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ABSTRACT:  
Photosystem II (PSII) is recognized as the main site for high light induced damage. One 
of the core subunits of PSII, D1 protein encoded by the psbA gene, is identified as a high 
turnover protein that undergoes degradation and replacement as a part of the repair 
process in PSII. Studies on D1 repair have shown the synchronous nature of D1 
degradation and synthesis. FtsH a AAA protease, is known to cause D1 degradation. 
Therefore, it is widely speculated that damaged D1 is replaced by newly synthesized D1. 
Although, there is no direct evidence suggesting the removal of damaged subunits only. 
Alternatively, an induction of the general increase in the turnover rate of D1 could trigger 
the replacement of all D1 subunits in a random fashion. In this work, I have addressed 
these two alternate hypotheses by developing a genetic system involving dual D1 
expression. Strains were constructed with the parallel expression of a WT psbA2 in the 
ectopic and a damage prone mutant psbA2 at the native locus. Firstly, a WT ectopic strain 
(eWT) was constructed by transforming a psbA deletion strain with a WT psbA2, which 
was synthesized using synthetic biology and fusion PCR. Secondly, mutant psbA2 was 
introduced into the native locus of the eWT strain. All the dual D1 strains showed high 
PSII activity. Higher PSII levels represent increased proportion of PSII with WT D1 
incorporated, as the mutant does not correspond to high PSII levels. Immunoblot analysis 
of a dual strain nS345P: eWT against D1 did not show an accumulation of the S345P 
form, which exists as pre-D1. However, deletion of the FtsH protease in nS345P: eWT 
showed an accumulation of pre-D1 along with mature D1. This indicates that S345P 
mutant forms are targeted for repair in the dual strain. Additionally, psbA2 gene dosage 
effect was also studied by expressing two WT psbA2. Similar levels of PSII and D1 were 
observed in the single and double WT strain. This suggests that level of PSII is being 
regulated and that D1 is not the regulating factor. Therefore, PSII homeostasis is 
maintained by some other protein factor.  
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CHAPTER I 
 

 

INTRODUCTION 

1.1 Overview 

Photosynthesis is the process of conversion of sunlight into biologically usable chemical 

energy.  In broad terms, there are two types of photosynthesis: anoxygenic and oxygenic.  

The evolutionary emergence of anoxygenic photosynthesis is thought to pre-date and 

form the structural basis for the emergence of the more complex oxygenic 

photosynthesis.   Oxygenic photosynthesis represented a huge metabolic innovation that 

allowed expansion into new nutrient-poor ecological niches because it uses ubiquitous 

water as a source of electrons to build complex biomolecules and thereby avoids the 

scarcity of electron donors that often limits anoxygenic photosynthesis.  Indeed, 

cyanobacteria, which perform photosynthesis using water as a substrate and releasing 

molecular oxygen as a product, have flourished over the course of approximately 2.7 

billion years of evolution and are considered as the source of earth’s oxygenic 

atmosphere (1, 2).  Their descendants, contemporary cyanobacteria, algae and higher 
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plants retain this ability to utilize solar energy to split water as a substrate electron donor to 

inorganic compounds (e.g. carbon dioxide, nitrate), and thereby form organic compounds.  

All phototrophs have reaction centers (RCs) that convert the energy present in a photon to the 

energy of separating electrons from substrate electron donor.  These are membrane-bound 

multiprotein complexes containing a variety of organic (e.g. chlorophyll) and inorganic 

cofactors (e.g. transition metals) that carry out electron transport for these energy conversion 

reactions.  Reaction centers can be classified into Type I and Type II RCs according to the 

electron acceptors used in the electron transfer process.  Iron sulfur (FeS) clusters are the 

terminal electron acceptors in Type I RC that mainly occur in bacteria that perform 

anoxygenic photosynthesis (eg. certain members of Firmicutes, Chlorobi and Acidobacteria) 

(1, 3).  Photosynthetic bacteria that utilize mobile quinones as terminal electron acceptor are 

classified as having Type II RCs and perform aerobic or oxygenic photosynthesis, and are 

distributed among namely α, β, and γ proteobacteria.  Cyanobacteria, the only prokaryotes 

capable of oxygenic photosynthesis have both Type I and Type II RCs that work together in 

tandem.  In these organisms, water functions as the electron donor, the ultimate electron 

acceptor is primarily carbon dioxide, and molecular oxygen is produced as a byproduct.  

