the 

complex. It is therefore important to ensure the A, Q and B bands can be clearly resolved 

and that the excitation wavelength specifically targets Chl a absorption (the commercial 

version has λpeak of 627 nm which would not be suitable). The principal objectives were to 

design and build an instrument adapted specifically to the requirements of this research 
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project yet also flexible enough to be able to replicate other research groups’ experiments 

and verify their findings.  

 

5.3.2 Thermoluminescence Instrument Design 

 

The size and position (on a temperature scale) of TL bands observed from photosynthetic 

samples are known to be dependent on experimental conditions such as the cooling rate, 

temperature ramp rate and illumination temperature. The variation observed is a 

consequence of both the activation energy distribution and also the competition between 

radiative and non-radiative pathways. Careful experiment design is therefore necessary to 

ensure changes in the TL signal do reflect genuine differences in PS II recombination 

pathways. Multiple experiments utilising different heating, cooling and illumination 

parameters may be required to resolve the origin of TL components, thus inbuilt flexibility 

in the design of the instrument is paramount.  

 

There are several designs for PS II specific thermoluminescence detection apparatus 

described in the literature, each of which has both advantages and limitations. A basic 

design incorporating a liquid nitrogen cooled sample holder and integrated heating element 

is amongst the earliest of designs described (Tatake et al., 1971). A more sophisticated 

nitrogen cryostat controlled by a microcomputer improves upon the general principles of 

this design but this would be difficult to construct and does not appear to be particularly 

suited for measurement of biological samples with a reasonable throughput  (Baba et al., 

1991). The advent of modern personal computers saw an improved basic liquid nitrogen 

based instrument designed for plant samples which includes a computer interface (Zeinalov, 

1996). This type of design has proved popular and a large amount of data found in the 

literature has been produced from instruments of this type. There are, however, still 

limitations inherent with the design and thus more modernised TL instrument designs 

incorporate thermoelectric cooler (Peltier) modules for temperature control: first described 

in (Ducruet, 2003) and similarly in (Gilbert et al., 2004), the commercial instrument is also 

of this type. The attraction of Peltier controlled designs is they don’t require the use of 

liquid nitrogen and allow advanced temperature control and flexibility. The design does 

introduce some limitations, such as a reduced temperature range and cooling rate, yet 

overall the benefits appear to outweigh the restrictions and hence the design in this project is 

based around this type of instrument with a Peltier module for temperature regulation. 
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In comparison to other uses of thermoluminescence, for example geological dating, 

photosynthetic TL data acquisition is somewhat unique because it requires pre-illumination 

of the sample with specific light pulses in order to generate different trapped radical pairs 

within the PS II complex. The illumination requirements are similar to other PS II specific 

measurement instruments, such as pulse amplitude modulated fluorometers. A theoretically 

optimal single turnover light flash would generate one stable charge separation event at each 

PS II reaction centre. In practice the occurrence of so-called double hits, misses and antenna 

trapping complicate the situation, however, the conditions for a single turnover, saturating 

flash can be optimised by providing a high intensity, short duration light pulse. Traditionally 

xenon flash tubes have been used for this purpose but recent advancements in light emitting 

diode (LED) manufacturing have resulted in significant intensity increases which have seen 

their use in the field of photosynthesis research expand. LEDs provide several advantages 

over xenon flash tubes, including the ability to generate highly defined and variable flash 

patterns manipulating flash length, intensity and repetition rate.  They also avoid the tail 

associated with xenon flashes and for these combined reasons LED’s were selected for the 

primary light source of the TL instrument in this project. Although the use of LEDs has 

been suggested there are no direct reports in the literature of their application for single 

turnover flashes for photosynthetic TL instrumentation except the commercially available 

version which produces a flash with λMAX of 625 nm up to 150 µs long at a reported photon 

flux of 200,000 µE m
-2 

s
-1

. 

 

5.3.3 Overall Mechanical and Electrical Configuration 

 

The entire mechanical orientation of the TL instrument designed for this project is based 

around physical coordination of the temperature regulation, detection and illumination of 

the sample with three key criteria: the detector (PMT) and sample holder are closely 

positioned to ensure maximum detection efficiency of the luminescence, the light source is 

positioned so as to ensure maximum light intensity for exposure of the samples to very short 

saturating flashes and the Peltier is mounted on a suitable heat sink to allow rapid transfer of 

thermal energy. The final design is a compromise between all three of these aspects, as 

detailed in Figure 5.9.  During a TL experiment the illumination and detection processes are 

temporally separated and therefore they have also been spatially separated. Each is mounted 

along a sliding support rail which can be moved to facilitate either illumination or detection; 
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this allows independent optimisation of each process. With the light source positioned above 

the sample holder light from an array of high intensity LEDs is focused on the sample using 

a lens. Following illumination of the sample the support rail is slid to position the PMT 

window above the sample holder for subsequent detection of luminescence. The PMT is 

mounted as close as possible to the sample holder to ensure maximum capture of light 

emitted from the sample. A red filter, however, is placed between the two to protect the 

PMT from condensation and allow only luminescence of a wavelength greater than 650 nm 

to pass. The sample holder itself is made of aluminium, selected for its heat conductivity 

and corrosion resistance properties, and can hold a total sample volume of 150 μL (12 mm 

diameter). The sample holder is mounted on top of the Peltier plate which in turn is placed 

on top of a water cooled copper heat sink block. Copper was chosen for the heat sink 

because of its superior heat conductivity and the cold water enters the top of the block 

directly below the Peltier, ensuring the plate is cooled as effectively as possible.  

 

 

 

  

Figure 5.9: Prototype mechanical configuration. The heat sink block consists of three layers of channelled 

copper through which cooling water is circulated. The temperature sensor is positioned directly underneath the 

sample within the sample holding block. The light source consists of an LED array mounted to a heat sink and 

focussed with a lens to direct light out the end of the housing and on to the sample. The light sources and PMT 

module are mounted on a sliding aluminium rail so that either the light source or PMT window can be 

positioned directly above the sample. The sliding rail is attached to the sample holder, Peltier and heat sink 

block by a bakelite stand which also insulates the sample holder to reduce heat conduction with the 

surrounding environment. The window of the PMT module is protected by an optical filter which both 

prevents heating of the PMT and also filters stray light above 650 nm. 
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For the electrical configuration several separate modules were designed to function 

independently with their regulation coordinated by a computer based software algorithm. 

Interfacing with the computer is accomplished similarly to the design applied to the 77 K 

fluorometer where a NI DAQ card is used; for the TL instrument an analog output was 

required so the NI-PCI6014 card was selected. The computer software coordinates the light 

source (LED Controller), maintenance of heat flux through the Peltier (Peltier Controller) 

with the observed temperature readings and simultaneous recording of luminescence 

detected by the PMT (Measurement Circuits). The main electrical components and how they 

work together are summarised in Figure 5.10.  

 

 

Figure 5.10: Block diagram of the basic modules comprising the thermoluminescence instrument. The 

electronic modules as well as their subcomponents are shown along with the basic mechanical parts for 

reference. 

 

The LED controller contains two component modules: a flash timer control circuit and an 

LED driver circuit. The former is used to determine the number of flashes, flash length and 

spacing and generates an output trigger which feeds into the LED driver circuit. The LED 

driver circuit can then power on the LEDs when signalled by the flash timer circuit. The 

Peltier control module contains a voltage regulator to control heat flux through the Peltier 

and an H-bridge to specify the direction of heat flux; use of an H-bridge as opposed to a 

mechanical relay enables faster switching and better temperature stability around the points 

of passive or neutral heat flux. Finally the measurement module converts luminescence to 
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an analog voltage output with a PMT module and temperature with an analog IC. As well as 

correlating recorded luminescence with temperature the computer also uses the temperature 

reading to control the Peltier module via a proportional, integral, derivative (PID) algorithm. 

Therefore two properties of the temperature measurement circuit are highly important: 

stability (low noise or ripple) is important for action of the PID controller (rapidly 

fluctuating values about the set point can interfere with the algorithm) and secondly accurate 

recording of the absolute temperature in real time is necessary for reporting of spectra, 

particularly the values of TM.  

 

5.3.4 Peltier Control Circuit 

 

The Peltier driver circuit consists of two main parts: a high current variable voltage source 

followed by an H-bridge to switch the output polarity as required (Figure 5.11). A global 

voltage supply level of 27 V allows for drop across both parts of the control circuit and 

enables the maximum drive voltage for the Peltier (24 V) to be reached at the final output. 

Peltier plates are commonly driven by pulse width modulation (PWM); however, early 

prototyping of a high current PWM controlled system for this project resulted in 

interference of the temperature measurement and PMT signal by electromagnetic fields. 

Therefore a linear voltage regulation system was pursued, a more simple albeit less energy 

efficient design. The variable voltage supply consists of a linear voltage regulator, (U2; 

LM317) and two TIP2955 high current transistors (Q9 and Q10) configured as pass 

transistors to provide the current capacity required beyond that which the LM317 could 

supply alone. Distribution of current through the pass transistors is controlled by the 0.1 Ω 

load balancing resistors R14 and R18 whilst R19 provides the necessary collector to base 

voltage drop. The output voltage of the LM317 is determined by the voltage supplied to its 

adjustment (ADJ) pin; the output is maintained at 1.2 V above the ADJ pin. The ADJ pin is 

tied to the output of a voltage multiplying Op-Amp which is configured to convert the 0 - 10 

V analog output of the NI-PCI6014 to a 0 - 25 V signal.  
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Figure 5.11: Circuit diagram of the Peltier control circuit. The control voltage input which interfaces with 

the computer DAQ card and determines the voltage fed to the H-bridge is labelled, along with the logic inputs 

which control the polarisation of the circuit output and thus the direction of heat flux through the Peltier. 
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To enable the output of the 741 Op-Amp (U4) to reach 0 V its negative supply pin must be 

tied to -2 V or less. No negative supply rail is present in the main circuit so instead a charge 

pump is utilised specifically to power the negative supply pin of the 741 Op-Amp. As the 

current requirements of the charge pump are limited to only the supply of U4 plus the sink 

of the LM317 Iadj current, a charge pump provides an effective low-cost solution to 

providing a negative rail. The charge pump IC 7660 (U5) and capacitor C6 together function 

as a negative voltage generator, inverting the 5 V at pin 8 to give negative 5 V on pin 5 

which is stored in capacitor C7 (low leakage tantalum) and used to supply the negative pin 

of U4, thus allowing the output of the Op-Amp to reach as low as negative 3 V. As an 

alternative to the 741 Op-Amp and negative charge pump combination a rail-to-rail Op-

Amp could be employed. General 5V supply to the Peltier control circuit is provided by a 

7805 linear regulator (U3), capacitor C2 provides supply uncoupling, whilst C3 increases 

output stability and reduces ripple. A fly-back Schottky diode across U3 could be added in 

the future to prevent discharge of C3 through U3 if the supply is rapidly disconnected.  

 

The second half of the Peltier power supply functions to reverse the polarity of supply to the 

Peltier to reverse heat flux depending upon if heating or cooling of the sample is required. 

The circuit is based on a classic H-bridge where the high side is driven by the low on-

resistance P-channel MOSFETs Q1 and Q2 whilst the low side is controlled by N-channel 

MOSFETs Q3 and Q4. The low side MOSFET gates are tied above threshold at half global 

supply (13.5 V) by pairs of resistors R5:R3 and R4:R15 which form voltage dividers 

between supply and ground; the maximum allowable voltage between gate and source 

(VGSMAX) specified for the IRF540 is 20 V. In this configuration both MOSFETs are 

switched on, to switch them off their gates are switched low by transistors Q5 and Q7 driven 

by resistors R25 and R12 to switch Q3 and Q4, respectively. 

 

The gates of the high side MOSFETs are each normally tied low via the 270 Ω resistors R11 

and R1, each through the 1 kΩ resistors R13 and R6 respectively. Again, the default 

configuration for the MOSFETs is switched on. To switch the MOSFETs off the junctions 

of resistors R11:R13 or R1:R6 are brought high when the PNP transistors Q12 or Q11 are 

switched on, respectively. These transistors are in turn switched by NPN transistors Q8 and 

Q6 which are necessary to allow switching by the 5 V digital outputs of the NI-PCI6014 

card. Zener diodes (18 V) are used to clamp the high-side MOSFET voltage gate-to-source 

(VGS) within the ±20 V maximum specified for the IRF9540. These zener clamps are 
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required in place of single fixed gate high and low voltage levels, which could be achieved 

using a voltage divider (as in the case of the low side MOSFETs) because the voltage 

supplied to the H-bridge by the variable voltage circuit ranges between 1.2 V and 27 V. 

When the gates are tied low (Q11 and Q12 are off) with supply at 27 V the Zener diodes 

clamp the voltage to 8.4 V (27 V – 18.6 V) whilst the gate high voltage is clamped at a 

maximum of 19.8 V (18.6 V + 1.2V) when the supply voltage is 1.2V. Finally the Schottky 

diodes D1 to D4 supplement the internal flyback diodes of the MOSFETs; these are an extra 

precaution to guard against current spikes which the Peltier can generate when a heat 

differential is present in the absence of applied current. 

 

Switching of the high and low MOSFET pairs Q1,Q4 and Q2,Q4 via the control transistors 

is governed by the digital outputs D0 and D1 of the NI PCI6014. The outputs are buffered, 

through invertors of the integrated circuit (IC) U1, to provide sufficient drive current for the 

transistor gates as well as the indicator LEDs D7 and D8. If the high and low side 

MOSFETs of a given side of the H-bridge (Q2, Q4 or Q1, Q3) are switched on at the same 

time a potentially catastrophic short circuit condition will occur. This is partially 

safeguarded against by a fuse included in the variable power supply circuit which is rated 

below the IMAX of the MOSFETs. The only instance during normal operation where a short 

circuit could potentially occur is when the H-bridge switches between heating and cooling 

or vice versa. The circuit has been designed to avoid this occurring by ensuring the currently 

active pair of MOSFETs switches off faster than the alternate pair switches on: the rapid 

shutdown is achieved by facilitating gate discharge through transistors whilst activation of 

the gate requires current flow through control resistors to charge gate capacitance.  

 

The final step in the prototyping process was design of a printed circuit board (PCB) layout, 

which was designed with several key factors in mind. Firstly the MOSFET’s and pass 

transistors dissipate a large amount of power as heat and so they are located on a large, 

central fan-assisted heat sink. Secondly, all high current pathways required the use of large 

PCB track widths. Thirdly special consideration was given to passive components which 

generate heat, such as the Zener diodes. Finally the physical size of some components 

necessitated careful design consideration so that the final assembled board would fit 

compactly in an instrument box. The component placement and layout were completed 

manually using automated track routing to assist placement. High current power tracks were 

subsequently added before a final cycle of automated track routing with manual refinement 
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was performed. The final PCB layout and track design is shown in Figure 5.12 and the 

assembled board in 5.13.  

 

 
 

Figure 5.12: Printed circuit board layout for the Peltier control board. The PCB is viewed from the 

component side with a silk screen overlay. Blue traces indicate the copper PCB tracks, red traces are wire links 

on the component side, purple and yellow pads indicate drill-hole locations and the component outlines are 

shown in cyan. Component numbering and values are as per Figure 5.11. 

 

 
 

Figure 5.13: The assembled Peltier driver circuit. The voltage regulator, pass transistors and MOSFETs are 

mounted on an intermediate aluminium heat sink block (silver) which connected to a large fan assisted heat 

sink (black). An auxiliary fan (right) provides additional cooling for thermal generating components not 

mounted on the heat sink, such as the Zener diodes.  
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5.3.5 LED Light Source 

 

The two principle variable parameters of the LED light source which need to be considered 

are flash duration (length or pulse width) and intensity. As previously discussed, high 

intensity LEDs are available which rival traditional xenon flash lamps in light intensity and 

are now common place in photosynthesis fluorometer designs. Philips Rebel (Royal Blue) 

LEDs were selected to specifically excite Chl a molecules of PS II; they have a 447 nm 

peak wavelength and 20 nm half width. The rise and fall times are both specified as 100 ns, 

which means the minimum reliable pulse width obtainable is likely to be around 500 ns, 

although in practice 1 μs is more achievable. The photon flux (intensity) of the LEDs is 

proportional to current flow and the maximum recommended continuous rated current for 

the LEDs is 700 mA. A maximum peak current of 1000 mA can also be maintained for up 

to 60 s. Higher currents can be applied for shorter durations but there are diminishing gains. 

Therefore, a 2.5 A peak current (determined by the values of the drive limiting resistors) 

was selected as the maximum limit for the LED driver circuit. The LED driver circuit is 

detailed in Figure 5.14.  

 

Figure 5.14: The LED driver circuit. Two parallel MOSFETs are used to drive 3 LEDs also arranged in 

parallel with individual current limiting resistors. The LEDs have a forward voltage drop of 3.6 V. 
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An input transistor-transistor logic (TTL) signal from the LED flash control circuit switches 

on the Darlington transistors Q3 and Q4 which in turn pulls the gate voltage of the P-

channel MOSFETs Q1 and Q2 low and allows current to flow through the LEDs. When the 

TTL input returns low the MOSFET gates are charged high via R7 and R8. The driver 

circuit is powered by a variable voltage power supply with a maximum of 18 V and 

minimum 10 V, thus the current through the LEDs can be varied from 1.2 to 2.5 A. Driving 

the LEDs at currents well beyond the normal operating envelope requires a restriction to be 

placed on the maximum flash duration, in this case the flash timing circuit (refer 5.3.6) is 

limited to a maximum 200 μs pulse width. Longer duration illumination can be software 

controlled but the current through the LEDs must first be restricted by reducing the voltage 

across the circuit.  

 

5.3.6 LED Flash Control Circuit 

 

Hardware based control of the flash trigger is used to ensure accurate timing of the flash 

length. The transfer of electrons from QA to QB transfer typically takes place on the ms 

timescale thus the timing of individual flashes for turnover of S-states can nominally be 

achieved at a software controlled rate. In addition, the hardware based control was designed 

to include an ultra-fast flash timing mechanism. This allows selection of between 1 and 5 

total flashes for each trigger event, as well as variable spacing between the flashes. The 

intended purpose of this inbuilt flexibility is to allow the light source to be used for 

photoactivation type experiments and also facilitate testing and optimisation of the TL 

instrument (multiple, closely spaced flashes should in theory be equivalent to a single flash 

of longer duration and vice versa). The additional functionality also means the total number 

of flashes prior to TL measurement can be varied up to 5 flashes which enables 

advancement through each of the four S-states and allows S2 to be reached after evolution of 

an oxygen molecule. The same pattern can be repeated multiple times using software 

control, similar to a standard flash pattern protocol. The completed flash trigger control 

circuit is detailed in Figure 5.15. The circuit is logic based with three rotary switches 

WIDTH, NUMBER and FREQUENCY to select the flash length, number of flashes per 

trigger event and spacing between flashes (inverse of frequency), respectively. The TTL 

input trigger must be moved high then return low to initiate a flash timing event and the 

TTL output is fed directly into the LED driver circuit as previously discussed (refer 5.3.5). 
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Figure 5.15: The LED flash trigger circuit. The circuit is activated on the negative edge of a low-high-low 

input trigger and the output is a TTL compatible active-high trigger which interfaces with the LED driver 

circuit. 
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The integrated circuits U1-3 form a network of binary decade dividers which facilitate the 

timing of flash initiation (the timing between flashes). A square wave crystal oscillator 

circuit drives the network at either 2 MHz, 200 kHz or 20 kHz (selectable by the WIDTH 

switch B side and SW1) to provide a range in timing from a minimum of 500 ns up to 50 ms 

between flashes. Longer intervals between flashes are on a timescale which can be 

generated by software controlled timing using the DAQ interface card. The divider network 

is enabled when the first count enable (ENP) pins, which are tied to the output of U7:B, are 

high. Thus control of the network is provided by the U7:B AND (logic) gate (further details 

below). The input clock signal is fed to each of the clock (CLK) input pins of U1-3. The 

second count enable (ENT) pin of the first divider (U1) is tied high so it runs freely as long 

as the ENP pin is also high. The ENT pin of U2 is linked to the ripple carry over (RCO) 

output of U1 and thus is enabled (clocked) once for every 10th cycle of U1. Likewise the 

RCO of U2 feeds into the ENT of U3 thus resulting in a clock for every 10th cycle of U2 or 

every 100th clock of U1. The IC U1 provides timing in the 1-10 clock timescale whilst U2 

and U3 are in the realm of 10-100 and 100-1000 clock pulses, respectively. With a 2 MHz 

input clock the fastest flash repetition achievable will be 1 µs (assuming a flash length of 1 

clock with 1 clock between flashes) whilst the slowest will be 500 µs (1000 clocks). Using a 

20 kHz input clock the slowest flash repetition possible is 50 ms (1000 clocks). Selection 

between rates is via the FREQUENCY rotary switch as detailed below. 

 

The number of flashes (ranging between 1 and 5) in a given event sequence is determined 

by the linear decade counter U6. A continuous running mode, utilised for testing the circuit, 

is also provided by the 6th position on the NUMBER rotary switch where the enable (E) pin 

is tied low to permanently enable cycling of the counter; U6 is enabled when the E pin is 

tied low and disabled when tied high. The output pins Q1-5 are tied to the E pin through the 

NUMBER rotary switch, so that when the desired total number of flashes is reached the E 

pin goes high, thereby preventing any further triggering of U6. Control over the flash output 

signal is provided by linking the E pin through an inverter to the AND gate U7:A, thus only 

when the E pin is low and consequently the input of  U7:A high is the output of a flash 

signal enabled. Furthermore the output of the same inverter is also linked to one input of the 

U7:B AND gate which controls the timing divider network, so at the completion of the 

desired number of flashes the network is held inactive. 
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To initiate a flash sequence the U6 counter must be reset, achieved by pulling the master 

reset (MR) pin high, which resets the counter output (to Q0) and in turn brings the E pin low 

again to re-enable the flash output. The initiation of a new flash sequence also requires the 

U1-3 timing divider network to be enabled. Ordinarily the return of the E pin of U6 to a low 

logic state could be exploited via the U5:E inverter to also return the ENP inputs of U1-3 

low but this would require the reset trigger to be shorter than the input clock signal (to 

prevent cycling of U6 past the desired number of flashes). To overcome this requirement the 

U5:B inverter and the U7:B AND gate are configured such that the flash sequence is only 

initiated when the flash trigger input returns negative. 

 

Finally the flash width is controlled by the U4 binary counter and WIDTH rotary switch, 

which has two functions: selection of the pulse width required in CLK pulses and selecting 

the desired input CLK rate (2 MHz , 200 kHz or 20 kHz). The combinations give a selection 

of possible flash lengths, either: 0.5, 1, 2, 5, 10, 20, 50,100 or 200 μs. The width counter is 

controlled in a similar fashion to the U6 flash number counter with the ENP pin linked to 

the output pins (Q0-Q3) via the WIDTH rotary switch and the U5:D inverter. When U4 is 

reset all outputs are low and the output of U5:D is high, pulling the ENP pin high and thus 

enabling the U4 counter. The output of U5:D is also tied to one side of the flash output 

AND gate (U7:A) only enabling a flash output so long as the output of U5:E is also high 

(until the U6 counter reaches the desired number of flashes). When activated U4 counts with 

each input (CLK) until the desired flash length has been reach upon which time it is 

inactivated (by the ENP going low). At the next flash event time (when the output of the 

decade divider network goes high; timing selected by the rotary FREQUENCY switch) the 

MR pin of U4 is switched low via the inverter U5:A and the counter is reset. Resetting the 

counter also results in the ENP pin returning high and the flash output gate going high. The 

AND gates U7:C and U7:D with their input pins linked provides a buffered delay to ensure 

the U6 counter is clocked before the divider network and width counter are reset.  

 

The flash timing circuit was tested by computer simulation before a prototype PCB was 

designed and constructed (refer 2.5.1 and 2.5.2). As the flash trigger circuit is logic based 

and predominantly consists of IC packages the design considerations for the PCB were 

much less complex that the Peltier controller. The final PCB layout is detailed in Figure 

5.16 and the assembled board in Figure 5.17. 
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Figure 5.16: PCB layout of the flash control circuit. The PCB is viewed from the component side with a 

silk screen overlay. Blue traces indicate the copper PCB tracks, red traces are wire links on the component 

side, purple and yellow pads indicate drill-hole locations and the component outlines are shown in cyan. 

Component numbering and values are as per Figure 5.15. The rotary switch positions at the top are (from left 

to right) the NUMBER, WIDTH and FREQUENCY switches. 

 

 

Figure 5.17: The assembled flash trigger control board. The upper and lower right hand corners have been 

trimmed to fit inside a protective plastic housing. 
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5.3.6 Measurement Circuits 

 

For the thermoluminescence instrument there are two simultaneous measurements which 

must be made rapidly: temperature and luminescence. As previously discussed temperature 

measurement is critical, it must be highly accurate and fast to respond to changes in 

temperature. An integrated temperature probe IC was selected for these reasons and a 

temperature detection circuit was designed based on the manufacturer’s data sheet (the 

circuit has an output scale of 100 mV °C
-1

) (Figure 5.18). The circuit requires a dual rail 

power supply, so a generic ±15 V design was selected and a kitset circuit (Jaycar 

electronics, NZ) which contained all the necessary components, including a premade PCB, 

was obtained and assembled; the circuit diagram is reproduced below for completeness.  

 

Figure 5.18: Temperature and luminescence measurement circuits and power supply. The temperature 

measurement circuit (A) uses an analog temperature IC probe (TS1) which has a temperature dependent 

current output of 1 µA °K
-1

. The luminescence detection circuit (B) uses a photomultiplier tube module 

(PMT1; H9306-02, Hamamastu, Japan) to measures photons emitted from the sample. The power supply (C) 

converts a 240 V AC input to ±15 V DC. 
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The same power supply is used to power the PMT module which contains an in-built high 

voltage (HV) source for the PMT. The module also contains an amplifier that provides 

current to voltage conversion, giving a 0 to 10 V output signal which is proportional to 

detected luminescence. The gain of the PMT is controlled by an input voltage (Vcon) ranging 

from 0 to 1.2 V. A reference output (Vref; 1.2 V) is supplied to facilitate regulation of the 

HV gain via a 10 kΩ potentiometer (V1). 

 

5.3.7 Testing and Validation of the Electrical Modules 

 

The assembled TL instrument has many individual components which are 

compartmentalised into functional modules. Each of these modules required individual 

testing before the completed instrument could be used to run biological test samples. 

Initially the Peltier control circuit was tested by manually selecting the output control 

voltage and direction of heat flux (heating or cooling). These trials also enabled 

determination of the minimum temperature achievable. After a prolonged period of cooling 

-38°C could be reached, yet -35°C was attained significantly faster (< 60 s) and therefore is 

a more practical lower limit. Next the temperature measurement and Peltier control circuits 

were tested together to assess temperature stability and enable tuning of the PID controller. 

The PID control constants were empirically determined before a series of static temperature 

set points were selected for initial analysis (Figure 5.19).  

 

 

Figure 5.19: Temperature stability for static set points. The recorded temperature readings (upper panel) 

and errors from the corresponding set points (lower panel) are shown as a function of time for: 60 (red), 40 

(orange), 20 (yellow), 10 (light green), 0 (dark green), -10 (light blue), -20 (dark blue) and -38°C (purple).  
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Overall the temperature stability of the system is within the desired range, showing less than 

0.2°C variation for a given set point (SP) and generally averaging less than 0.1°C error. The 

PID controller was most stable away from the point of neutral heat flux (heat sink or water 

bath temperature; 4°C). For a given applied voltage the heat flux through the Peltier is 

dependent on the temperature differential across the module, which in the configuration 

used (refer 5.3.3) is dependent on the temperature of the heat sink. The heat sink in turn is 

regulated by the water flowing through it, thus the temperature of the water bath is critical to 

the settings of the PID controller, and other temperatures may require retuning of the PID 

constants. 

 

Following tuning and analysis of the PID control algorithm for static set points the transition 

between two temperatures was assessed (Figure 5.20). The PID controller in its current 

configuration has a tendency to overshoot the SP, this is a consequence of the high 

proportional constant used to ensure rapid transition and does not adversely affect operation 

of the instrument. Importantly the cooling rate is relatively high, with the instrument capable 

of cooling a sample from 30°C to -20°C in approximately 35 s; a further 10 s is required for 

the temperature to stabilise at the new SP. Overall the temperature rapidly transitions and 

stabilises following a change in SP, thus fulfilling one of the key criteria for a TL instrument 

(Ducruet and Vass, 2009).  

 

 

Figure 5.20: Temperature transition between set points. For each set point (dotted lines) the actual 

recorded temperature is shown in the same colour (solid lines). 
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For TL measurements the emission maxima and scale are affected by the temperature ramp 

rate, thus to enable accurate replication or comparison of existing published data the ramp 

rate of the instrument must be variable. The PID controller, which had been tuned for static 

set points, also appears adequate for temperature ramping. At three ramp rates analysed the 

actual and SP temperatures are largely in close agreement (Figure 5.21). There does, 

however, appear to be some error in the actual temperature versus SP at the beginning of the 

ramp and the point of neutral heat flux. These all occur below 0°C, after which there is very 

little error in the ramping temperature profiles. A maximum temperature of 60°C was used 

for these experiments but this has since been increased to 65°C. Satisfactory testing of the 

temperature regulation modules was thus complete and the next module to be tested was the 

LED light source. 

 

 

 

Figure 5.21: Temperature ramp rate testing. Testing of the PID control at various temperature ramp rates. 

Three example ramp rates are shown: 1°C min
-1

 (red), 0.67°C min
-1

 (green) and 0.5°C min
-1

 (blue). Solid lines 

indicate actual recorded temperature and dotted lines the SP temperature. Once 60°C was reached the SP 

returned to 15°C. 

 

For testing of the LED light source it was necessary to verify the correct function of both the 

flash timing trigger circuit and the LED driver. Various flash lengths, frequencies and total 

number of flashes were examined using an oscilloscope to conclude the system was 

functioning as designed (Figures 5.22 and 5.23). A few minor design modifications were 
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also made during the course of testing; these have already been included in the circuit 

Figure 5.15 which represents the final design. 

 

 

Figure 5.22: Demonstration of variable flash length control. Double flash patterns with output trigger 

lengths of 0.5 μs (A), 1 μs (B) and 2 μs (C) with spacing between flashes of 5 µs. A 20 kHz trigger was used to 

generate the oscilloscope signal.  

 

 

Figure 5.23: Demonstration of variable flash number control. Different numbers of output flash triggers: 1 

to 5 flashes (A-E) and a continuous flash pattern (F). The flash length was set to 2 µs with a spacing between 

flashes of 5 µs.  

 

Following successful testing of the LED flash trigger circuit it was necessary to verify that 

the trigger output actually translated to correct switching of current through the LEDs. The 

previous flash pattern experiments were therefore repeated with the LED driver circuit and 

array attached. The light output from the LED array was focused into a sample of wild-type 

Synechocystis 6803 placed inside a room temperature fluorometer (FL3300, Photon System 
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Instruments). A continuous measurement protocol with a 1 μs sampling resolution was then 

used to measure fluorescence induced in the cells by the LED array.  In all cases the 

fluorescence emission pattern observed was consistent with the selected flash pattern of the 

flash control circuit, indicating the LED driver does indeed switch current through the 

LEDs, resulting in defined light output as designed. An example of the experiment output is 

given in Figure 5.24.  

 

 

Figure 5.24: Indirect measurement of the LED array output using fluorescence emission. A continuous 

flash pattern obtained with a flash width of 20 µs and spacing between flashes of 500 µs. The low duty cycle 

(large spacing) is required to ensure the average current through the LEDs, under the continuous repetition 

needed to obtain this measurement, is below the rated maximum. 

  

The final aspect tested was variation of the LED intensity by altering the driver circuit 

supply voltage. The same LED assay and fluorometer setup was used to investigate the 

relationship between supply voltage and flash intensity (Figure 5.25). It appears intensity is 

proportional to voltage; however, the maximum allowable supply voltage is restricted to 18 

V so as not to exceed the VGSMAX of the MOSFETs. At 18 V the photon flux at the sample 

holder was measured at 124 µE m
-2

 s
-1

 for a 0.08% duty cycle (2 µs flash 400 Hz), 

correlating to a continuous flux of 155,000 µE m
-2

 s
-1

. 

 



143 

 

 

Figure 5.25: LED output intensity relative to supply voltage. Representative individual flash fluorescence 

data for 50 μs flashes at LED driver supply voltage levels of 10 (A), 12 (B), 14 (C), 16 (C) and 18 V (E). 

 

5.3.8 Testing and Optimisation of Biological Measurements  

 

Following verification of the electrical component modules and control software the final 

testing of the instrument was a series of TL experiments involving wild-type samples and 

various controls. Initially a fast temperature ramp rate was used as this is reported to result 

in a maximised TL intensity signal. In addition, the herbicide 3-(3,4-dichlorophenyl)-1,1-

dimethlyurea (DCMU), which blocks the transfer of electrons from QA to QB, was included 

in samples. This facilitated generation of the Q band with continuous light exposure at -

20°C prior to initiation of the temperature ramp. Loading more sample (in terms of Chl a) 

results in an increased signal but this requires a large number of cells (Figure 5.26). The 

maximum sample loading which could be achieved in this instance was therefore restricted 

by the viscosity of the sample and capacity of the sample holder. 
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Figure 5.26: Effect of sample concentration on thermoluminescence detection. Different concentrations of 

samples based on Chl a, 30 μg (green), 50 μg (red) and 80 μg (blue) were loaded in a total volume of 150 μL. 

 

Next the minimum dark adaption time required was empirically determined by a trial and 

error process in which samples were relaxed in the dark for increasing time periods until no 

TL bands were obtained in the absence of a pre-illumination flash (Figure 5.27). A dark 

adaption time of 7 min appears sufficient to relax the TL emission, whilst a shorter (3 min) 

dark adaption yields emission in the B and C band region; the high ramp rate does not allow 

distinction between the contributions from the two pathways to the emission observed. 

 

 

Figure 5.27: Dark adaption testing of the thermoluminescence instrument. TL emission from wild type 

samples (100 µg Chl a) measured in the presence of DCMU with complete (7 min) dark adaption (blue) and 

incomplete (3 min) dark adaption (green). A representative trace obtained after 1 s illumination at -20°C 

following dark adaption for 7 min is also shown in red. 
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Decreasing the temperature ramp rate to allow better resolution of individual TL 

components reduced the maximum emission amplitude yet did not result in a significant 

increase in the signal to noise level (Figure 5.28). The temperature ramp rates of 1 and 

0.67°C s
-1

 both give a suitable signal for analysis of the Q band. Furthermore analysis of the 

two ramp rates allows comparison of the integrated area under the TL curves which can 

provide a better fit between experiment data and TL theory. 

 

 

Figure 5.28: Effect of heating ramp rate on thermoluminescence detection. Heating ramp rates of 1°C 

min
-1

 (blue)
 
0.67°C min

-1
 (red) and 0.5°C min

-1
 (green) were trialled for wild-type samples (100 μg Chl a) 

illuminated for 1 s at -20°C in the presence of DCMU. 

 

The testing performed up until this point involved TL emission from samples in the 

presence of DCMU exposed to a long (1 s) illumination. Whilst this approach is sufficient 

for detection of the Q band, investigation of other charge recombination pathways such as 

the B1 and B2 bands, requires the use of single turnover, saturating light flashes. To test the 

effectiveness of the LED light source for this purpose, a sample containing DCMU was 

subject to a single 50 µs flash at -20°C prior to heating. However, only a small Q band could 

be detected, thus indicating the flash was of insufficient total light flux to saturate all centres 

(Figure 5.29). The flash duration was therefore increased to the maximum 200 µs yet the 

intensity of the Q band emission remained below that obtained using a lower intensity 1 s 

illumination.  
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Figure 5.29: Light flash length and TL emission. Samples (100 µg Chl a) of the ΔCyanoP strain subject to 

single flashes in the presence of DCMU of 50 µs (red) or 200 µs (blue) at -15°C prior to heating. A 1 s light 

exposure is also shown for comparison (green). 

 

These observations indicate the flash is not of a high enough photon flux to enable single 

turnover flashes with the Chl a concentrations required to detect thermoluminescence. This 

issue relates to the sensitivity of the instrument in its current configuration; the Chl a 

concentration required for TL measurement is too high and hence the optical density of the 

sample is too great for the light source to saturate all centres. Therefore modifications to the 

current mechanical configuration are required to resolve TL components other than the Q 

band. To improve light penetration of the cells the diameter of the sample holder could be 

increased to 18 mm, more than doubling the area, thus significantly decreasing the optical 

density of the sample. Further mechanical modification of the instrument would then be 

required to direct the emitted luminescence into the PMT which has a small active area (3.7 

x 13 mm) relative to that of the sample holder. An aspherical lens placed directly above the 

sample with the PMT situated at the focal point should be sufficient and would likely also 

yield a significant improvement in the current setup. Increasing the instrument’s light 

gathering efficiency and thus overall gain with a lens would enable lower sample 

concentrations, with correspondingly decreased optical density, to be loaded. Future 

development work is therefore required which will subsequently enable characterisation of 

the B1 and B2 bands from wild type and the ΔCyanoP, ΔCyanoQ and ΔPsb27 mutants. In 

the interim, however, analysis of recombination pathways resulting in the Q band has 

revealed distinct differences in PS II level and function between the mutant strains (Chapter 

6). 
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Chapter 6 

 

Physiological Characterisation of 

Extrinsic Lipoprotein Knockouts 

 

6.1 Introduction 

 

6.1.1 Physiological Characterisation of Photosynthesis in Cyanobacteria 

 

There are several key differences between cyanobacteria and higher plants which need to be 

taken into consideration for experimental design and interpretation of data related to 

photosynthesis: for example variations in light harvesting antenna systems between phyla 

complicates interpretation and comparison of chlorophyll fluorescence emission. A further 

significant difference between cyanobacteria and other oxygenic photoautotrophs is the lack 

of advanced subcellular compartmentalisation; cyanobacteria lack the chloroplast and 

mitochondria organelles found in algae and higher plant species. Instead most cyanobacteria 

have combined respiratory and photosynthetic ETC pathways located in the thylakoid 

membrane; G. violaceus being one exception without a thylakoid membrane system (Rippka 

et al., 1974; Honda et al., 1999). The complex interaction between these electron transport 

pathways further complicates the interpretation of physiological data. In addition significant 

variation between observations made for different cyanobacterial species is apparent: for 

example TL emission spectra of some cyanobacteria appear sensitive to freezing whereas 

Synechocystis 6803 spectra are not (Vass et al., 2007; Abasova et al., 2011). Experimental 

design and instrumentation, such as excitation wavelengths for fluorescence analysis, have a 

significant influence on the observations made and for these reasons many of the 

measurements and phenomena observed are not fully understood. Furthermore the 

heterogeneous nature of the PS II pool means that classical data interpretation does not 

necessarily apply to strains where subunits which are transiently involved in PS II assembly 

have been removed or mutated.  

  

The aforementioned challenges faced for the characterisation of photosynthetic processes 

have resulted in differences in the observations presented for comparable gene knockouts in 

Synechocystis 6803. For example three CyanoP ORF knockout strains which were 
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constructed and characterised by independent research groups exhibited different 

phenotypes (Thornton et al., 2004; Ishikawa et al., 2005; Summerfield et al., 2005a). This 

variance may have resulted from either the method of gene knockout or the from different 

growth and experimentation conditions. In an effort to resolve the discrepancies all three of 

the mutant strains were characterised by the same research group under identical conditions 

(Sveshnikov et al., 2007). Two of the strains were observed to behave in a similar manner 

(ΔCyanoP: interruption with a chloramphenicol-resistance cassette and ΔCyanoP: deletion 

with a spectinomycin-resistance cassette), giving distinct phenotypes, whilst for the third 

(ΔCyanoP: interruption with a kanamycin-resistance cassette) the difference from wild type 

was less pronounced. The authors used careful experimental manipulation to resolve that all 

three of the knockout mutants do indeed impact on PS II function in a similar way, albeit 

harder to differentiate in the kanamycin-resistant strain.  