Similarities in the two types of RCs observed through bioinformatic and structural analyses 

suggest a common ancestor and demonstrate the striking patterns of evolutionary 

conservation of these RCs (1, 3, 4).  

1.2 Cyanobacterium Synechocystis sp. PCC 6803  

Cyanobacteria are unique prokaryotes where in addition to the periplasmic and 

plasma membrane, they contain the photosynthetic membranes called the thylakoids. This 
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highly reticulated set of membranes extends through large portions of the cytoplasm and 

plays an important role in light harvesting and light dependent reactions of photosynthesis.  

They have additional pigments apart from chlorophyll called phycobilins that function in 

light harvesting.  Synechocystis sp. PCC 6803 (Synechocystis) belongs to the order 

Chroococcales and is a strain that was isolated from a fresh water lake and deposited in the 

Pasteur Culture Collection (PCC).  It has the ability to undergo facile genetic transformation 

involving natural integration of exogenous DNA by homologous recombination into its 

genome.  This feature of Synechocystis has allowed the development of effective strategies 

for engineering the chromosome in remarkably predictable ways by using antibiotic 

resistance genes to select for desired recombinants resulting from transformation using 

specifically designed DNA fragments containing homologous sequences.  My thesis project 

benefits from the use of this property of Synechocystis as discussed in later sections.  

Synechocystis also has an advantage of growth under heterotrophic conditions in the presence 

of a fixed carbon source like glucose that allows the study of mutants that lack the ability to 

grow phototrophically.  It is notably the first photosynthetic organism to have its complete 

genome sequenced (5).  Therefore, information from this resource and its other advantages 

has made Synechocystis an enormously popular experimental model to study photosynthesis.  

1.3 Oxygenic photosynthetic electron transport   

The photosynthetic electron transport chain (PETC) principally involves three 

membrane protein complexes, namely photosystem II (PSII), cytochrome b6f (Cyt b6f), and 

photosystem I (PSI) that each span the thylakoid membrane, which are specialized 

photosynthetic membranes present in cyanobacteria and chloroplasts.  The entire electron 
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transport chain as illustrated in Figure 1.1, functions in the transfer of electrons from water 

via PSII ultimately to NADP+ to generate molecular oxygen, ATP and NADPH; these form 

the light reactions of photosynthesis.  The NADPH is further utilized for the production of 

organic compounds through the dark reactions of photosynthesis.  With the absorption of 

light, the electrons of P680, the so-called ‘special’ pair of chlorophyll in PSII, are excited and 

initiate the process of charge separation that results in the transfer of electrons from P680 to 

non-exchangeable plastoquinone called QA.  The electron hole created by the ejection of the 

electrons from the PSII special pair chlorophyll is replenished by the oxidation of water that 

occurs at a nearby cluster of Mn and Ca ions (Mn4CaO5).  This releases molecular oxygen 

and four protons into the thylakoid lumen.  Cyt b6f functions in transferring electrons from 

plastoquinone (PQ) to plastocyanin (PC), pumping protons in the process.  Excitation of PSI 

by light energy allows the transfer of electrons from PC to ferredoxin.  A proton gradient is 

generated with these electron transfer reactions in PSII that is used to produce ATP via ATP 

synthase and NADPH is generated by Ferredoxin NADP+ reductase (FNR).   
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Figure 1.1.  The photosynthetic electron transport chain (PETC) is involved in the transfer of electrons 
from PSII that provides the source of electrons to PSI that further excites the electrons to reduce ferredoxin and 
NADPH via the Cyt b6f.  The water oxidation process in PSII produces protons that are deposited in the 
thylakoid lumen and the electron transfer reactions produces an electrochemical gradient to drive the synthesis 
of ATP from the ATP synthase.  