 

6.1.2 Aims of this Investigation 

 

The project presented herein investigates three extrinsic PS II lipoprotein knockouts of 

similar construction (interruption mutants with chloroamphenicol resistance) under the same 

growth and experimental conditions and explores previously untested assumptions. A 

number of the physiological measurements were obtained using specialised instruments 

which were constructed specifically for this purpose during the course of this project 

(detailed in chapter 5). Thus far the cyanobacterial specific PS II extrinsic lipoproteins have 

been assigned roles associated with their interaction with the PS II complex, however, the 

higher plant PsbP-like and PsbQ-like homologues have been shown to interact with electron 

transport and metabolic components other than PS II (Suorsa et al., 2010; Yabuta et al., 

2010). The structural similarity of CyanoP and CyanoQ to the PPL and PQL subunits in 

higher plants suggests the cyanobacterial homologues may, in addition to their PS II specific 

role, also function via either direct or indirect association with other photosynthetic ETC 

components (Jackson et al., 2010; Jackson et al., 2012). Furthermore it has recently been 

reported that Psb27 from Synechocystis 6803 may interact with PS I under some conditions 

(Komenda et al., 2012b). In order to test this hypothesis double mutants, in which the 

biogenesis of PS II has been stalled at an early stage, have been generated and characterised 

in each of the ΔCyanoP, ΔCyanoQ, ΔPsb27 and wild type background strains (strains 

described in 2.3.1).   
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6.2 Characterisation of Extrinsic Lipoprotein Knockout Strains 

 

6.2.1 Physiological Steady State Characterisation 

 

Oxygen evolution capacity 

 

The physiological steady-state measurement of the oxygen evolution capacity for all strains 

was measured to provide a base reference for mature PS II centre activity relative to the 

concentration of Chl a (Figure 6.1). Two different artificial quinones were used as electron 

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

(DMBQ); the former is more efficient at displacing the QB quinone and generally gives 

higher activity rates (refer 2.3.5) (Srivastava et al., 1995). In general the rates obtained for 

wild type are in agreement with previously reported rates for whole cell oxygen evolution 

(DCBQ: 400 – 550 µmol O2 mg
-1

 Chl a h
-1

, DMBQ: 270 – 400 µmol O2 mg
-1

 Chl a h
-1

; 

refer to references below); the variation between rates reported highlights the difference 

between growth and experimental procedures for various research groups. 

 

Figure 6.1: Oxygen evolution rates. The oxygen evolution rate of the wild type, ΔCyanoP, ΔCyanoQ and 

ΔPsb27 strains determined using DCBQ (dark bars) or DMBQ (light bars).  

 

The steady state oxygen evolution rates obtained using DCBQ for the ΔCyanoP and 

ΔCyanoQ strains relative to wild type are in agreement with previously reported phenotypes 



150 

 

for these strains, where ranges between 85 – 100% and 75 – 90%, respectively, of wild type 

are reported (Thornton et al., 2004; Ishikawa et al., 2005; Summerfield et al., 2005b; 

Summerfield et al., 2005a; Roose et al., 2007b). For the ΔPsb27 strain, however, the relative 

rate of oxygen evolution observed for both acceptors is significantly higher than the rates 

(95 - 100% relative to wild type) previously reported (Bentley et al., 2008; Roose and 

Pakrasi, 2008).  

 

Ratio of photosystems 

 

The oxygen evolution assay is referenced to the Chl a content of the samples, a commonly 

used reference for PS II activity assays. It is assumed the majority of Chl a is associated 

with PS I, thus the normalised oxygen evolution rates should be comparable to the average 

rate per centre within the PS II pool (Bartsevich and Pakrasi, 1997). Without testing this 

assumption, however, it remains a possibility that the observed differences in the rates of 

oxygen evolution among mutant strains might be the result of a change in the ratio of PS II 

to PS I. To test this hypothesis the relative levels of PS II and PS I were investigated by 

examination of low temperature (77 K) fluorescence emission at a Chl a excitation 

wavelength (440 nm). The instrument required to obtain these measurements was 

constructed during the course of this investigation specifically for this purpose (refer 5.2). In 

general the fluorescence emission at 440 nm excitation originates from all PS II centres 

regardless of OEC activity. The OEC activity does, however, affect PBS coupling which 

can influence emission levels and there is also heterogeneity within the PS II pool, including 

a certain level of additional early assembly complexes (Hwang et al., 2008).  

 

The relative ratios of fluorescence emission from PS II and PS I are similar for the wild 

type, ΔCyanoP and ΔCyanoQ strains, indicating the oxygen evolution rates observed for 

these strains are directly comparable on a per centre basis (Figure 6.2). A similar PS II to PS 

I ratio for the ΔCyanoQ strain implies removal of CyanoQ decreases the average oxygen-

evolving activity of the PS II pool, either by directly affecting the function of a PS II centre 

or decreasing the amount of functional centres relative to non-functional centres (functional 

in the context of oxygen evolving). Similarly for the ΔCyanoP strain there is no apparent 

change in the level of PS II assembly. Coupled with the less drastic reduction in the oxygen 

evolution rates observed for the ΔCyanoP strain compared to ΔCyanoQ, this suggests that 

removal of CyanoP is unlikely to perturb the apparent role of CyanoQ in facilitating 

efficient oxygen evolution under the standard growth conditions examined. In the case of 
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the ΔPsb27 strain there does appears to be an approximate 20% increase in the ratio of PS II 

to PS I, consistent with the increase in oxygen evolution observed on a Chl a basis. 

Differences in PS II specific fluorescence yield at 440 nm excitation can, however, be 

influenced by state transitions in cyanobacteria (McConnell et al., 2002; Stadnichuk et al., 

2009). The apparent increase in PS II centres correlates with herbicide binding data 

previously reported for this strain, implying the effect is not related to state transition 

changes (Bentley et al., 2008). Thus it appears removal of Psb27 does not directly affect the 

oxygen evolving function of mature PS II centres but does influence the overall levels of PS 

II and PS I.  

 

 

Figure 6.2: Low temperature (77 K) fluorescence emission spectra at 440 nm excitation. Fluorescence 

emission at 77 K with an excitation wavelength peak of 440 nm for the wild type (black), ΔCyanoP (orange), 

ΔCyanoQ (blue) and ΔPsb27 (red) strains. The spectra are normalised to the PS I emission at 725 nm. The 

peaks at 685 and 695 originate from CP47 and CP43, respectively and the small peak around 660 nm 

originates from PBS yet the yield is low because 440 nm is not an optimal absorption wavelength for PBS 

pigments (Stadnichuk et al., 2009).  

 

It is possible the observed increase in the level of PS II might be a compensatory 

mechanism for decreased antenna size or overall PS II efficiency. Additionally the apparent 

increased level of PS II may also result from a decrease in the level of PS I. Consequently, 

as the majority of Chl a within a cell is associated with PS I, the pigment composition of 

each mutant strain was examined to determine if the apparent PS I content was altered in 

any of the strains. Investigation of whole cell pigment composition reveals this is not the 
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case for either of the ΔCyanoP or ΔCyanoQ strains where the Chl a and PBS absorption 

peaks are similar (Figure 6.3). In the ΔPsb27 strain the level of Chl a relative to PBS 

pigment composition was reduced, indicating the increased PS II to PS I ratio originates 

from a decrease in PS I. In order to further verify this finding the level of PS I would need to 

be determined quantitatively by additional means. 

 

 

Figure 6.3: Whole cell absorption spectra. Whole cell absorption spectra of the wild type (black), ΔCyanoP 

(orange), ΔCyanoQ (blue) and ΔPsb27 (red) strains, normalised to the phycocyanin peak at 630 nm. 

 

Energy coupling to photosystems 

 

Low temperature fluorescence emission can also be used to investigate coupling and energy 

transfer between antenna systems and both PS I and PS II. Examination of the wild type and 

the three PS II extrinsic lipoprotein mutants at a wavelength exciting phycobillisome (PBS) 

pigments (580 nm) reveals there are indeed differences in energy connectivity and 

distribution along the photosynthetic ETC (Figure 6.4). The peak at 730 nm originates from 

PS I and the 685 nm peak contains contributions from both the terminal emitter PBS linker 

peptide ApcE and the PS II proximal antenna systems. The relative contributions of the two 

cannot be distinguished in these spectra, but in general the peak represents coupling to PS II 

(Emlyn-Jones et al., 1999; Joshua and Mullineaux, 2005). The high spectral resolution of 

the instrument allows clearer distinction between the C-phycocyanin (C-PC) and 

allophycocyanin (APC) peaks (650 and 667 nm, respectively) compared with other 

published data obtained using 5 nm emission slit widths; for example (Yang et al., 2009) 

and (Stadnichuk et al., 2009). Absolute coupling of all PBS units within the cell would 
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result in emission from only PS II and PS I, however, uncoupled PBS are present in the cell 

under normal growth conditions (particularly arising from the heterogeneous nature of PS II 

where centres that are undergoing repair or biogenesis might not have PBS coupled). In 

addition, unassembled PBS components will also contribute to the fluorescence observed. 

 

Figure 6.4: Low temperature (77 K) fluorescence emission spectra at 580 nm excitation. Fluorescence 

emission at 77 K with an excitation wavelength of 580 nm for the wild type (black), ΔCyanoP (orange), 

ΔCyanoQ (blue) and ΔPsb27 (red) strains. Spectra are normalised to integrated total emission observed.  

 

In the ΔCyanoP strain a decrease in emission from PS II is associated with an increase in 

APC fluorescence as would be expected from the uncoupled core component of CpcG1 

containing PBS complexes (CpcG1-PBS) (Kondo et al., 2007). The level of uncoupling 

observed, however, does not appear sufficient to account for the level of PS II uncoupling, 

indicating an alternative endpoint for the APC coupled pathway. Possible coupling therefore 

might exist directly to PS I from ApcD or from ApcE, through PS II to PS I. Similar 

coupling pathways are observed under conditions driving transition to state 2, though 

ordinarily in this state an increase in PS I emission (as a proportion of total emission 

observed) would also be expected to occur (McConnell et al., 2002; Stadnichuk et al., 

2009). Instead there is an increase in C-PC fluorescence emission at 650 nm, indicating 

CpcG2 containing PBS (CpcG2-PBS) are decoupled from PS I, thus compensating for the 

increased flux from CpcG1-PBS to PS I; the implication of CpcG2-PBS rather than simply 

CpcG1-PBS core association stems from the fact C-PC emission is elevated 

disproportionately to the APC peak. These observations might be explained by a small 
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increase in the proportion of centres undergoing repair for which CpcG1-PBS are 

dissociated from PS II and instead associated primarily with PS I, thereby displacing 

CpcG2-PBS. Similar PBS uncoupling has been reported for PS II centres with disassembled 

OEC groups (Hwang et al., 2008).  

 

In the ΔCyanoQ strain a similar significant decrease in PS II emission is observed, yet in 

contrast APC emission remains unchanged. Furthermore, whilst C-PC emission is increased, 

in this instance there does also appear to be an increase in PS I emission. The changes 

observed are thus more characteristic of state 2 transitions and less suggestive of possible 

damage induced PBS uncoupling as observed in the ΔCyanoP strain. For the ΔPsb27 strain 

a small decrease in PS II emission correlates with a low level of CpcG1-PBS uncoupling 

and fluorescence from CpcG2-PBS does not indicate significant uncoupling as observed for 

ΔCyanoP and ΔCyanoQ. In contrast a decrease in CpcG2-PBS emission is observed; 

indicating increased coupling which might allow maintenance of a similar level of energy 

flux to PS I despite the reduced number of PS I centres relative to PS II in the ΔPsb27 strain. 

This implies that CpcG2-PBS coupling to PS I improves efficiency by acting as a more 

effective antenna for PS I than a CpcG1-PBS:PS I or CpcG1-PBS:PS II:PS I super complex, 

indeed this does appear to be the case (Kondo et al., 2005; Kondo et al., 2007; Kondo et al., 

2009). For the ΔCyanoP and ΔCyanoQ strains the increased CpcG2-PBS fluorescence 

might represent additional centres where Psb27 binds and couples CpcG1-PBS, thereby 

displacing CpcG2-PBS from PS I. Indeed the level of the Psb27 subunit bound to isolated 

centres is increased in ΔCyanoQ but not ΔCyanoP (Wegener et al., 2008). This supports the 

hypothesis that coupling between CpcG1-PBS:PS II:PS I might be facilitated by Psb27. A 

link between Psb27 and PS I has recently been suggested, based on a proteomic analysis of 

isolated PS II centres, which supports the observations made here (Komenda et al., 2012b). 

Furthermore the IsiA protein which has high sequence similarity to CP43 is known to 

associate with PS I under stress inducing conditions and it is possible CP43 could facilitate a 

similar interaction (Murray et al., 2006; Wilson et al., 2007). 

 

Room temperature fluorescence induction 

 

The differences in photosynthetic excitation energy coupling in the extrinsic knockout 

strains do not on their own account for the changes in oxygen evolution rates observed. To 

further examine possible explanations the charge separation and recombination 
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characteristics of PS II centres lacking or formed in the absence of the extrinsic lipoproteins 

were investigated by Chl a fluorescence and thermoluminescence. Analysis of the room 

temperature steady state fluorescence induction (Kautsky curve) does reveal some 

differences between the mutant strains and wild type (Figure 6.5). The variable component 

of a Kautsky induction trace for cyanobacteria excited at 440 nm originates primarily from 

PS II and is characterised by a number of transients, commonly referred to as the OJIP 

points, which are associated with various redox carrier oxidation states and fluorescence 

quenching processes; these have been labelled in the Figure for reference and are referred to 

herein (Papageorgiou et al., 2007). The specification of the 440 nm Chl a excitation 

wavelength is important because the longer wavelength red excitation LEDs used for higher 

plant samples excite PBS pigments in Synechocystis 6803 and thus result in PBS coupled 

emission transients (Papageorgiou et al., 2007). This coupling can be exploited to examine 

PBS movements, however in the present instance the function of PS II itself was to be 

directly examined. 

 

 

Figure 6.5: Fluorescence induction (Kautsky curve). Room temperature Chl a fluorescence induction of the 

wild type (black), ΔCyanoP (orange), ΔCyanoQ (blue) and ΔPsb27 (red) strains. Traces have been normalised 

to F0 as determined by three low level measuring pulses applied with 200 ms spacing, beginning 1 s prior to 

commencement of the fluorescence induction sequence. These F0 measurement points have been aliased to the 

2, 4 and 8 µs time points to allow display on the same logarithmic axis as the induction curve. The classical 

OJIP points are identified above the curves. 
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For the ΔCyanoP and ΔCyanoQ strains fluorescence induction to the first maximum (J) 

appears similar to wild type except for a marginally lowered peak. The fluorescence at point 

J corresponds to a state of reduced QA prior to significant QB transfer, comparable to the 

maximum fluorescence obtained during a single turnover flash (Belyaeva et al., 2008). This 

level correlates with the PS II to PS I ratio derived by 77 K fluorescence emission showing 

assembly of PS II core centres is not adversely affected in the absence of CyanoP or 

CyanoQ. In contrast the maximum fluorescence (FM) at point P for both strains is lower than 

the wild type emission maxima. In this instance the FM parameter represents fluorescence 

from a population of centres with reduced QA and QB when the PQ pool is also reduced and 

is thus dependent on centres with both a QB site and an active OEC centre to provide 

multiple electrons required to saturate the acceptor side. Furthermore in the absence of a 

functional manganese cluster FM is reduced by the accumulation of the fluorescence 

quenching P680
+
 species even in the presence of reduced QA (Mauzerall, 1972; Sonneveld 

et al., 1979). The reduction in variable fluorescence (FV; taken as FM – F0) observed in the 

absence of CyanoP therefore correlates with the reduced oxygen evolution activity observed 

in this strain. Intriguingly for the ΔCyanoQ strain FV is not lower than in the ΔCyanoP strain 

compared to wild type as would be expected from the increased impairment in the oxygen 

evolution rate in the absence of CyanoQ. Removal of the Psb27 subunit has a more 

pronounced effect on the fluorescence induction transients. It displays a higher rise in the O-

J phase, remains elevated during I and peaks higher at P. The increased fluorescence at point 

J can likely be attributed to the presence of more total PS II core centres on a Chl a basis in 

the absence of the Psb27 subunit, however, the P point is not increased in the same 

proportion as J and thus the FV parameter is reduced on a per centre basis. It appears the 

reduced FM relative to QA fluorescence (or vice versa) might represent more centres in a 

state of biogenesis or repair which have the QA but not QB quinones bound. Applying the 

same analysis to the ΔCyanoP and ΔCyanoQ strains reveals ΔCyanoP to have a marginally 

reduced FM relative to J, consistent with the hypothesis of increased damage in the absence 

of CyanoP, whilst the ΔCyanoQ strain retains the same ratio as wild type.  

 

Investigation of charge recombination by room temperature fluorescence 

 

To further investigate the heterogeneous nature of PS II centres and the core reaction 

kinetics in each of the strains, the reoxidation of QA was investigated using fluorescence 

analysis. For this assay the electron transport inhibitor DCMU, which blocks QA to QB 
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transfer, was included and the sample subjected to a single saturating actinic flash (refer 

2.3.7). Previously reported QA reoxidation protocols generally involve normalisation to F0 

or FM, the latter as taken to be the first recorded data point following the actinic flash. 

However, there is a significant problem with this approach: instrument artefacts result in a 

necessary delay of up to 100 µs after the actinic flash before the initial data point is 

recorded. During this time some of the fast phase of reoxidation has already occurred, 

therefore the initial data point is not a true representation of FM, Furthermore kinetic 

analysis of the fast exponential is distorted by the long duration of the actinic flash 

(typically 30 µs on the instrument used, refer 2.3.7) (Vredenberg, 2009). Normalisation to 

F0 therefore takes preference, however, the FM can then only be estimated by extrapolation 

of the inadequately captured fast recombination transient and furthermore there may also be 

artefacts associated with changes to F0 unrelated to direct PS II function such as PBS 

coupling (Laczko-Dobos et al., 2008). In order to more accurately measure the FM and 

reoxidation of QA, fluorescence emission during and post an actinic flash illumination was 

investigated. This required a customised protocol where F0 was initially measured by a 

series of low intensity measuring flashes after which time the gain was lowered for the 

actinic flash (the intensity of the flash is orders of magnitude greater than a typical 

measuring flash) and raised again post actinic flash for measurement of reoxidation using 

low level measuring flashes. The delay required for the instrument to change gain levels 

does, however, result in a requisite 5 ms gap between the actinic flash and the first measured 

reoxidation point. Nonetheless the magnitude of the fast recombination component can still 

be deduced from the data as this first phase fully progresses over the 5 ms timescale whilst 

the second slower phase has not begun to any significant extent (Cser and Vass, 2007). The 

reoxidation phase is subsequently normalised to variable fluorescence as determined during 

the actinic flash; a typical experiment setup is detailed in Figure 6.6. 
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Figure 6.6: QA reoxidation protocol schematic. Initially three measuring pulses are given to determine the 

F0. In order to display these on the same logarithmic scale they have been aliased to the 0.1, 0.4 and 0.8 µs 

time points. Next, the gain is reduced and a single actinic flash is given. The gain is then increased and 

measurement pulses resume 5 ms after the flash. The measurements are made in the presence of DCMU. 

 

The initial data point at 5 ms is reduced relative to wild type for all of the extrinsic 

lipoprotein knockout strains. This indicates that there is an increase in centres undergoing 

fast QA reoxidation in each of these strains. The effect is small; however it is in agreement 

with previously reported observations for the ΔCyanoQ strain and suggests similar 

mechanisms occur in the other two strains (Kashino et al., 2006). The ΔCyanoP and 

ΔCyanoQ strains exhibit similar slow phase QA reoxidation profiles as wild type, indicating 

there is no significant alteration to the bulk phase of recombination with donor side 

oxidants. This suggests the majority of the pool of PS II centres have similar midpoints for 

the main PS II redox components and the S2 oxidation state of the OEC in these strains. In 

the ΔPsb27 strain, however, there appears to be a lag in the slower exponential component 

of QA reoxidation. This lag is also observed in isolated early assembly PS II complexes 

containing the Psb27 subunit and having already had the D1 C-terminus processed, yet not 

for those containing Psb27 with an unprocessed D1; for the latter centres QA reoxidation is 

accelerated (Liu et al., 2011a).  
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Figure 6.7: QA reoxidation determined by room temperature Chl a fluorescence. The QA reoxidation of 

the wild type (black), ΔCyanoP (orange), ΔCyanoQ (blue) and ΔPsb27 (red) strains normalised to FV (as 

determined during the actinic flash) in the presence of DCMU.   

 

Investigation of charge recombination by thermoluminescence 

 

Changes in thermoluminescence (TL) emission can generally be ascribed to competition 

between radiative and non-radiative pathways and thus provides a complementary technique 

to fluorescence characterisation of QA reoxidation (refer 5.3.1). To further examine the QA 

recombination pathways in each of the mutants and whether changes to radiative versus 

non-radiative pathways result in decreased PS II activity or efficiency the 

thermoluminescence properties of the strains were therefore analysed. A 

thermoluminescence instrument was constructed specifically for this purpose as a part of 

this project (refer 5.3). Although the TL instrument requires mechanical modification before 

it is fully capable of examination of PS II recombination with all S-states the QA/S2 

recombination can nonetheless be probed in the current configuration by addition of DCMU 

(refer 5.3.8). Subsequently the QA recombination processes within PS II for each of the 

extrinsic lipoprotein knockout strains were analysed (Figure 6.8). 
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Figure 6.8: Thermoluminescence analysis of QA
-
/S2 recombination. The recombination following 

illumination at -20 C in the presence of DCMU for the wild type (black), ΔCyanoP (orange), ΔCyanoQ (blue) 

and ΔPsb27 (red) strains with a temperature ramp rate of 0.67°C min
-1

. 

 

The ΔCyanoP and ΔCyanoQ strains both exhibit reduced Q-band TL emission with lower 

maximal temperatures than wild type (Figure 6.8). This is at variance with what might 

classically be expected from their apparently similar bulk QA reoxidation rates determined 

by room temperature fluorescence in the presence of DCMU; however, it appears slower 

recombination pathways are over-represented in TL emission spectra (Rappaport et al., 

2005; Cser and Vass, 2007; Perrine and Sayre, 2011). Furthermore the large differences in 

TL emission from a seemingly small variation in the QA reoxidation rate implies the TL 

measurement is biased towards a small group of the heterogeneous pool of PS II centres; 

indeed for wild type only a small proportion of centres contribute to the TL emission 

(Rappaport et al., 2002). Interestingly the ΔCtpA strain, in which D1 processing is impaired 

and Psb27-containing monomers accumulate, shows very little Q-band emission and instead 

an At band at approximately -35°C is present. Reduced radiative decay observed in the 

ΔCyanoP and ΔCyanoQ strains might originate from centres having inactivated OEC 

clusters and Psb27 bound, resulting in a shift of the QA redox potential to a higher level 

(Muh et al., 2012). The influence of DCMU binding also requires further investigation: it is 

known to affect the redox potential of QA and thus might introduce an artefact in the 

measurement, such that the recombination observed in the TL emission is less than actually 

occurs in the mutant strains (Krieger-Liszkay and Rutherford, 1998; Cser and Vass, 2007). 
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It has previously been reported that Q-band emission for ΔCyanoP exhibits a similar peak 

intensity as wild type, at variance to the observation made here (Sveshnikov et al., 2007). 

Althought, there are differences in the experimental protocols between the two data sets 

which might account for the variance: the total Chl a loading in the published report (250 

µg) is higher than used here (150 µg), the pre-illumination was previously performed at 0°C 

instead of -20°C used here and two actinic flashes were given as opposed to 1 s continuous 

light exposure. It is also possible the actinic flashes given did not saturate all of the PS II 

centres in the sample and thus would result in light intensity dependent Q-band emission 

(Tyystjarvi et al., 2009). Further investigation of the differences would require additional 

characterisation of higher S-state recombination and stability using the TL instrument built 

in this project; however, at present this is restricted by the mechanical setup as described in 

5.3.8. Alternatively the kinetics of OEC function could be characterised by single turnover 

oxygen evolution but these experiments would require a bare platinum electrode which was 

not available. No further characterisation of these mutants was therefore conducted.  

 

6.2.2 Photoinhibition 

 

The steady state characterisation of the PS II extrinsic lipoprotein knockout strains provides 

an indication of the effect of removal of the subunits on PS II assembly and function under 

normal growth conditions. However, given that PS II is a dynamic complex, stressing the 

system to accelerate photodamage may better reveal the role of the proteins in 

photoprotection, repair or biogenesis. A series of photoinactivation experiments was 

therefore conducted at varying light intensities and temperatures to examine both 

photoinhibition and the repair processes in the absence of the CyanoP, CyanoQ or Psb27 

subunits compared to wild type.  

 

Photoinhibition as a function of light intensity 

 

As the rate of photoinactivation is proportional to light intensity, yet repair relies on several 

factors, two different light intensities were initially used to assist differentiation of the 

damage and repair components of net photoinhibition (Figure 6.9).  
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Figure 6.9: The effect of light intensity on photoinhibition at 30°C. Photoinhibition as gauged by loss of 

oxygen evolving activity at 1000 μE m
-2 

s
-1

 (A) and 3000 μE m
-2 

s
-1

 (B) for the wild type (black), ΔCyanoP 

(orange), ΔCyanoQ (blue) and ΔPsb27 (red) strain. The relative OEC function is determined by oxygen 

evolution percentage relative to initial time point. Error bars represent the standard error from at least three 

independent experiments. 

 

At a light intensity of 1000 μE m
-2 

s
-1

 the photoinhibition rates of the ΔCyanoP and ΔPsb27 

strains do not appear significantly different to wild type. This observation is in agreement 

with recent reports that increased D1 turnover in the absence of Psb27 under a light intensity 

of 500 μE m
-2 

s
-1

 serves to maintain similar oxygen-evolving capacity as wild type 

(Komenda et al., 2012b). Furthermore binding of Psb27 prevents manganese dissociation 

during the repair cycle and D1 degradation has been shown to be accelerated post Mn loss 

(Krieger et al., 1998; Grasse et al., 2011). This raises the question of the nature of the trigger 

for D1 degradation; perhaps the Psb27 subunit helps to prevent Mn loss and subsequent D1 

degradation, thus in its absence D1 turnover is accelerated. In order to assess whether a 

similar situation occurs in the ΔCyanoP strain D1 turnover could be investigated using a 

pulse chase labelling experiment. For the ΔCyanoQ strain the initial rate of apparent 

photoinhibition is accelerated and the plateau in the level of inhibition reached after 

approximately 60 min is lower than in all of the other strains. This indicates the equilibrium 

between the damage and repair mechanisms of PS II is significantly altered in the absence 

of CyanoQ (Murata et al., 2007). The rapid initial decline in activity suggests damage is 

accelerated but to further distinguish between the two processes photoinhibition in the 

presence of protein synthesis inhibitors could be examined or also D1 turnover, similarly to 

the reported ΔPsb27 strain measurement.  
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 At a light intensity of 3000 μE m
-2 

s
-1

 clear differences between the wild type, ΔPsb27, 

ΔCyanoP and ΔCyanoQ strains emerge. The equilibrium point (plateau) in oxygen 

evolution activity for the wild type strain is reduced from ~70% to ~60%, yet the level in 

ΔPsb27 is further reduced (~65% to ~50%), indicating the accelerated D1 turnover and 

repair in this strain cannot sustain the OEC activity level as well as it could at lower 

photoinactivation light intensities. This suggests the repair mechanisms in the absence of 

Psb27 are saturated, yet it cannot be implied whether this is a result of increased damage or 

alternately reduced repair rates. Similarly for the ΔCyanoQ strain the rate stabilises at only 

~35% of the initial level compared to a previous 50% at 1000 μE m
-2 

s
-1

. The most 

significant change observed at 3000 μE m
-2 

s
-1

 is for the ΔCyanoP strain which drops from a 

similar level to wild type (70%) to a sustained equilibrium rate of less than 40%, close to 

ΔCyanoQ. The marked difference in the absence of the CyanoP subunit suggests either 

centres are more susceptible to damage at higher light levels than wild type or the repair 

mechanisms in ΔCyanoP are saturated at lower damage rates. At 3000 μE m
-2 

s
-1

 there 

should be an approximate 3 fold increase in damage than occurs at1000 μE m
-2 

s
-1

, yet for 

wild type the equilibrium between damage and repair only decreases by 10%, indicating 

repair can keep pace with damage in this strain. Similarly for ΔPsb27 and ΔCyanoQ only a 

small decrease is observed. This implies the situation in ΔCyanoP is one where repair is 

impaired otherwise 1000 μE m
-2 

s
-1

 would already be saturating and an increase to 3000 μE 

m
-2 

s
-1

 should not make such a pronounced change. 

 

Photoinactivation as a function of temperature 

 

To further examine the effect observed in ΔCyanoP a series of experiments employing a 

reduction in the temperature to slow temperature dependent repair mechanisms were 

performed. Different temperatures can been used to dissect the multiple steps of 

photodamage and identify centres in which the OEC Mn cluster has not suffered damage 

(Allakhverdiev et al., 2003; Barra et al., 2006; Mohanty et al., 2007). Two additional 

temperatures (20°C and 10°C) were examined using a similar methodology to the light 

intensity photoinactivation experiments yet conducted at a light intensity of 1000 μE m
-2 

s
-1

; 

the 30°C dataset is the same as previously (Figure 6.10). 
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Figure 6.10: The effect of temperature on photoinhibition. Photoinhibition as gauged by loss of oxygen 

evolving activity at a light intensity of 1000 μE m
-2 

s
-1

 at 30°C (A), 20°C (B) and 10°C (C) for the wild type 

(black), ΔCyanoP (orange), ΔCyanoQ (blue) and ΔPsb27 (red) strain. The relative OEC function is determined 

by oxygen evolution percentage relative to initial time point. Error bars represent the standard error from at 

least three independent experiments. 

 

Whilst photoinhibition with a light intensity of 1000 μE m
-2 

s
-1

 at 30°C for the wild type, 

ΔCyanoP and ΔPsb27 strains is similar, reducing the temperature to 20°C has little effect on 

wild type yet both ΔPsb27 and ΔCyanoP suffer increased photoinhibition. In the absence of 

the Psb27 subunit a small decrease in the equilibrium between damage and repair is 

observed (65% to 60%), likely the result of a temperature dependent reduction in the rate of 

repair which is required to maintain OEC activity in this strain. In the ΔCyanoP strain a 

marked reduction in the equilibrium level of photoinhibition is observed (70% to 45%) 

similar to the effect seen at a light intensity of 1000 μE m
-2 

s
-1

 at 30°C. Again this suggests 

repair mechanisms are limiting in this strain; alternative explanations would require D1 

turnover to be even higher in the absence of CyanoP than in the ΔPsb27 strain to illicit this 

effect. At a photoinactivation temperature of 10°C D1 synthesis dependent repair is slowed 
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such that a severe loss of activity occurs in all strains including wild type and there is no 

discernible difference in the absence of any of the extrinsic lipoprotein subunits.  
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6.3 CtpA Knockout Double Mutants 

 

6.3.1 The CtpA Protease 

 

The CtpA protease is responsible for processing of the D1 precursor (pD1) in Synechocystis 

6803 (Anbudurai et al., 1994). There are two additional ORFs that encode homologues of 

CtpA in the genome of Synechocystis 6803, termed CtpB and CtpC, however, despite their 

amino acid residue similarity neither appears related to PS II function. Both are located in 

the cellular periplasm whereas CtpA is targeted to the thylakoid lumen (Oelmuller et al., 

1996; Fulda et al., 2000; Ivleva et al., 2002; Komenda et al., 2007a). Consequently only the 

CtpA gene is of interest in this instance. Inactivation of the ORF encoding CtpA results in 

an obligate heterotrophic strain that is not capable of water oxidation or oxygen evolution 

(Anbudurai et al., 1994). An early PS II assembly intermediate complex containing the 

Psb27 subunit accumulates in this strain and significant radiative recombination between QA 

and YZ/His190 occurs, suggesting innate photoprotective mechanisms are active in these 

complexes where forward electron transport to QB is blocked (Anbudurai et al., 1994; Roose 

and Pakrasi, 2004; Liu et al., 2011a).  

 

To further investigate the nature of this complex, and specifically the role of Psb27 in more 

detail, a double mutant in which both CtpA and the Psb27 subunit have been knocked out 

was created. In addition the PPL and PQL proteins from higher plants appear to have 

functions distinct from the role of PsbP and PsbQ in PS II, thus it is not unreasonable to 

assume the cyanobacterial homologues may have similar alternative functions. Therefore, to 

test the notion that the cyanobacterial PsbP and PsbQ homologues interact with PS II only 

after the D1 C-terminus has been processed, the CtpA ORF was knocked out in wild type 

and all three of the PS II extrinsic lipoprotein knockout mutant backgrounds.  

 

6.3.2 Constructing CtpA Knockout Strains 

 

The first step in the creation of a construct to knock out the CtpA ORF involved 

amplification of the target region of genomic DNA from Synechocystis 6803 by PCR using 

the CtpAfwd and CtpArev primer pair (2.1.1). The PCR product was cloned into the pGEM-

t-EASY vector by TA cloning and confirmed by restriction digest and sequencing analyses. 

The resultant vector was then cut with the restriction enzyme BstEII, blunted and a 
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spectinomycin-resistance cassette (excised from pHP45ω using SmaI) was ligated into the 

vector, replacing a section of excised CtpA ORF. The final plasmid construct 

pΔCtpA::SpecR is detailed in Figure 6.11. This was subsequently sequenced, to confirm 

there are no mutations in the genomic flanking regions, then transformed into wild type and 

the ΔCyanoP, ΔCyanoQ and ΔPsb27 strains (2.3.4). 

 

  

 

 

Figure 6.11: Plasmid map of the CtpA knockout construct. The up- and down-stream flanking regions 

(UFR and DFR, respectively) are required for homologous recombination into the Synechocystis 6803 

genome. 

 

6.3.3 Characterisation of Double Mutants 

 

The room temperature Chl a fluorescence induction (Kautsky) curves for all of the CtpA 

knockout strains show negligible fluorescence induction, consistent with the lack of D1 

processing and OEC assembly (Figure 6.12) (Roose and Pakrasi, 2004). This confirms 

removal of CtpA stalls PS II biogenesis at an early stage and that the strains are fully 

segregated for the interruption cassette. 
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Figure 6.12: Fluorescence induction in the CtpA double mutant strains. Room temperature Chl a 

fluorescence induction of the ΔCtpA (black), ΔCyanoP:ΔCtpA (orange), ΔCyanoQ:ΔCtpA (blue) and 

ΔPsb27:ΔCtpA (red) strains. Wild type (dotted line) is also shown for reference. Traces have been normalised 

to F0 as determined by three low level measuring pulses applied 200 ms prior to commencement of the 

fluorescence induction sequence.  

 

The previously reported characterisation of a spontaneous CtpA deficient mutant in the wild 

type background revealed the occurrence of a low temperature TL emission band which 

indicates primary charge separation does occur; however, recombination rapidly follows 

(low activation energy) (Anbudurai et al., 1994). Part of the rationale behind creation of the 

ΔPsb27:ΔCtpA double mutant was to explore the effect of Psb27 on this recombination, 

including whether the presence or absence of Psb27 modulates the redox potentials of the 

main PS II co-factors. Characterisation of these centres may give rise to information on the 

function of subunits which require Psb27 for their own interaction with PS II prior to D1 

processing, such as the link between Psb27, Psb28, PsbJ and the QB site (Nowaczyk et al., 

2012). Analysis of this TL emission band and the effect removal of the Psb27 has on its 

characteristics was unfortunately hampered by microbial contamination of the newly created 

CtpA knockout strains. The contamination occurred before glycerol freezer stocks of the 

strains had been made so this prevented further investigation of these hypotheses during the 

timeframe of this project. Prior to the contamination low temperature (77 K) fluorescence 

emission analysis of the double mutant strains was performed (concurrently with room 
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temperature fluorescence described above) which revealed unexpected changes to PS II 

energy coupling and assembly in the ΔCyanoQ:ΔCtpA strain (Figure 6.13).  

 

 

Figure 6.13: Low temperature fluorescence spectra of CtpA double mutants. A: Fluorescence emission at 

440 nm excitation for the ΔCtpA (black), ΔCyanoP:ΔCtpA (orange), ΔCyanoQ:ΔCtpA (blue) and 

ΔPsb27:ΔCtpA (red) strains. B: Fluorescence emission at 580 nm excitation, colouring the same as in (A). In 

both (A) and (B) the wild type emission spectra are shown as dotted black lines. 

 

For emission at an excitation wavelength of 440 nm the implied PS II to PS I ratio reveals 

two distinct differences in the absence of either CyanoQ or Psb27 in the ΔCtpA background. 

In all strains, removal of CtpA results in a significant increase in the peak at 695 nm relative 

to wild type, however, for the ΔPsb27:ΔCtpA double mutant the increase in 695 nm 

emission relative to PS I is exacerbated but in ΔCyanoQ:ΔCtpA it is attenuated. The 

difference in ΔPsb27:ΔCtpA compared to the ΔCtpA strain is not unexpected because the 

Psb27 subunit binds prior to D1 cleavage and has previously been shown to influence the PS 

II to PS I ratio. In contrast, the reduced apparent PS II to PS I ratio in the ΔCyanoQ strain is 

a novel finding which suggests CyanoQ either interacts with PS II at an earlier stage than 

previously believed (either directly or via a feedback type response) or can independently 

influence the level of PS II versus PS I (or vice versa). The effect is mirrored in the 

fluorescence emission spectra at 580 nm excitation, where removal of the CyanoQ or Psb27 

subunits appear to influence PBS coupling in a reciprocal manner. However, the inability to 

distinguish between PBS terminal emitter fluorescence and PS II proximal antenna emission 

complicates interpretation of the spectra. If the changes in PS II to PS I levels apparent from 

the 440 nm excitation spectra are taken into consideration then the changes observed in the 



170 

 

685 nm peak (at 580 nm excitation)  correlate with the corresponding peak in the 440 nm 

excitation spectra. There appears to be a quenching of PS I emission in the ΔCtpA strain 

relative to wild type which can be attributed to a decrease in PS I relative to PS II as 

determined by whole cell pigment analysis (Figure 6.14). In addition the cellular carotenoid 

composition in the absence of CtpA is also increased, either indicative of oxidative stress or 

accumulation of PS II precursors in the absence of D1 processing. Carotenoids are 

necessary for PS II assembly and stability and are linked to the CP43 and CP47 subunits 

where they quench triplet radicals (Masamoto et al., 2004; Nixon et al., 2010).  

 

 

 

Figure 6.14: Whole cell absorption spectra for the CtpA double mutants. Whole cell absorption spectra 

for the ΔCtpA (black), ΔCyanoP:ΔCtpA (orange), ΔCyanoQ:ΔCtpA (blue) and ΔPsb27:ΔCtpA (red) strains 

normalised to the phycocyanin peak at 630 nm. The wild type absorption spectra is also shown (dotted line) 

for reference. 