1.4 Photosystem II – Structure and Function  

1.4.1 Structure of photosystem II  

Structurally, PSII is a multi-subunit membrane protein complex that consists of 20 

protein subunits comprised of both transmembrane and peripheral proteins and more than 80 

different cofactors, including chlorophylls, pheophytins, β carotenes, lipids, plastoquinones, 

heme iron, manganese, calcium, chloride, bicarbonate, non-heme iron and more than 15 

detergent molecules in each monomer (6).  There has been considerable progress in resolving 

the three dimensional structure of PSII wherein several groups published crystal structure,  

mainly from a thermophillic cyanobacterium Thermosynechococcus elongates (7-10) 

[Protein Data Bank entries 1FE1, 1IZL, 1S5L, 3BZ1].  The most recent crystal structure was 
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published with a resolution at 1.9 Å (6) [Protein Data Bank entry 3ARC]. This structure 

provides the arrangements for virtually all amino acids (exceptions being the disordered N- 

and C-terminal regions of some polypeptides) and cofactors and reveals the arrangement of 

atoms in the Mn4CaO5 cluster.  

Based on the crystal structure, PSII exists as a dimer with each monomer consisting 

of intrinsic core subunits D1 (PsbA), D2 (PsbD), CP43 (PsbC) and CP47 (PsbB) that are 

common to all PSII containing organisms and bear significant similarity amongst different 

genera of photosynthetic organisms (4).  D1 and D2 exist as heterodimers and coordinate the  

cofactors essential for charge separation and stabilization.  CP43 and CP47 coordinate 

majority of chlorophylls and serve as proximal antenna proteins, funneling the energy of 

photons to the special pair chlorophyll in the D1/D2 reaction center.  Apart from these core 

subunits there are other intrinsic subunits, namely cytochrome b559 (PsbE/F), PsbH, PsbI, 

PsbJ, PsbK, PsbL, PsbM, PsbTc and PsbZ that are low molecular proteins but are associated 

with PSII.  The overall structure of PSII dimer with the subunit composition is depicted in 

Figure 1.2. 
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Figure 1.2. Overall structure of PSII dimer depicted as space filling (in left panels) and cartoon 
representations (right panels). Top panels show the side view across the plane of membrane showing the PSII 
dimer embedded into the thylakoid membrane and bottom panels are perpendicular to the membrane and show 
the luminal side of PSII with extrinsic proteins PsbO, PsbV and PsbU in dark gray and intrinsic subunits in light 
gray. Figures were constructed in PyMol Molecular Graphics System (Schrödinger, LLC) using structural 
coordinates from PDB ID 3BZ1 and 3BZ2.  This figure has been published in a book chapter that contains some 
of my bioinformatic analysis of PSII (4). 

Besides the intrinsic subunits there are three extrinsic subunits PsbU, PsbV and PsbO 

that are bound to the luminal surface of the complex surrounding the catalytic center of the 

Mn4CaO5 cluster, the catalytic heart of the domain of PSII referred to as the water oxidation 

complex (WOC).  Of these three extrinsic subunits, PsbO (manganese stabilizing protein) is 

conserved across the different phyletic versions of PSII.  The other extrinsic subunits are 

different among different phyla with PsbP and PsbQ occurring in higher plants and algae.  