 

The previously mentioned contamination of the ΔPsb27:ΔCtpA strain is evident in the 

whole cell absorption spectrum for this strain, where absorbance in the range less than 600 

nm is increased relative to all other strains in the normalised dataset. Furthermore a 

microbial film was also visible in the cell pellet during preparation for spectra acquisition; 

the spectrum has thus been included here for reference only and is not representative of the 

ΔPsb27:ΔCtpA strain in general. The remaining double mutant strains were not 

contaminated at the time these whole cell absorption spectra were first obtained and a 

second replicate was conducted before irregular spectra redolent of contamination appeared; 
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microbial infection of the strains was subsequently confirmed in the growth media on which 

the strains are maintained. Additional characterisation of the strains was therefore 

terminated. If additional characterisation of these double mutants is to be undertaken it 

would be prudent to generate each of the extrinsic knockouts in a ΔCtpA strain, rather than 

removing the CtpA gene from each of the pre-existing extrinsic knockout strains as was the 

case in this instance; the rationale behind this is to eliminate the potential effect of any 

secondary mutations that may have occurred in the single knockout mutants compared to 

wild type.  
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Chapter 7 

 

Discussion and Summary 
 

7.1 Overview 

 

The overall objective of this project was to contribute to the current understanding of both 

the structure and function of the cyanobacterial extrinsic lipoproteins of PS II and their 

higher plant homologues. The project encompassed three main aspects: firstly the structural 

characterisation of the CyanoQ and CyanoP subunits, secondly the design, modification and 

construction of instruments for specialised photosynthetic measurements and lastly 

physiological characterisation of extrinsic mutant knockout strains. A number of novel 

observations have been made and hypotheses formed which remain to be tested with future 

experiments. In addition two peer-reviewed journal articles have been published (attached at 

the end of this thesis for reference) and three structures deposited in the worldwide PDB.  
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7.2 Structural Characterisation 

 

At the commencement of this project no structures for any of the extrinsic lipoprotein 

subunits of PS II from cyanobacterial species had been solved. Thus the principal aim of the 

first half of this project was to determine the structure of the CyanoQ and CyanoP subunits 

from Synechocystis 6803; the structure of Psb27 was solved by another member of this 

research group (Mabbitt et al., 2009). Initially the most commonly applied route for protein 

structure determination, X-ray crystallography, was applied to both subunits. However, this 

was only successful for CyanoQ so an additional approach, solution state NMR 

spectroscopy was employed for CyanoP. Together these two techniques cover the majority 

of modern molecular biological routes to the determination of protein structures. Overall the 

structures obtained for CyanoQ and CyanoP are highly similar in domain fold to their higher 

plant homologues. This suggests the function of these proteins may be at least partially 

conserved and does not indicate that the cyanobacterial PsbV and PsbU subunits have been 

functionally replaced in higher plants by PsbP and PsbQ. 

 

7.2.1 CyanoQ 

 

Recombinant CyanoQ was expressed and purified from an E. coli expression system. 

Crystals of CyanoQ were subsequently grown in both the presence and absence of Zn
2+

. The 

addition of Zn
2+

 resulted in different crystal packing; therefore, both datasets were solved. 

In each case the CyanoQ subunit folds as a 4-helix up-down-up-down bundle. The backbone 

topologies of both structures are similar, however, there are side chain orientation 

differences and furthermore two bound zinc atoms were identified in the structure obtained 

in the presence of Zn
2+

. The domain fold of CyanoQ is highly similar to higher plant PsbQ 

which supports the notion that the PsbQ homologues from green algae and higher plants are 

derived from a CyanoQ ancestor. One of the zinc ions bound to CyanoQ is coordinated by 

conserved residues (His76 and Asp116) and positioned close to a large solvent-accessible 

surface cavity on the H2H3 face. Conservation of the equivalent residues in other phyla, 

along with their proximity to the H2H3 cavity, supports the hypothesis that these features 

are important for the role of the PsbQ subunit family. Furthermore, the similarity of the 

surface of CyanoQ in the presence of Zn
2+

 to that of spinach PsbQ suggests divalent cation 

binding may induce a functional conformational change in the cyanobacterial protein. These 
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features could be further investigated in vivo by site directed mutagenesis of the predicted 

cation ligands (His76 and Asp116). 

 

7.2.2 CyanoP 

 

Screening of potential crystallisation conditions for CyanoP proved unsuccessful, therefore 

an alternative route, solution state NMR spectroscopy, was taken for structural 

determination. Stable isotope labelled recombinant CyanoP was produced and used for 

collection of solution state heteronuclear NMR spectra. The chemical shifts of each atom 

were deduced from these spectra and combined with spectra-derived distance information to 

solve the structure by automated NOE assignment and simulated annealing. The overall 

domain fold of CyanoP (αβα sandwich) is highly similar to the crystal structures previously 

determined for PsbP homologues from higher plants. During the course of this project, 

whilst refinement of the CyanoP structure was commencing, a crystal structure of CyanoP 

from T. elongatus was reported (Michoux et al., 2010b). In addition homologue models for 

two higher plant PPL subunits have been produced in this project. Comparisons between all 

of the available structures have revealed that despite the apparent similarities in the domain 

fold of the CyanoP subunits from cyanobacteria and their higher plant homologues there are 

distinct local differences in secondary structure elements and conserved residue positions 

(Jackson et al., 2012). The CyanoP homologues are structurally most similar to PPL 

proteins, as previously deduced from sequence analysis (Sato, 2010). Both share a 

prominent surface cleft on the L1H2 face which differentiates these homologues from the 

higher plant PsbP subunit. In the CyanoP structure from Synechocystis 6803 disorder was 

observed in a loop region immediately adjacent to the L1H2 cleft (loop 1), suggesting it is 

flexible in solution and therefore potentially may undergo a conformational shift upon 

binding or interaction with another protein subunit. The T. elongatus CyanoP structure 

contains a large number of bound zinc atoms, yet it is unlikely they are all biologically 

significant (Michoux et al., 2010b). Analysis of the CyanoP solution structure obtained in 

this project points to a possible link between the Z1 metal binding site and loop 1. 

Furthermore the Z1 binding site is conserved in PPL subunits suggesting it is functionally 

important; however, the role of this putative cation binding site remains to be examined at a 

physiological level in vivo.  
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7.2.3 Future Structural Characterisation 

 

The current atomic level structure of a PS II dimer represents a centre where the OEC is 

active and therefore late in the biogenesis pathway but several subunits thought to be 

present in so-called mature centres are absent (Kashino et al., 2002a; Kashino et al., 2002b; 

Umena et al., 2011). Furthermore the structures of the many intermediate complexes in PS 

II biogenesis, damage and repair remain to be determined. Structural information can be 

useful when attempting to ascribe physiological measurements to a protein’s function; 

gaining this knowledge therefore has significant merit. Defining precisely when and where 

various subunits interact is difficult as many proteins are only transiently associated with PS 

II. In addition the dynamic nature of the complex and interplay between the biogenesis and 

repair processes results in a heterogeneous pool of PS II centres, each with a distinct protein 

complement. Whilst the current focus on elucidating the subunit composition and functional 

activity of these intermediate complexes has yielded significant new information, structural 

characterisation would complement the progress in this area (Komenda et al., 2012a).  

 

Characterisation of all these intermediate complexes faces several challenges. Methods 

currently explored for determining the interaction interfaces and binding sites of extrinsic 

lipoproteins (and their higher plant homologues) to the PS II complex include: chemical 

crosslinking, electron microscopy and in silico docking. Whilst these methods each have 

their own strengths and weaknesses, the general consensus is that they cannot provide as 

unequivocal answer as resolving the structure of assembly intermediate complexes in fine 

detail would. Furthermore inconsistencies exist in the reported data, mostly linked to 

limitations inherent in using structural models of the active PS II complex in attempts to 

elucidate early assembly structures. For example: reports of PS II binding models for the 

Psb27 subunit based on in silico docking fail to account for the likely structural differences 

between centres lacking PsbO, PsbU and PsbV and that of a mature PS II centre (Cormann 

et al., 2009; Fagerlund and Eaton-Rye, 2011; Bricker et al., 2012). Recent crosslinking 

evidence has highlighted this oversight and demonstrates the fragility of current computer 

based protein-protein interaction prediction programs, particularly when homology models 

are used. In these situations correct docking models are only occasionally produced and it is 

difficult to distinguish the correct outcomes from random solutions (Feliu and Oliva, 2010; 

Kozakov et al., 2010; Liu et al., 2011b).  
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The low abundance of PS II assembly intermediate and repair complexes under standard 

growth conditions presents a barrier to their successful structural characterisation. Mutant 

strains in which they accumulate, such as ΔCtpA mutants investigated in this study, can be 

exploited to provide an enriched target protein source. Isolation of these complexes is not 

overtly difficult, however, it only represents a preliminary step in the structure 

determination process, the real challenge is how to further analyse them at a structural level. 

Membrane bound proteins are notoriously difficult to characterise and obtaining suitably 

large crystals with sufficient diffraction properties can be fraught with obstacles (Carpenter 

et al., 2008). As a result there are fewer than 400 unique intrinsic membrane protein 

structures deposited in the PDB out of a total of over 74000 entries (Berman et al., 2003; 

Hunter and Fromme, 2011). Advances in X-ray diffraction data collection methods for 

microcrystals may reduce the size of crystals necessary for collection of high resolution 

diffraction data thereby increase the success of intrinsic membrane protein characterisation 

(Hunter and Fromme, 2011; Kern et al., 2012). However, it has yet to be demonstrated 

whether these methods will achieve resolution comparable to macro-crystal diffraction.  

 

An alternative avenue for structural characterisation, not yet reported for PS II complexes, is 

the use of NMR spectroscopy. In order to achieve success with this approach the size 

limitation associated with traditional aqueous solution state experiments needs to be 

overcome. New techniques in this field are making possible characterisation of large 

membrane bound proteins: for example, chemical shift perturbation experiments have been 

used to study the interaction between cytochrome c6 with the PS I complex using detergent 

micelle encapsulation (Diaz-Moreno et al., 2005). A similar approach could be used for 

encapsulated PS II assembly intermediates, the purification and isolation of which are 

routinely achieved using affinity chromatography (Wegener et al., 2008; Boehm et al., 

2011; Grasse et al., 2011; Liu et al., 2011b; Liu et al., 2011a). A further NMR spectroscopy 

technique, known as transferred cross-saturation, has been developed for the study of the 

interaction between the subunits of large protein complexes where one of the proteins is 

selectively labelled (Takahashi et al., 2000). Application of this technique would provide a 

rapid screening method to assess the binding of labelled recombinant extrinsic subunits to 

isolated centres; preliminary spectral analysis and would indicate whether further detailed 

spectroscopic analysis is likely to yield favourable data. In the case of higher plant extrinsic 

protein homologues the washing and rebinding of these subunits from isolated PS II 

complexes is routine so therefore attaching a labelled recombinant protein would not be an 
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onerous task (Kakiuchi et al., 2012). The resulting complex would then need to be 

solubilised with a detergent micelle and could subsequently be used for spectral analysis. In 

order to subsequently identify which residues are involved in the binding area between the 

target and receptor complex the backbone amide resonance shifts for the target subunit 

would be required. The backbone NMR assignments have already been made for higher 

plant PsbQ which would facilitate these types of experiment (Hornicakova et al., 2011). In 

addition elucidation of the backbone resonances for the CyanoQ protein would complement 

those already made for CyanoP and Psb27 from Synechocystis 6803 (Mabbitt et al., 2009; 

Jackson et al., 2012). Additional solution state NMR experiments for recombinant CyanoP 

and CyanoQ might include investigation of the role of cation binding in solution and the 

specificity for Zn
2+

. Complementary approaches to this would be isothermal calorimetery 

(ITC) and in vivo mutagenesis of the predicted cation ligands. For CyanoP the involvement 

of loop 1 in Zn
2+

 binding and function could be assessed by similar methods.  
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7.3 Instruments 

 

7.3.1 Low Temperature (77 K) Fluorometer 

 

The primary aim of this section of the project was to convert an existing room temperature 

fluorescence spectrophotometer to an instrument capable of collecting fluorescence 

emission spectra at 77 K. The final converted instrument works satisfactorily and has been 

utilised for characterisation of mutants investigated in this project. The high spectral 

resolution enables distinction between the C-PC and APC emission peaks but the PS II 

peaks at 685 and 695 nm are not well dispersed from each other or the PBS terminal emitter 

fluorescence at 683 nm. Although these peaks are generally also not resolved in reported 

examples within the current literature, the ability to distinguish them would aid 

interpretation of the data. The quality of the spectra produced (and hence resolution) is 

related to the signal to noise ratio; an improvement in this, such as could be achieved by 

replacement of the PMT with a photodiode, would enable use of a smaller slit width and 

result in a corresponding increase in spectral resolution. Furthermore, photodiodes have a 

faster response time which would allow additional experiments to be performed using the 

instrument;  for example, time-resolved spectral analysis could be achieved by installation 

of a room temperature sample holder. A setup of this kind would provide another means to 

examine the changes in PBS movement and energy coupling observed for the extrinsic 

lipoprotein mutant strains in this project.  

 

7.3.2 Thermoluminescence Instrument 

 

To further examine the charge recombination processes within wild type and the effect of 

removal of the extrinsic lipoproteins, the design and construction of an instrument capable 

of TL measurements was undertaken. Overall the basic components of the TL instrument 

are complete and function as initially intended; however, two small mechanical 

modifications are required to fully realise the instrument’s potential. The instrument is 

composed of several component modules which function in a coordinated manner. Each was 

tested independently before the system as a whole was used to collect data on biological 

samples. For the sample temperature regulation module there were three key design criteria: 

a temperature range of -30ºC to 65ºC, fast transition rates between temperatures and the 

ability to specify a variety of heating ramp rates. All criteria were met successfully, 
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resulting in the temperature ramp and cooling rate outperforming those specified for the 

only commercially available TL instrument (Photon System Instruments, Czech Republic). 

The temperature control and transitions could be further improved (to allow faster 

stabilisation following temperature transitions and reduce over or undershoot) by modifying 

the control algorithm to include a reference table of different PID parameters for various set 

points and heating ramp rates. Although in the present configuration the cooling rate is 

faster than the commercial instrument it could be further improved by reducing the volume 

(mass) of the sample holder and also constructing it out of a metal with lower specific heat 

capacity and higher conductivity such as copper. The specific heat capacity of copper is less 

than half that of the aluminium alloy currently used, thus the cooling rate could 

conservatively be doubled from the current level. 

  

In terms of the application of the instrument for characterising the A, Q and B TL bands of 

Synechocystis 6803, the limiting factor at present is the requirement for a high concentration 

of Chl a in the sample. The total loading of Chl a required is within the range routinely 

reported in literature for TL measurement in Synechocystis 6803, yet different mechanical 

dimensions of the instrument designed in this project result in a higher optical density of the 

sample which limits the ability of a single flash to saturate all centres. The current sample 

holder diameter is governed by the choice of PMT module configuration (a side-on module 

with a limited optical area) which was selected based on published recommendations 

(Ducruet, 2003). In hindsight, more suitable models are available such as end-on modules 

with increased active areas. A photon counting configuration would also greatly improve the 

signal to noise ratio. To facilitate TL measurement using single turnover flashes with the 

current PMT module the sensitivity of the instrument needs to be increased. Addition of an 

aspherical lens to collimate light from the sample into the PMT window would afford a 

considerable increase in photon gathering efficiency and also allow an increase in the 

diameter of the sample holder. Increasing the sample surface area would in turn reduce the 

optical density of the sample and increase the ability of light to penetrate the sample and 

saturate all centres. Alternately (or in conjunction with previously described modifications) 

replacement of the PMT module with a photon counting avalanche photodiode (APD) 

module would result in a significant increase in the signal to noise ratio and allow lower 

sample concentrations to be measured. Implementation of these improvements should lower 

the required concentration of Chl a closer to the range employed in fluorescence 

experiments and ensure efficient saturation of all PS II centres with a short actinic flash. 
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The suggested improvements, particularly use of a photon counting APD module (or 

alternately a silicon photomultiplier module), would represent a considerable advancement 

in the design of reported TL instrumentation for photosynthesis measurements (Vass, 2003; 

Ducruet and Vass, 2009). Furthermore an APD module would be more durable and also less 

sensitive to electromagnetic interference from the Peltier module, thus allowing use of the 

more energy efficient pulse-width-modulation type control. Given these advantages, 

combined with the low power requirements and physical size of LEDs compared to xenon 

flash tube systems, there is potential to adapt the current design to that of a portable 

instrument capable of TL measurements in the field. Compromises would need to be made 

in order to further conserve power and reduce the heat sink requirements of the Peltier 

element: a reduced temperature range (-10ºC to 65ºC) would allow the device to be air 

cooled, thus eliminating reliance on a reticulated water bath. Scope for development of such 

an instrument in crop assessment has been previously identified yet no commercial 

instruments are currently available; TL can be used for analysis of plant stress including: 

drought, high light, nutrient limitation and heavy metals toxicity (Horvath et al., 1998; 

Misra et al., 2001; Ducruet, 2003; Skotnica et al., 2003; Vass, 2003; Gilbert et al., 2004; 

Ducruet and Vass, 2009; Rappaport and Lavergne, 2009). 

 

7.3.3 Additional Versatility 

 

The TL instrument has been designed as a versatile instrument. In the current configuration 

it can also be used to measure temperature-dependent delayed light emission (DLE) and 

replacement of the PMT with an APD would further enhance this capability. In addition the 

flash control unit and LED light source both contain inbuilt versatility so that they can be 

used for complex photoactivation experiments such as those used to reveal the two-step 

mechanisms of photoactivation in Synechocystis 6803 (Hwang and Burnap, 2005). 

Investigation of photoactivation at different temperatures might reveal details of the kinetics 

of the dark rearrangement step of photoactivation and possible involvement of the CyanoP 

subunit. For this type of experiment the OEC could be inactivated with UV light or 

extracted with hydroxylamine and photoactivated using variable flash spacing (Burnap et 

al., 2007). Alternately the LED light source can also be used for single turnover oxygen 

evolution experiments (given the availability of a suitable bare platinum electrode system) 
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where variable flash spacing is exploited to measure stability or decay of different S-states; 

as previously examined for CyanoP (Sveshnikov et al., 2007).  
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7.4 Physiological Characterisation 

 

7.4.1 Overview 

 

The aim of the physiological characterisation component of this project was to explore the 

role of the extrinsic lipoproteins of PS II in Synechocystis 6803. A number of novel 

observations have been made and loss-of-function phenotypes identified. In conjunction 

with the current theories and published observations from other research groups the findings 

presented in this project are suggestive of interplay between the exchange of extrinsic 

lipoproteins during biogenesis of PS II and regulation of energy coupling. The results 

obtained are in agreement with the hypothesis that Psb27 associates with PS II early in 

biogenesis, prior to D1 processing (Bricker et al., 2012). In contrast CyanoQ is currently 

thought to be associated with so-called mature PS II centres; however, observations made in 

this project imply the absence of CyanoQ affects PS II centres in which D1 has not been 

processed (Roose et al., 2007b). Whether this effect occurs in wild type or if it is simply an 

artefact occurring as a result of the non-native state found in the assembly defective mutant 

remains to be examined. The interaction might also be indirect, through other pathways 

which are perturbed in the absence of CyanoQ. The opposite apparent energy coupling 

phenotypes for the ΔCyanoQ:ΔCtpA and ΔPsb27:ΔCtpA strains suggests these subunits 

might function in a reciprocal manner.  

 

If binding of the CyanoQ subunit does normally occur after dissociation of Psb27 then it 

follows that centres containing Psb27 might accumulate in the absence of CyanoQ, thus 

giving the reverse phenotype to that observed in the ΔPsb7 strain.  Indeed Psb27, along with 

the Psb28 and Psb29 subunits, are present in increased abundance in centres isolated from a 

ΔCyanoQ strain (Wegener et al., 2008). The Psb28 and Psb29 subunits are also both up-

regulated in ΔCyanoP which suggests there is crossover in the functional mechanisms of the 

CyanoQ and CyanoP subunits. The Psb29 subunit was not directly studied in this project but 

is linked to biogenesis of PS II and is predicted to bind on the stromal side of PS II (Kashino 

et al., 2002b; Keren et al., 2005). Interestingly, homologues of the CyanoP and Psb29 

subunits are present in G. violaceus, yet the CyanoQ and Psb27 subunits are absent 

(Nakamura et al., 2003). This suggests CyanoQ and Psb27 might be linked to the 

evolutionary development of the thylakoid membrane system. Curiously, both CyanoQ and 
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Psb27 fold as 4 helix up-down-up-down bundles; the significance of this observation 

remains to be examined, it may be coincidental as this domain fold is not uncommon. 

 

7.4.2 Psb27 

 

The biochemical identification of an interaction between Psb27 and PS I fits with a role for 

this subunit in organisation of supercomplexes within the thylakoid membrane (Komenda et 

al., 2012a). In addition the differences in energy coupling between PBS, PS II and PS I 

identified in this project add support to this hypothesis. Turnover of the D1 protein is 

accelerated in the absence of Psb27 and there appears to be an increase in PS II centres 

undergoing repair, yet when protein synthesis is blocked the rate of activity loss for the 

ΔPsb27 strain compared to wild type is similar (Komenda et al., 2012b). This suggests only 

a small proportion of centres in ΔPsb27 are turning over and that Psb27 is required for 

stability or protection of early assembly complexes from damage. Indeed Psb27 has been 

implicated in stabilisation of CP43 prior to incorporation into the PS II complex (Boehm et 

al., 2011; Liu et al., 2011b). Additionally it is plausible the Psb27 subunit is required to 

prevent degradation of the D1 protein which normally occurs in the absence of a functional 

OEC cluster (Krieger et al., 1998). In order to resolve this hypothesis turnover of the D1 

protein in the ΔCtpA and ΔPsb27:ΔCtpA strains could be assessed to determine whether 

centres are less stable in the absence of Psb27. Combined, these observations highlight the 

link between ETC component arrangements within the thylakoid membrane and PS II 

biogenesis and repair.  

 

As well as an increase in the abundance of the Psb27, Psb28 and Psb29 subunits in the 

ΔCyanoQ strain a novel operon encoding so-called PS II assembly proteins (Pap) is up-

regulated (Wegener et al., 2008). These proteins bind on the cytosolic side of PS II and may 

serve to help protect centres during assembly of the lumenal OEC complex. This implies 

that in the absence of CyanoQ, centres which are in a photoprotective state with Psb27 

bound are present. It is likely these protective mechanisms are active in the early assembly 

process to prevent triplet Chl a formation or oxidative damage to the PS II core during 

biogenesis (Vass, 2011). Furthermore TL analysis shows there are differences in 

recombination pathways in the ΔPsb27 strain indicating innate photoprotective mechanisms 

may be altered in the absence of Psb27. Such protective pathways might become saturated 

with too much input energy as demonstrated by the increased photoinhibition of the ΔPsb27 
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strain at high light levels relative to wild type. A PsbJ deletion strain (ΔPsbJ) of T. elongatus 

accumulates monomers of PS II containing both Psb27 and Psb28 (Nowaczyk et al., 2012). 

It appears binding of PsbJ and QB insertion are necessary before further assembly of centres, 

which might also imply the assembly of the OEC is dependent on the presence of an 

electron sink. In addition, the normal copy of D1 (PsbA1) is replaced by the stress-induced 

variant (PsbA3) in the ΔPsbJ strain. Differences in the midpoint-potential of redox co-

factors in PS II core complexes containing different variants of D1 are linked to innate 

photoprotection mechanisms (Vass, 2011). It is possible the absence of Psb27 results in an 

analogous shift in the QB potential and therefore an up-regulation of innate photoprotective 

mechanisms is observed. Binding of Psb27:CP43 might induce an allosteric change to the 

QB binding site and thereby reduce the level of photoprotection as assembly of the PS II 

complex progresses; this may also be necessary for efficient photoactivation. 

 

7.4.3 CyanoQ 

 

Energy coupling between PS I and PS II appears to be elevated in the absence of CyanoQ 

relative to wild type, thus the apparent energy input to PS II is reduced. This observation is 

in line with the earlier hypothesis that the intralumenal pool of CyanoQ might be involved 

in feedback response with the Psb27 subunit which appears to promote coupling between PS 

I and PS II. If the earlier hypothesis that PS I protects PS II as it undergoes biogenesis 

(regulated by Psb27) holds true then the uncoupling of PS II might be triggered once the 

OEC is formed and CyanoQ binds. An increase in CpcG1-PBS core association with PS I 

observed in the ΔCyanoQ strain would present a steric hindrance to CpcG2-PBS binding PS 

I. This might therefore explain why CyanoQ appears necessary to prevent rapid 

photoinactivation and why the ΔCyanoQ strain is more susceptible to photoinhibition: in the 

photoinhibition assay PS I activity might not be as high as wild type (because CpcG2-PBS 

cannot bind) so as a result the PQ pool becomes over reduced which leads to acceptor side 

photoinactivation.  

 

Organisation of photosynthetic ETC components within the thylakoid membrane is 

important, highlighted by the evolutionary development of the state transition mechanisms 

to control energy distribution. If CyanoQ is associated with active centres then it might also 

be required (either directly or indirectly) for regulation of thylakoid organisation of mature 

centres. Interaction between photosystems might facilitate a form of load-sharing to enable 
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efficient repair by temporarily alleviating excitation pressure on PS II centres with a 

damaged OEC. If this does not occur then the centre might become further damaged to the 

extent that D1 replacement is required. Dissociation of PBS will then occur to allow access 

to the D1 N-terminus to facilitate FtsH protease mediated D1 degradation (Komenda et al., 

2007b). It follows that under any conditions where damage might occur, the role of CyanoQ 

and its effect on energy coupling will provide an advantage. This might account for why the 

oxygen evolution rate appears lowered in the ΔCyanoQ strain under steady state and 

photoinhibitory conditions. It is likely CyanoQ attaches once the OEC group is formed and 

PS I dissociates (or vice versa), thus centres isolated using a His-tag on the CyanoQ subunit 

appear more active than the average pool of PS II (Roose et al., 2007b). Furthermore in the 

absence of CyanoQ the Psb27 subunits might remain bound and keep centres in a 

photoprotective mode. This is in line with the reduced Q-band emission observed in the 

ΔCyanoQ strain and could also be related to the Pap operon (Wegener et al., 2008). 

Fluorescence analysis has shown the Psb27 and Psb28 containing monomers which 

accumulate in the ΔPsbJ strain of T. elongatus centres have a longer lived QA
-
 species which 

is similar to that for isolated PS II complexes containing Psb27 and also the ΔCyanoQ strain 

previously reported, again suggesting an increase in the level of Psb27 containing centres in 

ΔCyanoQ (Kashino et al., 2006; Liu et al., 2011a; Nowaczyk et al., 2012). 

 

7.4.4 CyanoP 

 

In contrast to Psb27 and CyanoQ, the observations made for the ΔCyanoP strain point to 

less of a role in supercomplex formation or regulation and more towards a function in the 

repair mechanisms of PS II; although the two are not mutually exclusive. The fluorescence 

induction data and increase in CpcG1-PBS uncoupling observed in the ΔCyanoP strain 

suggests an increased proportion of centres have a damaged OEC in this strain. This 

hypothesis is supported by observations that damage to the OEC induces decoupling of the 

PBS (Hwang et al., 2008). The photoinactivation assays suggest CyanoP is required to 

maintain activity under high light conditions and potentially linked to repair of damaged 

OEC clusters but not D1 dependent repair (Mohanty et al., 2007). This hypothesis fits with 

the previously identified association between Ca
2+

 and Cl
-
 dependence for the ΔCyanoP and 

ΔCyanoQ strains (Thornton et al., 2004). When the oxygen evolution capacity is measured 

in whole cells the ΔCyanoQ strain is more susceptible to Ca
2+

 and Cl
-
 limitation whilst for 

isolated centres ΔCyanoP is more sensitive. If, as predicted, centres are protected from 
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photodamage during biogenesis then CyanoP might only be required in mature centres. This 

implies that CyanoQ is required for the function of CyanoP; in the absence of CyanoQ the 

thylakoid organisation might be in a state where it is more difficult for CyanoP to carry out 

its role.  

 

7.4.5 Higher Plant PS II Extrinsic Protein Homologues 

 

Given the structural similarity and highly conserved nature of the extrinsic lipoproteins 

between cyanobacteria and their higher plant homologues it cannot be discounted that they 

are likely to share similar functional roles. Indeed several of the observations made for the 

higher plant PsbP, PsbQ and Psb27 homologues support this idea; however, the presence of 

multi-gene families and tissue specific expression in higher plants can complicate the 

dissection of the role of these proteins (Ifuku et al., 2008). In Arabidopsis the absence of the 

PsbP subunit results in similar perturbations to the OEC function and fluorescence 

characteristics as to those attributed to an increased proportion of damaged centres in the 

ΔCyanoP strain of Synechocystis 6803 in this project (Yi et al., 2008). In addition the PPL1 

subunit appears to function in an analogous manner to the cyanobacterial homologue, 

facilitating repair of damaged PS II centres; on the other hand the PPL2 subunit is not 

associated with PS II, rather it has been linked to the NAD(P)H dehydrogenase (NDH) 

complex (Ishihara et al., 2007). The PQL subunits have also been linked with the NDH 

complex which is intriguing as it is involved in cyclic electron transport around PS I and 

would also serve to regulate energy flux about the photosynthetic ETC (Suorsa et al., 2010; 

Yabuta et al., 2010). This suggests PsbP and PsbQ family members have diverged into 

further roles in coordinating various thylakoid membrane located complexes in higher 

plants.  

 

In general the observations made for the PsbQ subunit in higher plants fit with the 

hypotheses presented in this project for the cyanobacterial homologue. The apparent 

stabilisation roles attributed to this subunit in higher plants might be the indirect result of 

changes to energy coupling and protective mechanisms as hypothesised for the 

Synechocystis 6803 homologue. Removal of the PsbQ subunit results in increased 

susceptibility of PS II to damage and changes to thylakoid organisation. Furthermore 

analysis of gene transcription implicates PsbQ as involved in regulation of energy 

distribution and light regulation (Gaur and Tyagi, 2004). In addition the PsbQ subunit 
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stabilises PsbP binding to PS II, as observed for the cyanobacterial homologues in this 

project (Kakiuchi et al., 2012). The Psb27 subunit interacts with CP43 and is required for 

PS II supercomplex formation Arabidopsis and its absence results in changes to the grana 

stacks, light harvesting antenna association and regulation of state transitions (Dietzel et al., 

2011). It has also been identified as required for efficient repair of damaged D1; a function 

which is likely to be linked to the thylakoid arrangements and supercomplex formation as 

observed for the cyanobacterial Psb27 subunit (Chen et al., 2006; Wei et al., 2010). 

   

7.4.6 Future Physiological Characterisation 

 

There are outstanding hypotheses generated by this project which remain to be investigated. 

Some of the proposed experiments are possible with currently available instruments, others 

would require the customisation or purchase of new equipment. The identification of a 

number of novel phenotypes for the extrinsic lipoprotein knockout mutants will enable site-

directed mutagenesis to target specific residues and motifs identified as functionally 

important. In addition further characterisation of the single and double mutant strains with 

tailored experiments to complement those presented in this project, such as more detailed 

investigation of PBS coupling and movements, is required. Photoactivation studies of the 

ΔCyanoP strain would be necessary to investigate the hypothesis that CyanoP is involved in 

repair of the OEC. Proteomic based approaches including structural characterisation of PS II 

assembly intermediate complexes might reveal novel information on which to assess 

physiological data. 
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7.5 Conclusions 

 

The structures of the CyanoQ and CyanoP subunits from Synechocystis 6803 have 

successfully been determined. The C-terminal domain of the CyanoQ protein is highly 

similar to that of higher plant PsbQ, both folding as four-helix bundles. In addition both 

homologues share a large hydrophobic cavity on the H2/H3 face, in close proximity to two 

conserved residue which can co-ordinate Zn
2+

 binding in the CyanoQ protein. Similarly for 

CyanoP the overall domain fold is comparable to higher plant PsbP, yet more closely related 

to higher plant PPL homologues. A potentially significant surface cavity has been identified 

as well as a possible cation binding site shared with PPL homologues but not all 

cyanobacterial PsbP family members. The high degree of similarity for the cyanobacterial 

extrinsic lipoproteins and their higher plant family members suggests that the roles of PsbP 

and PsbQ are evolutionarily conserved. This raises the question as to which subunits replace 

the function of the PsbU and PsbV subunits that are present in cyanobacteria but not higher 

plants. Differences in the N-termini of CyanoQ and higher plant PsbQ might explain some 

degree of functional divergence. Similarly for CyanoP the N-terminus appears to lack any 

defined secondary structure. Combined with the lipid modification of the cyanobacterial 

subunits but not the higher plant homologues this suggests the molecular mechanisms 

behind any function the N-terminal regions may possess are not evolutionarily conserved.  

 

Removal of the extrinsic lipoprotein subunits influences energy coupling to PS II, although 

whether this is a direct or indirect effect remains to be determined. It appears there may be 

exchange between the Psb27 and CyanoQ subunits during the biogenesis and repair cycles 

of PS II. In early PS II assembly complexes, the presence of bound Psb27 appears to 

activate innate photoprotective mechanisms which help to protect the D1 protein from 

degradation. Thus, the potential role for Psb27 might be to control energy coupling such that 

PS II does not become excited before the centre is fully capable of water oxidation. It might 

begin this role by stabilising the CP43 subunits from light induced damage and then 

continue to protect the PS II complex until the OEC is assembled. The CyanoP protein 

appears necessary for efficient repair or photoactivation of PS II and its absence results in an 

increased susceptibility to photoinhibition. Further experimental investigation is required to 

explore the hypotheses put forward in this project and site-directed mutagenesis of 

individual residues could be used to examine the significance of structural features 

identified from analysis of the CyanoP and CyanoQ subunits. 
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Appendices 

 

Appendix 1: NMR Spectra 

 

 

Appendix 2: Fluorescence Data Collection Protocols 

 

[Kautsky fluorescence induction] 

 
MeasuringFlash=4us 
MeasurDelay=2us 
ActinicFlash=0us 
AuxDuration=100s        
PreFlash=3us              
include default1.inc                
include detector.inc 
M_Voltage=100Num           
F_Voltage=0 
A_Voltage=50Num           
<init>=>FastMode(0),Gain1(80) 
first=31.6227766us 
second=39.81071706us 
stop=100s             
h=<200us,400us..800us> 
if(PreFlash GR 0) Then 
 h=>mfm1sub 
else 
 h=>fm1 
end 
i=1ms 
<i>=>A1 
j=i+[first,second..stop] 
if(PreFlash GR 0)then 
 j=>mfm1sub 
else 
 j=>fm1 
end 
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[QA reoxidation] 

 

MeasuringFlash=3us 
MeasurDelay=2us 
ActinicFlash=30us 
AuxDuration=ActinicFlash 
PreFlash=0us 
 include default1.inc        
include detector.inc 
M_Voltage=100Num 
F_Voltage=90Num 
A_Voltage=F_Voltage 
<init>=>FastMode(0),Gain1(100)  
k=<200us,400us..600us>             
if(PreFlash GR 0) Then 
 k=>mfm1sub 
else 
 k=>fm1 
end 
<2ms>=>FastMode(1),Gain1(3)  
gdelay=200ms  
j=<0us,1us..50us> 
<gdelay+10us>=>F1 
gdelay+j=>m1 
newgain = gdelay + 51us 
<newgain>=>FastMode(0),Gain1(100)  
newgaindelay = 4ms+newgain-10us 
first = 1ms 
second = 1.258925ms 
stop = 60s 
j=newgaindelay+[first,second..newgaindelay+stop]      
if(PreFlash GR 0) Then 
 j=>mfm1sub 
else 
j=>fm1 
end 
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ABSTRACT: In Synechocystis sp. PCC 6803, PsbQ is asso-
ciated with photosystem II (PSII) complexes with the
highest activity and stability. However, this subunit is not
found in PSII X-ray crystallographic structures from
Thermosynechococcus elongatus or Thermosynechococcus
vulcanus. We present the crystal structure of cyanobacterial
PsbQ determined in the presence and absence of Zn2þ. The
protein has a well-defined helical core, containing four
helices arranged in an up-down-up-down fold. A con-
served potential interaction site composed of a divalent
metal binding site and adjacent hydrophobic pocket has
been identified.

Water splitting in oxygenic photosynthesis is conducted by
photosystem II (PSII)1 in thylakoid membranes of chloroplasts
and cyanobacteria (1, 2). A group of extrinsic hydrophilic proteins
(PsbO, PsbP, PsbQ, PsbU, PsbV, and Psb27) are associated with
the lumenal face of the photosystem, but the composition of
bound subunits varies between phyla. X-ray crystallographic
studies from the cyanobacteria Thermosynechococcus elongatus
and Thermosynechococcus vulcanus have confirmed the structure
and position of PsbO, PsbU, and PsbV (1-3). However, in green
algae and plants, PsbU and PsbV are absent (4). Although not
found in the currently available X-ray-derived structures of PSII,
homologues of PsbP, PsbQ, and Psb27 are encoded in the genome
of T. elongatus, and all three subunits were identified within
PSII preparations from Synechocystis sp. PCC 6803 (hereafter
Synechocystis) (4, 5).

In cyanobacteria, the PsbQ, PsbP, and Psb27 homologues
contain a motif for an N-terminal lipid-modified cysteine and
thus form a unique group of extrinsic PSII lipid-modified
proteins: lipid modification of this cysteine has been confirmed
for Psb27 and PsbQ (6-8). Psb27 appears to play a role in PSII
assembly (7, 9), and its solution structure has been deter-
mined (10, 11). The structure and function of PsbP remain
unclear, and it appears to be substoichiometric (6, 12, 13). PsbQ,
however, is required for optimal PSII activity, appears to be
stoichiometric, and is associated with the most stable and active
PSII complexes isolated from Synechocystis (6, 14, 15). This
indicates that PsbO, PsbU, PsbV, and PsbQ are all present in the
mature form of PSII in this cyanobacterium.

PsbQ structures have been obtained from Spinacia oleracea
(spinach), and these required Zn2þ for crystallization (16, 17).We
have obtained the X-ray-derived structure of PsbQ from Syne-
chocystis, both in the presence and in the absence of bound Zn2þ.
Comparison of this structure with its plant homologue identified
several novel structural elements that may be required for both
the function and binding of PsbQ to cyanobacterial PSII.

The homologue of PsbQ from Synechocystis (Sll1638) was
overexpressed in Escherichia coli as a fusion protein with gluta-
thione S-transferase (Figure S1 of the Supporting Information).
The fusion protein was purified by affinity chromatography and
proteolytic cleavage to yield a recombinant peptide including the
entire predicted mature sequence of PsbQ (residues 22-149) with
a Gly-Pro-Leu-Gly-Ser pentapeptide N-terminal extension. The
protein was concentrated between 14 and 18 mg/mL, and crystals
were obtained using the hanging-drop, vapor-diffusion method.
TheX-ray crystal structure in the absence of Zn2þwas determined
by multiwavelength anomalous dispersion using both a seleno-
methionine derivative and a native form of the recombinant
protein. The structure of PsbQ in the presence of Zn2þ was
determined bymolecular replacement using the structure obtained
in the absence of Zn2þ. In the structure without Zn2þ, residues
Thr32-Pro146 were ordered, whereas in the presence of Zn2þ, all
residues and two zinc atoms could be fitted to the electron density.

A sequence alignment highlights the low level of conservation
among cyanobacteria, algae, and higher-plant primary sequences
and illustrates the secondary structural differences between PsbQ
from Synechocystis and the spinach protein (Figure 1). Both in
the presence and in the absence of Zn2þ, cyanobacterial PsbQ
folds as a four-helix up-down-up-down bundle similar to
PsbQ from spinach except that in Synechocystis the second
R-helix (H2) is split by a small loop between residues Gly77 and
Leu79 (Figure 2A). The four helices span residues 35-64 (H1),
68-92 (H2), 95-121 (H3), and 127-145 (H4). Other notable
differences include longer H1 andH3 helices compared with those
of the spinach structure and an apparent lack of any structural
motifs within the cyanobacterial N-terminus. The N-terminus of
spinach PsbQ has two parallel β-strands, the first of which is
essential for binding of spinach PsbQ to PSII (17, 18). The absence
of these in cyanobacterial PsbQ suggests binding mechanisms
differ between organisms.

There are six invariant residues in cyanobacteria: Leu59, Trp68,
Gly77, Pro78, Leu93, and Asp116 (Figures 1 and 2A,B). In
addition, 11 highly conserved residues are present: Ile38, Ile63,
Asn67, Ile75, His76, Leu79, Leu89, Gln98, Leu112, Leu115, and
Ala119. The majority of conserved residues are positioned near
the apex of PsbQ away from both termini (Figure 2A). Helix 2
is disrupted by the occurrence in cyanobacteria of a dipeptide,
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Gly-Pro, in a region otherwise well conserved across phyla. The
residues involved in the loop that disrupt H2 include the invariant
Gly77 and Pro78, flanked by a basic residue (His or Arg) and a
hydrophobic residue (most commonly Leu or Met) forming a
motif found in only cyanobacteria. In other phyla, the arginine
equivalent to His76 is invariant and the closely positioned Asp116
is conserved with the exception of sequences from brown algae
(Figures S2-S5 of the Supporting Information). The invariant
Trp68, which is nestled between loop regions connecting H1 to
H2a andH3 toH4, is present in all PsbQ sequences andmay be an
integral structural element at the conserved apex of the four-helix
bundle. In this apex region, cyanobacteria lack a lysine that is
otherwise conserved [Lys198 in spinach (Figure 1)].