The functions of these subunits are similar to those of cyanobacterial PsbV and PsbU for 

reducing the demand of Ca2+ and Cl- in the Mn4CaO5 cluster (11, 12).  These differences are 

suggested to have evolutionary significance (4, 13).  
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1.4.2. Function of photosystem II   

PSII is an enzyme that functions as H2O-plastoquinone oxidoreductase that catalyzes 

the light driven oxidation of H2O and the electrons generated from this process are 

transferred to the plastoquinone (PQ).  Figure 1.3 shows the transfer of electrons through 

PSII in a diagrammatic representation.  The process of water splitting that occurs in the 

Mn4CaO5 cluster is very complex as the extraction of electrons from H2O is a 

thermodynamically expensive process and requires a powerful oxidant.  Also, for the 

complete oxidation of H2O and the liberation of molecular oxygen, four electrons and four 

protons; the catalytic cycle of removal of electrons must be carried out four times.  This is 

because the oxidizing power of the photochemical reaction center is univalent.  Therefore, 

the Mn4CaO5 cluster, which is comprised of four Mn, one Ca ion linked by µ-oxo bridges, 

not only has to catalyze an energetically expensive removal of electrons from H2O, but also 

needs to undergo this sequence of oxidation four times during a single catalytic cycle of 

H2O-oxidation (14).  

Each oxidation event is triggered by the absorption of a photon by P680, a 

chlorophyll species (15) and creates charge separation resulting in a reduced non 

exchangeable plastoquinone QA
- on the acceptor side and an oxidized P680

+ on the donor side, 

forming the charge separated state P680
+QA

-.  The formation of the charge-separated state is 

preceded by the transient formation of the primary reductant, pheophytin (Pheo-), which 

reduces QA in less that 500 picoseconds (Figure 1.3).  P680
+ provides the oxidizing power to 

remove the electrons from the substrate water on the donor side of PSII.  This is mediated by 

redox active tyrosine residue (Yz) of the reaction center D1 protein (16-18).  The sequential 
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oxidation of Mn4CaO5 cluster cycles through a series of redox states termed as S-states (14, 

19, 20).  

On the acceptor side of PSII, transfer of electron from P680 to bound plastoquinones 

(QA and QB) occurs through a pheophytin molecule.  Accumulation of two electrons in QB 

forms plastoquinol (PQH2) which diffuses through the membrane to cyt b6f mediating the 

transfer of electrons to the rest of the electron transport chain.  The pathway of electron 

transfer in PSII can be described as follows:  

 

 

Figure 1.3. Diagrammatic representation of PSII showing charge separation and electron transfer in PSII 
through special pair of chlorophyll P680 and cofactors pheophytin and quinones (QA and QB). The figure shows 
the PSII intrinsic core subunits with D1 (orange), D2 (yellow) and CP43, CP47 (brown).  
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1.5 Biogenesis of PSII  

The basal role of PSII in the photosynthetic mechanism combined with its high 

sensitivity to photodamage has invited sufficient interest in the research on the biogenesis of 

PSII.  With a subunit composition of over 20 different protein subunits and more than 80 

cofactors and several other intermediate factors (that do not form a part of complete PSII), 

the life cycle of PSII is very dynamic with constant flux between assembly and dis-assembly.  

The PSII complex is also susceptible to photodamage and it undergoes repeated cycles of 

subunit replacement in response to this photodamage.  Therefore, the assembly process is 

further linked with the PSII repair process (described later).  Recent structural information on 

PSII along with genetic, molecular and biochemical analyses have allowed an increased 

understanding of the process (21).  Structure-function studies using mutants lacking specific 

subunits have benefitted in developing models for the stepwise assembly process involving 

partially assembled PSII complexes as intermediates (22-25) (Figure 1.4).   

A scheme of the assembly process has been proposed based on the analysis of these 

mutants.  A description of this process displaying assembly intermediates identified so far is 

illustrated in Figure 1.4.  The incorporation of Cyt b559 (PsbE and PsbF) in the membrane 

seems to initiate the assembly process and associates with D2 to form the D2-Cytb559 sub 

complex (22).  This is followed by the addition of preD1 (pD1) and PsbI subunit to form an 

RC like complex (26).  The D1 protein is synthesized as a precursor with a C terminal 

extension of 16 amino acids in Synechocystis (27).  This extension is cleaved off with an 

enzyme C-terminal protease A (CtpA) to allow assembly with Mn4CaO5 (28-30), as the C 

terminal β-carbonyl acts as a ligand for Mn4CaO5.  It was recently shown that pD1 is cleaved 
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initially to form iD1 (intermediate D1) before forming mature D1 (31).  The process of D1 

maturation from pD1 to D1 provides a selective advantage to the cells when compared to 

cells expressing mature D1 (32), however the reason for this remains unresolved.  This 

cleavage process is essential for complete PSII assembly.  Therefore, mutants expressing 

only the pD1 form do not have functional Mn4CaO5 clusters and cannot assemble functional 

PSII complex.  