No major structural differences are evident between the R-
carbon backbones of the structures obtained in the presence or
absence of Zn2þ, which is supported by a root-mean-square
deviation (rmsd) of 0.695 Å between these structures (Figure 2B).
Likewise, invariantly conserved residues occupy similar positions
with the exception of the side chain ofAsp116, which coordinates
the Z1 Zn2þ ion and which has moved with respect to His76
(Figure S6 of the Supporting Information). Despite only 17%
sequence identity between the helical domains of PsbQ from

Synechocystis and spinach, the R-carbon backbones are clearly
related (rmsd=1.425 Å); positions that deviate by>2 Å include
Leu41, Glu56-Arg58, Gly77-Leu79, Gln81, Ser91, Leu94,
Leu135, Leu145, and Pro146 (Figure 2C). The similarity between
the two structures supports the notion that a cyanobacterial
PsbQ was the ancestral version of green algal and higher-plant
PsbQ (19).

The molecular surface of Synechocystis PsbQ shows Trp68 is
exposed andmany of the conserved residues (Ile75,His76, Leu79,
Leu112, and Asp116) are clustered in the vicinity of a cavity on
the H2-H3 face close to the conserved Gly-Pro motif (Figures 1
and 3A-C). On the opposite side (Figure 3B), the H4-H1 face
has a cavity near the bottom that involves three conserved
residues (Ile38, Leu89, and Leu93) and the cyanobacterium-
specific extension of H1 [residues Pro35-Gln42 (Figure 1)]: the
cavity is positioned beneath a ridge formed by a potential
hydrogen bond interaction between residues Gln42 and Gln147
(Figure S7 of the Supporting Information). TheH4-H1 cavity is
absent in the spinach structure; however, a ridge is formed by a
potential hydrogen bond interaction between the conserved
Lys136 and the carboxyl group of Gly222.

Zinc was required for crystallization of PsbQ from spinach
(16, 17), and Zn2þ occupies two well-ordered binding sites in the
crystals of the Synechocystis protein. However, the Zn2þ binding
sites are not conserved between species (Figures 1 and 2C). The
Z2 binding site reported here appears to be an artifact because
the ligands (Glu107, His111, and Asp137 from one monomer
and Glu133 from the adjacent monomer) are not conserved
within cyanobacteria (Figures S5 and S8 of the Supporting
Information). Even though Zn2þ also mediated a dimer interface
in crystals of spinach PsbQ, the interface differs in the two
species, arguing against any requirement for dimer formation
(Figure 2C and ref 17).

In contrast, twoof the ligands to theZ1Zn2þ arewell-conserved
(His76 andAsp116), indicating this sitemay be an authentic site of
interaction for divalent cations in vivo. The Z1 Zn2þ is also bound
by a ligand from a second monomer (Gly17), although this is not
an authentic PsbQ residue but a relic of the fusion protein.
Exposure of Zn2þ on the surface of PsbQ may, however, reflect
a specific cation-mediated interaction with another PSII subunit.

The molecular surfaces of the H2-H3 face in the presence and
absence of Zn2þ (Figure 3A,C) are similar, the exceptions being
that the cavity appears larger with Zn2þ bound and the position
of the Lys120 side chain differs. The electrostatic surface of
PsbQ (Figure S9 of the Supporting Information) shows the
Synechocystis protein has a dipole with a positive H2-H3 face
and a negative H4-H1 face, whereas the spinach homologue has

FIGURE 1: Alignment of representativePsbQ sequences fromcyanobacteria (rows a and b), algae (row c, red algae; rowd, brown algae; and row e,
green algae), and higher plants (row f). Numbering is from the initial Met of the unprocessed polypeptides. The secondary structure of
Synechocystis PsbQ (purple) is compared to that of spinach PsbQ (blue).R-Helices are depicted as cylinders. Only one of two β-strands (arrow) in
the N-terminus of spinach PsbQ is included in this alignment. Residues that coordinate Zn2þ (2) and conserved residues that form the H2H3
cavity (b) are indicated, andSynechocystis residues that coordinateZ1are alsopart of theH2-H3cavity. For eachphylum, the invariant (orange)
and highly conserved (green) residues are shown. PsbQ sequences (GenBank accession codes in parentheses): (a) Synechocystis sp. PCC 6803
(NP_440389), (b) T. elongatus BP-1 (NP_682847), (c) Porphyra yezoensis (AV434507), (d) Guillardia theta (CAH04626), (e) Chlamydomonas
reinhardtii (P12852), and (f) S. oleracea (P12301). Sequences were aligned using Clustal-W.

FIGURE 2: Helical structure of PsbQ. (A) Cyanobacterial PsbQ
(without Zn2þ, residues 32-146) displaying invariant (orange) and
highly conserved (green) residues (cf. Figure 1). (B) CR trace of PsbQ
(residues 32-146) determined in the presence (tan) and absence
(blue) of Zn2þ. Z1 and Z2 atoms are orange. (C) CR trace of PsbQ
comparing the structures from Synechocystis (tan, residues 35-146)
and the helical domain of spinach (red, residues 128-222). Synecho-
cystis residues that are displaced by >2 Å compared with those of
spinach are colored cyan, andK198 fromspinach is colored green.Z1
and Z2 atoms are orange; spinach PsbQ Zn atoms are red. Images
were displayed with PyMOL.
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only a positive H2-H3 face. The addition of Zn2þ extends the
positive charge to the top of the Synechocystis PsbQ H2-H3 face
similar to the charge on the spinach protein which has been
proposed to be the region that interacts with plant PsbO (19).
Intriguingly, in the presence of Zn2þ, the H2-H3 cavity accom-
modates the hydrophobic side chain of a leucine from a symmetry-
related molecule (Figure S6 of the Supporting Information): the
ion binding site and hydrophobic pocket may together form a
determinant for PSII binding. The spinach structure also contains
an H2-H3 cavity that consists primarily of conserved residues
(Ile142, Leu161, Arg162, Ala165, Arg169, Ile198, and Asp202)
(Figure 3D). This cavitymay therefore be a shared feature of PsbQ
proteins across different phyla. The conformational change of

Lys120 in the presence of Zn2þ (Figure 3A,C) results in the side
chain being located away from the Zn2þ ion in amanner similar to
that of the equivalent lysine in the spinach structure (Lys206 in
Figure 3D). In the absence of Zn2þ, a H2O molecule is present in
place of Z1 and Lys120 forms H2O-mediated interactions with
His76 and Asp116 (Figure S6 of the Supporting Information).
Conservation of His76 and Asp116 as well as the corresponding
residues in other phyla, along with their proximity to the H2H3
cavity, supports our hypothesis that this region is important for the
role of PsbQ. Furthermore, the similarity of the surface of
Synechocystis PsbQ, in the presence of Zn2þ, to that of spinach
PsbQ suggests divalent cation binding may induce a functional
conformational change.

SUPPORTING INFORMATION AVAILABLE

Supplementary figures, detailed experimental procedures, and
crystallographic statistical data. This material is available free of
charge via the Internet at http://pubs.acs.org.
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FIGURE 3: Molecular surface of PsbQ. (A) Cyanobacterial PsbQ
with Zn2þ (residues 32-149) oriented showing the H2-H3 face.
(B) Same as panel A but showing the H4-H1 face. (C) Cyano-
bacterial PsbQwithout Zn2þ (residues 32-146) showing theH2-H3
face. (D) Spinach PsbQ (residues 84-222) showing the H2-H3 face.
In panels A-D, invariant residues are colored orange, highly con-
served residues green, and Zn2þ ions magenta. In panel D, invariant
residues around the central cavity and the conserved W154 (yellow)
are shown.
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The structure of the CyanoP subunit of photosystem II from the cyanobacterium Synechocystis sp. PCC 6803
has been determined in solution by Nuclear Magnetic Resonance spectroscopy. Combined with homology
modeling of PsbP-like structures we have identified distinct structural differences between PsbP homologues
which may account for the functional differences apparent between members of this protein family. A surface
cleft containing a large number of conserved residues found only in CyanoP and PsbP-like homologues has
been identified and our findings suggest that one of the potential cation binding sites found in CyanoP may
be functionally significant. Evidence for the evolution and divergence of the PsbP super family is presented
from a structural perspective including identification of residues which distinguish the PsbP family from
unrelated proteins with a similar domain fold. This article is part of a Special Issue entitled: Photosynthesis
Research for Sustainability: from Natural to Artificial.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Photosystem II (PS II) is a multisubunit pigment–protein complex
found in all oxygenic photoautotrophs which catalyzes the oxidation
of water yielding molecular oxygen. The PS II complex contains a core
membrane-embedded structure and a number of accessory extrinsic
subunits. These extrinsic subunits, the complement of which varies
between phyla, are found both on the lumenal and cytosolic sides of
the PS II complex [1–4]. In cyanobacteria, up to six extrinsic proteins
are found associated with PS II in the thylakoid lumen. Three of the
cyanobacterial subunits, CyanoP, CyanoQ and Psb27 (homologues of
the higher plant PsbP, PsbQ and Psb27 subunits) are characterized
by an N-terminal lipid modification, forming a unique group of ex-
trinsic PS II lipoproteins found in the thylakoid lumen of cyanobac-
teria. These extrinsic lipoproteins are absent from all available
crystal structures of PS II [5–7].

The structure of cyanobacterial Psb27 has been determined by
both NMR spectroscopy and X-ray crystallography and high-
resolution crystallographic structures of CyanoQ from Synechocystis
sp. PCC 6803 (hereafter Synechocystis 6803) have been obtained in

the presence and absence of bound zinc [8–11]. In addition, a 2.8 Å
resolution crystal structure of CyanoP from Thermosynechococcus
elongatus has been reported, also containing a number of bound
zinc atoms [12]. However, the biological significance of zinc binding
to the extrinsic subunits remains unresolved.

The structure of higher plant PS II can be distinguished from cya-
nobacterial PS II by the absence of the PsbU and PsbV extrinsic sub-
units and the presence of tightly bound PsbP and PsbQ subunits that
lack the N-terminal lipidation found in CyanoP and CyanoQ [3,13].
Whilst it is reported CyanoP and CyanoQ have undergone consider-
able genetic modification to form PsbP and PsbQ of higher plants,
there is nonetheless a high degree of structural similarity in the fold
of the primary domains for both [4]. The structural similarity of the
cyanobacterial homologues to their higher plant counterparts has
thereby cast doubt upon the theory that PsbV and PsbU have been
functionally replaced by PsbP and PsbQ. The higher plant PsbP family
also contains a number of PsbP-like (PPL) homologues and phylogen-
tic analysis has revealed these homologues to be more closely related
to CyanoP, the predicted ancestor of PsbP than PsbP itself [14–17].

Despite insights provided by the new-found structural knowledge
of the PS II extrinsic proteins the precise roles of these subunits re-
main unresolved. Furthermore, distinct differences in the function of
extrinsic protein homologues between phyla are apparent. In Syne-
chocystis 6803 the CyanoQ subunit is found at stoichiometric levels
(to PS II) in combination with the PsbO, PsbU and PsbV subunits
and appears to bind centers with higher than average rates of oxygen
evolution, suggesting that these subunits are associated with fully
mature PS II centers [18]. In contrast, Synechocystis 6803 CyanoP
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(sll1418; NP_441339.1) was not detected in the highly active PS II
preparations containing CyanoQ, yet it does appear present at stoi-
chiometric levels within the thylakoid membrane [19]. Thus it
seems CyanoP is either not directly associated with the mature PS II
complex or is removed during the purification procedure [19–21].

The stoichiometric and functional relationships of CyanoP to PS II
do, however, remain a matter of conjecture. There is physiological ev-
idence to suggest that removal of CyanoP effects the cycling of the
Mn4O5Ca oxygen-evolving complex (OEC) in experiments employing
single-turnover actinic flashes. In addition, the CyanoP protein is ab-
sent in mutants which lack assembled PS II complexes [19,22].
These observations suggest that CyanoP is either required to maintain
full activity in the mature PS II complex or required for correct bio-
genesis of PS II in cyanobacteria. Moreover, the PsbP protein of higher
plants appears to play a similar role in the function of the mature PS II
complex; however, in this case the N-terminal region of PsbP, which
differs from CyanoP, has been identified as important for binding
and function [23–28]. In addition, higher plant PsbP has been shown
to bind manganese in vitro and is required for efficient photoactiva-
tion under manganese-limiting conditions. Hence a role has been
proposed whereby PsbP facilitates manganese incorporation into
the OEC [29,30].

The function of PsbP-like proteins in higher plants has also been
studied and distinct functions for the two PPL subunits have been
identified in Arabidopsis thaliana (hereafter Arabidopsis). It appears
that PPL1 is more closely related to CyanoP and plays a role in the re-
pair of photo-damaged PS II whilst PPL2 is associated with NAD(P)H
dehydrogenase accumulation [31]. To more clearly explore the bio-
logical role of CyanoP and the differences between higher plant
PsbP and PsbP-like subunits, we have determined the solution struc-
ture of CyanoP from Synechocystis 6803 in the absence of bound zinc
and used this additional knowledge to generate detailed structural
models for the higher plant PsbP-like subunits.

2. Materials and methods

2.1. Cloning and protein expression

The nucleotide sequence of sll1418, corresponding to the region
encoding Cys24 to the C-terminus of the Synechocystis 6803 CyanoP
protein, was amplified by PCR using the forward and reverse primers
5′-AATCGGATCCTGCAGTAGCCCCCAGGTG-3′ and 5′-GTGAATTCC-
TAGCTAGCTTGGGGCAACAGG-3′, respectively. Introduced BamHI
and EcoRI sites (shown underlined) were used to clone the truncated
ORF into pGEX-6-P-3 (GE Healthcare, Piscataway, NJ). The resultant
construct, encoding a glutathione S-transferase (GST) fusion protein,
was transformed into Escherichia coli BL21 (DE3) cells. A 10 mL over-
night culture was grown in LB media and the cells were harvested
and washed in minimal media lacking carbon or nitrogen sources
[32]. The washed cells were used to inoculate large-scale cultures
(500 mL each in 2 L baffled flasks) containing minimal media supple-
mented with 1 g/L 15N-NH4Cl and 2 g/L unlabeled D-glucose or 1 g/L
15N-NH4Cl and 2 g/L U-13C D-glucose. These cultures were grown at
22 °C to an OD600 nm of 0.4 before induction of expression with
0.4 mM isopropyl β-D-1-thiogalactopyranoside. After 6 h the cells
were harvested by centrifugation and re-suspended in 30 mL of phos-
phate buffered saline (PBS) (150 mM NaCl, 2.5 mM KCl, 10 mM
Na2HPO4, and 2 mM KH2PO4 (pH 7.4)). The re-suspended cells were
sonicated on ice for 3×1 min followed by addition of 1 mL of 20% Tri-
ton X-100 to the lysate and incubation for 30 min at 4 °C on a rotary
wheel.

The lysate was clarified by centrifugation, twice at 12,000 g for
10 min, and the supernatant recovered as the soluble protein fraction.
Four milliliters of washed GST resin (Glutathione Sepharose 4B; GE
Healthcare, Piscataway, NJ) was then added to the lysate and incubat-
ed for 1 h at room temperature on a rotary wheel. The suspension was

washed three times in PBS and three additional times in a buffer con-
taining 50 mM tris-(hydroxymethyl)aminomethane (Tris)-HCl (pH
7.5), 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid and
1 mM dithiothreitol. Recombinant CyanoP was released by overnight
cleavage with GST-bound 3C protease (Novagen, La Jolla, CA). The lib-
erated recombinant peptides were collected in the supernatant and
included the entire predicted mature sequence of CyanoP (residues
24–188) as well as 5 N-terminal residues derived from the vector
(Gly-Pro-Leu-Gly-Ser) at the protease cleavage site. The proteins
were further purified by size exclusion chromatography with a Super-
dex 75 column and 25 mM sodium phosphate (pH 6.7) buffer con-
taining 10 mM NaCl before concentration with a 5 kDa molecular
weight cut off centrifuge concentrator which was pre-rinsed with
sterile distilled water. Polydispersity, as measured by dynamic light
scattering, was determined to be 12–14%, indicating that the samples
were essentially monodisperse. Samples for NMR spectroscopy con-
tained 0.4 mM protein in 25 mM sodium phosphate (pH 6.7),
10 mM NaCl, 5 mM tris (2-carboxyethyl)phosphine (TCEP), 0.02% so-
dium azide and 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) in
H2O:2H2O 95:5.

2.2. NMR spectroscopy and structure determination

A set of heteronuclear NMR spectra was acquired, for chemical
shift assignment and structure determination, at 25 °C on Bruker
AV-600 or AV-800 spectrometers equipped with cryogenically cooled
probes [33]. NMR spectra were processed using TOPSPIN (Bruker
Biospin) and analyzed with CCPNmr Analysis v2.1 [34]. Chemical
shifts were referenced to DSS. Dihedral backbone constraints were
generated from HN, Hα, Cα, Cβ and CO shifts using TALOS+ [35]. Sec-
ondary structure NOEs (HN-HN and HN-Hα) were manually assigned
before an initial structure determination run using an automated am-
biguous assignment protocol in CYANA 2.1 which included 15N-
HSQC-NOESY, 13C-HSQC-NOESY and 15N-filtered 2D NOESY acquired
with mixing times of 100 ms [36]. Iterative cycles of manual NOE as-
signment and automated structure generation were performed be-
fore a near complete structure was reached. Hydrogen bond
restraints were subsequently added to defined secondary structure
regions where their addition was supported by NOE peaks. The final
20 CYANA structures were further refined using a simulated anneal-
ing protocol in XPLOR-NIH 2.7 [37]. A total of 200 refined structures
were generated and sorted according to minimal restraint violations
and the best 20 selected for inclusion in the released ensemble. Struc-
ture quality was validated using the Protein Structure Validation
Server (PSVS) and the Ramachandran statistics are according to Mol-
Probity [38,39]. Resonance assignments were deposited in the Biolog-
ical Magnetic Resonance Bank (BMRB) under the accession number
18167. The structure coordinates of the final 20 structures have
been deposited in the Protein Data Bank (PDB) under the accession
code 2LNJ. The secondary structure elements were classified by con-
sensus amongst models of the ensemble using DSSP [40]. Where com-
parisons are made to homologue structures the author-assigned
secondary structural elements were also cross referenced with DSSP
for consistency.

2.3. Homology search and modeling

The search for domain homologues of Synechocystis 6803 CyanoP
in the PDB was performed using an N-terminal (19–31) truncated
Synechocystis 6803 CyanoP of the structure closest to the mean (first
structure of the ensemble) [41,42]. For modeling of PsbP-like struc-
tures the PPL1 and PPL2 sequences from Arabidopsis (Uniprot
P82538 and O80634) were truncated to remove all N-terminal resi-
dues prior to the first residue of the β1 strand of sheet 1. A default
Modeller 9.9 structure-based sequence alignment was manually edi-
ted by adjusting the loop regions using the aromatic residues which
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are structurally conserved as reference points [43]. Structure model-
ing was subsequently performed using the default Modeller script
for multiple templates and all four experimentally determined PsbP
homologue structures. For comparison homology models were also
generated using individual PsbP structure templates and although
subjective inspection of local conserved residue motifs suggested
that the models generated using all templates were more likely repre-
sentative of the actual protein folding, there was no apparent signifi-
cant difference in the peptide geometry statistics by which models
are often validated [44]. The model residue numbering used through-
out is the same as per the annotated sequences in the database.