Binding of CP47 to the RC-like complex forms another assembly intermediate called 

the RC47 complex (22).  Attachment of CP43 to this RC47 complex enables the formation of 

the monomeric core PSII complex; this being the starting point for the light driven assembly 

of Mn4CaO5 to allow water oxidation to occur.  The coordination of metal ions into the apo-

protein of PSII by a light driven process is called photoactivation (33, 34).  The assembly of 

Mn4CaO5 is a complex process by itself and much research is underway to better understand 

this process (35).  The association of luminally located extrinsic subunits PsbO, PsbV and 

PsbU along with PsbP and PsbQ stabilizes the Mn4CaO5 cluster to form an active PSII 

capable of oxygen evolution (36).  The last step in the assembly process appears to be the 

dimerization of PSII.  Although both PSII dimers and monomers are found to be oxygen 

evolving, dimers are considerably more active in biochemical preparations (37).  Recent 

studies argue the formation of PSII dimers as being detergent induced artifact (38).  

However, electron micrographic analyses of intact thylakoids provide evidence of a PSII 

dimer being a functional unit found in vivo (39, 40).  There are several other low molecular 

weight protein subunits like Psb27 that act as assembly factors in the assembly process and 

transiently associate with the PSII intermediates during biogenesis and repair (37, 41, 42).  
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Also, several single transmembrane helix protein subunits like PsbM, PsbL and PsbTc form a 

part of the assembly process.  These subunits are mainly thought to assist PSII monomers to 

form dimers (43).  Functions of several of these subunits have been described and 

information on these can be found in recent reviews (21, 44).  

 

 

Figure 1.4. An overview of PSII assembly process involving the formation of assembly intermediates like 
RC-like complex, RC47 and PSII monomer. A sequential assembly of PSII subunits along with the maturation 
of D1 forms a PSII monomer after the association of extrinsics. The association of monomers finally forms PSII 
dimers with the association of certain subunits PsbL, PsbM, PsbTc (not shown in figure). On the right is the 
three dimensional structure of PSII as viewed across the plan of the membrane.  
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1.6 PSII damage and repair 

1.6.1 Photodamage 

Light, the driver of photosynthesis is a major stress factor causing reversible and 

irreversible damage to the components of the photosynthetic apparatus.  A decline in the 

photosynthetic activity due to this light stress has been described as photoinhibition (45-48).  

PSII is most prone to photoinhibition when compared to other components of PETC as it 

performs water oxidation and releases oxygen that can react with redox components to form 

highly toxic species (49).  Two main mechanisms of photoinhibition have been discussed in 

the literature based on the initial site of damage and the nature of the damaging species.  

These include the acceptor-side and donor-side photoinhibition.  Several models for 

photoinhibition have been put forward in the past, many of which are based on either of these 

two mechanisms (46).  In donor side photoinhibition, the disruption of Mn4CaO5 is the 

primary event.  This occurs when the electron donation from Mn4CaO5 is unable to compete 

with the rate of P680 oxidation.  This results in an accumulation of P680
+ and an increase in 

the lifetime of P680
+ and other oxidizing species in the donor side causing oxidative damage 

to the Mn4CaO5 (47).  In acceptor side photoinhibition, the major source of photodamage is 

the generation of singlet oxygen (1O2) due to charge recombination in PSII.  These toxic 

species are produced either from the spontaneous conversion of singlet state Chl to their 

triplet state or by the formation of 3[P680
+Phe-] from charge recombination (48, 50). 
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1.6.2 Photoprotection   

Photodamage to PSII can be prevented by photoprotection mechanisms that allow 

quenching the excitation energy and dissipation of absorbed light energy as heat.  For 

example in cyanobacteria a conserved replacement from D1Gln130 to Glu is observed in all 

high light D1 forms.  This variability renders the high light forms (D1Glu130) of D1 more 

phototolerant when compared to the wild type (D1Gln130).  A change from Gln to Glu 

increases the redox potential of Phe therefore increasing the redox gap which has an inverse 

effect on the rate of direct recombination, making the D1Glu130 more phototolerant (51).  

An interesting photoprotective mechanism with the uncoupling of phycobilisomes is 

observed that prevents photodamage to RCs that are still in the process of assembly of 

Mn4CaO5. Phycobilisomes are known to be mobile complexes that diffuse through the 

membrane. FRAP studies have shown that association of phycobilisomes to the reaction 

centers are very transient and unstable (52). The uncoupling of the phycobilisomes and PSII 

RCs causes an inefficient transfer of excitation energy from phycobilisome to the PSII RC.  

This efficient transfer of this excitation energy does not occur until the Mn4CaO5 is 

assembled (53).  

1.6.3 PSII repair  

 PSII repair following photodamage can also be considered as another important 

photoprotective mechanism.  This repair pathway is involved in the replacement of damaged 

components with newly synthesized protein (eg. D1).  PSII, apart from undergoing maximum 

damage during photoinhibition is also known to exhibit a high metabolic turnover rate of 
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PSII proteins.  The D1 protein subunit of PSII is found to have the highest turnover rate in 

comparison to other PSII proteins (54).  Susceptibility of D1 to maximal damage is due the 

coordination of several redox active cofactors that are involved in the water oxidation 

process in PSII.  Therefore, to cope with photodamage, the complex and efficient repair 

process operates to replace the irreversibly damaged D1 protein with a newly synthesized 

copy of the D1 protein (21, 55).  Models for the damage-repair cycle have been developed 

that begin with damage to PSII, a sensing mechanism that elicits the repair process, the 

monomerization of the PSII dimer and dissociation or loss of certain subunits of PSII (Figure 

1.5). As much of the D1 protein is buried within the dimeric PSII complex, the process 

would require a partial disassembly of the PSII complex in order for the proteases to access 

D1 degradation process to occur. Structural rearrangements in PSII are also inevitable to 

allow the removal of D1 and insertion of new a D1 protein into the thylakoid membrane, 

although, there is no direct evidence indicating the same.  Reassembly of functional PSII 

after D1 degradation and replacement are similar to the steps involved in the de novo 

biogenesis of PSII. Figure 1.5 describes the widely accepted model for PSII repair. 
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Figure 1.5. Model for PSII repair wherein the entire process appears to be triggered with photoinhibition 
causing damage to PSII complex. This leads to disassembly of PSII dimer (space filled representation, top view) 
allowing damaged D1 (red) degradation by FtsH protease (blue), replacement with newly synthesized D1 
inserted in a synchronized manner. The reassembly of PSII is much like the biogenesis of PSII to form 
functional PSII dimer (refer to figure 1.4).  

Interestingly, radioactive pulse-chase experiments in vivo have shown that the de 

novo synthesis of replacement D1 and degradation of D1 are coupled (56).  Therefore, it 

appears that biosynthesis and repair are linked, although mechanism for this coordination for 

protein degradation and synthesis is not well understood.  These repair mechanisms require 

specific proteases and assembly factors; the functions of some of these have been studied 

while certain others are still not clear.  