3. Results and discussion

3.1. Overall structure of CyanoP

We have determined the solution structure of CyanoP from Syne-
chocystis 6803 using heteronuclear NMR spectroscopy. CyanoP is a
188 residue protein that is proteolytically processed in Synechocystis
6803 to yield an N-terminal Cys (Cys24) that is predicted to be mod-
ified by lipid attachment in vivo [20]. The solution structure obtained
is of residues 24–188 of CyanoP bearing 5 extra vector-derived resi-
dues (Gly-Pro-Leu-Gly-Ser). Chemical shift assignments were made
for 96.2% of backbone and side chain resonances with the only resi-
due unassigned being the N-terminal Gly19 that arises from the
vector-derived amino acids. The final 20 models included in the re-
leased ensemble, refined using simulated annealing, were chosen on
the basis of their stereochemical and energetic properties and have
no distance violations greater than 0.3 Å or dihedral angle violations
greater than 5°. A Ramachandran plot reveals that no residues have
ϕ or ψ angles outside the standard allowed areas within the structur-
ally ordered region (residues 32–188). Details of the experimental

constraints and coordinate precision are summarized in Table 1. Res-
idues 32–188 of CyanoP are well ordered (Fig. 1) with a pairwise
backbone RMSD of 0.59 Å. In contrast to these well ordered residues,
the N-terminal region (the cloning artifact in addition to residues
24–31) is characterized by an absence of medium and long range
NOEs, low backbone angular order parameters and lack of long-
range order (Fig. 1).

CyanoP in solution forms an αβα structure with the central fea-
ture a β-sheet packed between two α-helices (Fig. 2A). The second-
ary structure of CyanoP contains ten β strands (β1: 32–37; β2:
42–47; β3: 50–54; β4: 63–68; β5: 75–82; β6: 114–126; β7:
129–140; β8: 143–155; β9: 158–166; β10: 186–187) and four α he-
lices (α1: 89–92; α2: 95–110; α3: 168–171; α4:175–184) (Fig. 2).
The β strands are organized into two anti-parallel β sheets (sheet 1:
β1-2-10; sheet 2: β3-4-5-9-8-7-6). The β1 and β2 strands are linked
by an α turn (Asp37-Gly41) whilst β hairpin turns connect strands
β6-7 (Glu126-Gln129; type II), β7-8 (Val140-Asn143; type I) and
β8-9 (Asn155-Lys158; type II). Loops connect elements β3-4 (loop
1), β4-5 (loop 2), β5-α1 (loop 3) and α2-β6 (loop 4).

The overall domain fold of CyanoP from Synechocystis 6803 is sim-
ilar to that observed in the CyanoP crystal structure from the thermo-
philic cyanobacterium T. elongatus (PDB: 2XB3) and higher plant PsbP
homologues from Spinacia oleracea (spinach, PDB: 2VU4) and Nicoti-
ana tabacum (tobacco, PDB: 1V2B). The pairwise backbone RMSDs
over the ordered region (residues 32–188) between CyanoP from
Synechocystis 6803 and those of T. elongatus, S. oleracea and N. taba-
cum are 1.68 Å, 2.03 Å and 2.08 Å, respectively [12,45,46]. Important-
ly, the NMR structure presented here includes residues that are
absent from the current PsbP and CyanoP crystal structures (Figs. 2
and 3).

3.2. Secondary structure

The short helix α1 is well conserved between all homologues;
however, in the crystal structures the helix appears to exhibit hydro-
gen bonding characteristic of a 310 helix as opposed to the α helix ob-
served in the Synechocystis 6803 CyanoP solution structure
(supported by experimentally observed NOEs). In contrast, the most
pronounced difference between the solution structure of CyanoP
from Synechocystis 6803 and all of the available PsbP homologue
structures is helix α2. In Synechocystis 6803 the observed NOEs and

Table 1
Summary of restraints and structural statistics for the 20 lowest energy structures of
CyanoP in aqueous solution at pH 6.7 and 25 °C.

Experimental constraints

Distance constraints
Intraresidue 546
Sequential (|i–j|=1) 680
Short range (1b |i–j|b5) 327
Long range (|i–j|b= 5) 726

Total 2279
Dihedral angle restraints (156 φ; 145 ψ) 301
Hydrogen bond restraints 73
RMSD from experimental distance restraints (Å) 0.016±0.002
RMSD from experimental dihedral restraints (°) 0.38±0.04
RMSD from idealized covalent geometry

Bonds (Å) 0.00287±0.00008
Angles (°) 0.464±0.006
Impropers (°) 0.274±0.009

Measures of structural quality

ELJ (kcal mol−1) −711.0±15.5
Ramachandran plot statistics for residues 32–188 (all residues)

Most favored regions 97.7% (96.6%)
Additionally allowed regions 2.3% (3.0%)
Disallowed regions 0.0% (0.4%)

Angular order: residues with S(φ)≥0.9, S(ψ)≥0.9 160, 156

Violations

Distance constraint violations >0.3 Å 0
Dihedral constraint violations >5° 0

Coordinate precision

Mean pairwise RMSD (Å), 20 structures Cα, C, N All heavy atoms
Residues 32–188 0.59±0.09 1.34±0.08

N-term

C-term

E168H147

Fig. 1. Solution structure of CyanoP from Synechocystis 6803. View of the superposition
of the top 20 lowest energy conformers of CyanoP. Side chains are shown for represen-
tative residues in the ordered region. The N-terminus is colored blue and the
C-terminus red.
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backbone chemical shifts support α2 as an extended α helix, whereas
in both the higher plant structures two short helices substitute α2
and are followed by a missing loop region for which no defined elec-
tron density was observed. The T. elongatus CyanoP structure contains
a helix more closely resembling the Synechocystis 6803 α2 helix and
the loop region was modeled into the electron density; but, the B fac-
tors in this region are higher than average for the structure which
may suggest that this helix and loop are less ordered in the crystal lat-
tice than the rest of the peptide.

The helical region near the C-terminus generally appears consis-
tent between structures although in some instances there are differ-
ences in the loop between the two helices. Notably in T. elongatus,
helix α3 appears contiguous with helix α4; it is possible, however,
that the limited resolution of this structure may not have allowed dis-
tinction of the loop transition between the two helices. The backbone
corresponding to helix α4 exhibits a similar topology between all
structures, whilst helix α3 is less similar and sometimes takes the
form of either a 310 helix or a loop. The lysine residue at the start of
helix α4 in Synechocystis 6803 (Lys175) is conserved with a lysine
equivalent in spinach (Lys173) and a glutamate in T. elongatus
(Glu170). The presence of a charged residue at this position is poten-
tially significant given the link identified between lysine residues of
higher plant PsbP and binding to PS II [47]. In general the β strands
of sheets 1 and 2 are of similar length and topology between Synecho-
cystis 6803 CyanoP and the structures of all three other PsbP homo-
logues. The main exceptions are the extended β strands β6, β7 and
β8 which are immediately adjacent to loop regions not modeled in
the higher plant structures. In this region of sheet 2 the Synechocystis
6803 CyanoP structure contains a number of β bulges, apparent from
the corresponding NOE cross peaks, which increase the right-handed
twist of the sheet and may promote more favorable geometry for res-
idues within the turns linking these strands.

3.3. Loop regions

Previous phylogenetic and sequence analysis has identified the
loop regions of PsbP family members as evolutionarily diverse ele-
ments which differentiate homologues within the PsbP superfamily
[14]. Indeed there are significant structural differences apparent with-
in the loop regions not only between CyanoP and homologues from
higher plants but also between CyanoP homologues. The topography
of loop 1 varies between the CyanoP solution structure presented
here from Synechocystis 6803 and that of the crystal structure from
T. elongatus. In Synechocystis 6803 the loop contains three additional
residues compared with that of T. elongatus, thus appearing larger
and more similar to that of the higher plant PsbP structures which
contain two more residues in this loop than T. elongatus. Furthermore
the increased backbone disorder observed between models in the so-
lution state CyanoP ensemble suggests that this loop region is dynamic
in solution. The backbone conformation of loop 2 also differs between
the solution state and crystal structures; however, the side chain ori-
entations of the surface-accessible, conserved residues Ile70, Glu74
and Asn75 (equivalent to Ile60, Glu65 and Asn66 in T. elongatus) are
similar in both CyanoP structures. The conserved nature of this loop
region suggests that it might be important for the function of CyanoP.
The electron density for the loop residues between strands β7 and β8
is missing in all of the current crystal structures, whereas the Synecho-
cystis 6803 CyanoP sequence contains fewer residues in this loop and
these residues form a defined β turn (Figs. 2 and 3).

3.4. Surface topography

One face of the CyanoP protein contains a large surface cleft
bounded by loop 1 and helix α2 (the L1H2 face) (Fig. 4A). A number
of residues which are highly conserved amongst cyanobacteria
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β5

β1

β2

β3
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β5
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β7

β8
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Loop1

Loop2
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B

α4
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β1 β2 β3 Loop1 β4 Loop2 β5 Loop3 α1

Loop4    β6 β7 β8 β9 α4α3 β10
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Fig. 2. Ribbon representation and secondary structure of CyanoP. A: The closest to the average model of the Synechocystis 6803 solution structure ensemble showing the secondary
structure elements. B: Same as in (A) rotated 90° about the horizontal axis. C: Sequence alignment of PsbP from a: Synechocystis 6803, b: T. elongatus, c: Spinach. Residues which are
invariant within phyla are colored green and those which are highly conserved within phyla are colored orange. Secondary structure elements for the Synechocystis 6803 structure
are shown for reference. Residues missing from the crystal structures are underlined. Numbering of the spinach sequence is according to the PDB 2VU4 structure.
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cluster within this region: the highly conserved Arg146 and invariant
Asn75 (equivalent to Lys143 and Asn58 in spinach PsbP) are located
at the head of the cavity, the polar side chains of residues Ser78,
Thr161 and Ser165 are oriented toward the pocket as are the highly
conserved hydrophobic residues Val65, Leu89, Val98 and Leu158. In
close proximity to the cavity are a number of residues identified by
conserved surface residue analysis (ConSurf server) as significant:
Val53, Val55, Arg67, Ile79, Ser81, Leu92, Phe102, Arg114, Val138,
Val152 and Asp163 [48]. Overall the base of the cavity is predomi-
nantly hydrophobic, similar to the T. elongatus structure. In contrast,
the opposite face of CyanoP contains a lower number of conserved
or ConSurf identified residues with surface accessible side chains.
The charged residue identified at the start of helix α4 (Lys175) is sur-
face exposed.

Whilst the T. elongatus CyanoP structure has a similar surface to-
pography on the L1H2 face to Synechocystis 6803, the surface cleft is
not present in the spinach or tobacco PsbP structures; instead the
middle section of the cleft is filled, leaving only a small hydrophobic
pocket towards the base and the upper surface exposed portion
containing Asn58 and Lys143 (Fig. 4B).

3.5. Homologue modeling

The αβα sandwich domain fold of CyanoP is shared with a num-
ber of other protein structures deposited in the PDB, including the eu-
karyotic nuclear import protein Mog1 (1EQ6) and the proteins of
unknown function 1TU1 and 3LYD, as previously reported [12,46]. A
DALI search using the Synechocystis 6803 CyanoP solution structure
presented here revealed that the N-terminal domain of the PDB
entry 3HLZ, an unidentified protein from the gram-negative bacteri-
um Bacteroides thetaiotaomicron, also shares a similar fold. Compari-
son of the residues shared between structures of the αβα sandwich
basal fold family members revealed a number of aromatic residues
at key positions which may contribute to the domain fold [49]. This
information provides a base ‘scaffold’ for the PsbP superfamily upon
which we have aligned the PsbP-like sequences from Arabidopsis
and subsequently modeled the PPL1 and PPL2 structures on all four
of the experimentally determined PsbP structures (Fig. 5). This
allowed us to further examine, at a structural level, the loop and sec-
ondary structure elements that differentiate PsbP homologues. Inter-
estingly, the higher plant PsbP, PPL and CyanoP structures contain
two conserved core aromatic residues (Tyr131 and Tyr132 in Syne-
chocystis 6803) which are in close structural agreement between all
PsbP homologues yet are not found in other αβα sandwich family
members. These appear to differentiate PsbP from other proteins
with a similar domain fold and suggest that the structurally similar
proteins may have evolved independently of each other despite
their apparent 3D similarity.

Closer inspection of loop 1 and helix α2, which border the L1H2
surface cleft in CyanoP, reveals a number of distinct differences be-
tween PsbP homologues. The tobacco and spinach structures contain
additional aromatic side chains in loop 1 and helix α2 which appear
to stabilize loop 1 and bridge the region where the cleft is found in
both CyanoP structures. In spinach PsbP the proline (Pro43) in loop
1 appears to interact with Tyr86 in helix 2 and immediately preceding
this proline is either a phenylalanine in spinach or a tyrosine in tobac-
co PsbP which appears to interact with hydrophobic residues in helix
2. The PsbP-like sequence from Arabidopsis PPL1 does not contain
these aromatic residues and thus is more similar to CyanoP in struc-
ture (furthermore PPL1 lacks the proline in loop 1). An aromatic res-
idue (Phe72) equivalent to spinach Tyr86 is present in PPL2 but the
surface topography of the L1H2 face for both the PPL1 and PPL2
models is more similar to CyanoP than higher plant PsbP. The same
holds true even when only the higher plant structures are used as a
template for model generation; however, in the models generated
with all available PsbP homologue templates the surface cleft does
appear more pronounced. In general, the models for PPL1 and PPL2
used for this study which incorporate information for all experimen-
tally determined structures appear of higher quality than using data
derived from higher plant homologues alone. The residues found at
the head of the L1H2 surface cleft (Asn75 and Arg146 in the Synecho-
cystis 6803 structure) are not conserved in PPL1 or PPL2. In each case
there is substitution for a polar residue; Ser42 in PPL1 and Thr108 in
PPL2. These substitutions and differences in surface topography may,
in part, account for the differences in function observed for PPL pro-
teins versus PsbP in higher plants.

3.6. Cation binding sites

It has been suggested higher plant PsbP may bind and deliver
manganese to PS II and although this theory does fit with physiolog-
ical evidence to support a role for PsbP in photoactivation, reports of
direct manganese binding by higher plant PsbP in vitro are disputed
[50]. However, as only higher plant PsbP was examined it remains
possible that CyanoP and or the PPL subunits do perform this role or
a similar ion-delivery function. In support of this theory the crystal
structure of CyanoP from T. elongatus contains a number of bound

A

Z1

Z4

B

Fig. 3. Comparison of the Synechocystis 6803 solution structure (blue)with A: T. elongatus
CyanoP (red) and B: Spinach PsbP (orange). Backbone Cα trace is shown superimposed in
the same orientation as that in Fig. 2A. Zinc atoms are shown as they appear in the PDB
entries; several of the sites are also coordinated by residues from symmetry related mol-
ecules. The zinc sites discussed in the text are labeled accordingly. Dashed lines indicate
where residues are absent from the crystal structures.
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zinc atoms which potentially represent in vivo cation binding sites
[12]. Based upon ligand conservation within PsbP homologues across
a range of phyla the Z4 site was identified as most likely to be physio-
logically significant. The equivalent site in the spinach PsbP structure

also contained a zinc atom (designated Z1) but the tobacco structure
does not contain a zinc ion at this site. The ligands for Z4 (zinc num-
bering from here on is according to the T. elongatus structure) are also
conserved in the Synechocystis 6803 CyanoP structure (His147 and
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L158
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Fig. 4. Surface view of A: CyanoP from Synechocystis 6803 (residues 32–188) compared to B: PsbP from spinach. Invariant residues (within phyla) are colored green and highly
conserved residues in orange according to Fig. 2. The orientation of the structures is the same as that in Fig. 2A and the secondary structure is shown underneath the surface for
reference. For CyanoP the yellow colored residues are additional residues identified by ConSurf analysis.
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Fig. 5. Secondary structure features and residues of PsbP homologues. A: Synechocystis 6803, B: Spinach, C: Arabidopsis PPL1 model, D: Arabidopsis PPL2 model. Conserved core
aromatic residues are colored orange, the aromatics in close proximity to the L1H2 cleft green, the Z1 ligands red and the charged or polar residues mentioned in the text are
blue. Structures were superimposed on Synechocystis 6803 CyanoP and the orientation is according to Fig. 2A.
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Glu168). Furthermore the side chains of both potential ligands are
disordered and appear mobile, consistent with the lack of NOEs ob-
served for these residues (Fig. 1). This site is also conserved in PPL1
(His110 and Glu131), however, the PPL2 modeled structure contains
only one ligand (Glu130) as the other is substituted with threonine
(Thr109). If the Z4 site is functionally important then this distinction
between PPL1 and PPL2 may in part account for the differences in
phenotypes observed between mutants in Arabidopsis [31].

Examination of CyanoP homologues and modeled PPL structures
also suggests that another site, the Z1 site from the T. elongatus pro-
tein, might be physiologically significant. The ligands co-ordinating
Z1 in T. elongatus (Asp31, Asp34 and Asp54) are conserved in the Cya-
noP structure from Synechocystis 6803 with three aspartate residues
in similar positions yet with different side chain orientations; in
the absence of bound zinc it is unlikely the side chains will exhibit
similar orientations as those in the T. elongatus structure
(Fig. 6A–B). The distances between the side chains appear greater in
the CyanoP structure from Synechocystis 6803, consistent with the
lack of bound zinc at this site. It is possible that the binding of a
metal ion at this site stabilizes loop 1; stabilization of this loop region
in the presence of bound zinc in the CyanoP crystallographic structure
from T. elongatus is evident by below average B values of the residues
concerned.

The α turn between strands β1 and β2, containing two of the Z1
ligands, is similar in both cyanobacterial homologues and the mod-
eled PPL1 and PPL2 structures yet distinct from higher plant struc-
tures. PPL1 and PPL2 also contain equivalent aspartate ligands
suggesting this is an important site in CyanoP and PsbP-like proteins
(Fig. 6C–D). The precise ligand nature and geometry of the Z1 site is
not, however, conserved amongst all cyanobacteria; other CyanoP se-
quences contain an Asp-Gly-Arg motif in the turn between strands β1
and β2 and either an aspartate, glutamate or glutamine residue for
the other ligands. Intriguingly, the region similar to the Z1 site in

the structurally related Mog1 protein has been identified as function-
ally important for binding to another protein (Ran) [51].

The remaining putative zinc binding sites identified in the
T. elongatus structure appear less likely to represent bona fide cation
binding sites. The residues involved in Z2 coordination, Glu87 and
Asp91 correspond to threonine and tyrosine residues (Thr96 and
Tyr100) in Synechocystis 6803 which do not generally support zinc
coordination [52]. The other Z2 ligands, His58 and Thr63, from a sym-
metry related molecule in the crystal lattice, are both equivalent to
arginine residues (Arg67 and Arg72) in the CyanoP structure from
Synechocystis 6803 which, again, are not common zinc ligands. The
arginine residue in the first position (Arg67) is equivalent to a gluta-
mate (Glu50) in spinach. In both PPL1 and PPL2 the residue in this
position is a lysine which suggests that the presence of charged
side chains may substitute for zinc binding or could possibly be in-
volved in charge specific interactions. Similarly the Z3 and Z5 sites
are monodentate ligands and thus not likely to support zinc binding
in vivo without a significant ligand contribution from another source.

4. Conclusion

We have determined, by solution state NMR spectroscopy, the
structure of CyanoP – the cyanobacterial PsbP homologue – from
Synechocystis 6803. The αβα sandwich fold is highly similar to the
crystal structures previously determined for PsbP homologues from
higher plants and T. elongatus. Despite the apparent similarities in
the domain fold of the PS II CyanoP subunit from cyanobacteria and
its higher plant homologue, there appears to be distinct evolutionary
differences in the function of the PsbP protein. The same is true of
CyanoQ and PsbQ and the functional differences observed between
phyla for both may correlate with the loss of the PsbU and PsbV ex-
trinsic subunits in higher plants.

These functional differences might be attributed to a number of
the different residues and features identified in this study. For exam-
ple, whilst our findings are in agreement with previous studies sug-
gesting a functional role for the loop regions of PsbP we have also
identified a surface cleft on the L1H2 face distinctive of CyanoP and
PsbP-like structures which might differentiate these homologues
from the higher plant PsbP subunit. The disorder observed in loop 1
bounding the L1H2 cleft suggests it is flexible in solution and there-
fore potentially may undergo a conformational shift upon binding or
interaction with another protein subunit. Furthermore, we speculate
that there may be a link between the Z1 metal binding site and loop
1; however, the role of zinc binding to CyanoP and PsbP-like proteins
remains to be examined at a physiological level in vivo.
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