 



17	
  
	
  

	
  

Proteases in PSII repair  

FtsH and Deg proteases have long been identified as important candidates for D1 

degradation (57-62).  FtsH belongs to a family of ATP dependent proteases consisting of an 

N-terminal transmembrane domain, a hydrophilic ATPase domain and a Zn2+ 

metalloprotease domain (61).  There are four FtsH protease in Synechocystis of which FtsH2 

seems to play a more direct role in D1 degradation (63-65).  These proteases bear a moderate 

sequence similarity to the FtsH protease from E.coli (61).  The role of FtsH in the 

degradation of damaged D1 seems to be evolutionarily conserved from cyanobacteria 

through plants.  FtsH has been shown to be involved during the early stages of D1 

degradation and not the removal of D1 breakdown products (65, 66).  An exposed N-terminal 

tail of D1 is found to be essential for its rapid degradation by FtsH (67).  The observation that 

FtsH mutant strains in both Synechocystis and Arabidopsis do not completely block the D1 

degradation suggests that there are additional proteases involved in this process, probably in 

a lower proportion (60, 63).  FtsH is known to have a weak unfolding capacity therefore the 

D1 protein has to be destabilized prior to its degradation(61).  This provides a basis for the 

necessity of structural rearrangements in D1 causing it to destabilize, therefore be recognized 

by FtsH for its degradation.  Based on all the available information, it is modeled that FtsH 

recognizes the N-terminal of the damaged (destabilized) D1 protein subunit to engage in 

degradation (67).  

  The other important family namely HtrA/Deg proteases are membrane associated 

serine proteases present in both cyanobacteria and green plants.  There are several members 

of Deg proteases in both Synechocystis (three) (57) and Arabidopsis (sixteen) (58, 68).  
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DegP2 from Arabidopsis has been shown to be required for the initial D1 cleavage event in 

vitro to produce breakdown products (62).  In general Deg proteases in chloroplasts respond 

to light stress and have an indirect effect on D1 degradation.  The members of Deg proteases 

from Synechocystis on the other hand do not seem to be involved in D1 degradation.  A 

mutation of all three Deg proteases in Synechocystis did not affect the repair process (57).  

Thus, in cyanobacteria Deg proteases are not known for D1 degradation and their function is 

unknown.  Therefore, the role of DegP protease during D1 degradation in chloroplasts might 

have occurred after the divergence of cyanobacteria and green algae. 

1.7 Current research focus 

 The entire process of damage and repair in PSII could be classified into damage 

occurring to PSII, signaling of this damage and efficient repair of the damage thereby 

maintaining PSII homeostasis at any given time.  Based on the studies of PSII repair 

(discussed in Section 1.6.2) it is evident that D1 is the primary target for photodamage and 

this is witnessed by the increased rate of turnover of D1 under high light intensities (54).  D1 

degradation and new D1 synthesis are found to be synchronized as the use of translation 

inhibitors causes D1 degradation to also cease (56).  

These studies and others have caused some to speculate that PSII repair specifically 

replaces the damaged D1 subunits with newly synthesized D1; although there is no direct 

evidence suggesting the removal of only damaged D1 subunits.  The sensing mechanism of 

damage is hypothesized to detect damaged PSII complexes and specifically target them for 

repair, however evidence for such a mechanism has yet to be obtained.  An alternate 
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hypothesis could be the induction of increased specific D1 proteolysis and nascent D1 

synthesis activity promoted by the general increase in the turnover rate of D1, to ensure the 

population of PSII in the thylakoids is relatively young and thus less likely to be inactivated 

due to photodamage.  

PSII is very dynamic in nature undergoing frequent assembly and disassembly and 

existing in multiple forms in order to accommodate various stress conditions it is often 

subjected to.  This dynamic nature of PSII is correlated with the localization of PSII during 

the biogenesis or assembly process and changes that PSII undergoes during repair (69).  The 

mobility of PSII has been observed using fluorescence recovery after photobleaching (FRAP) 

to increase under intense red light that correlates with the redistribution of PSII to initiate 

repair (70, 71).  Furthermore, the presence of biogenesis centers located in regions of 

connections between the plasma membrane (PM) and thylakoid membrane (TM) were 

recently shown to be the site of PSII assembly (69, 72).  These regions were shown to 

accumulate preD1 and PratA that are important for completion of PSII assembly process.  

These studies could be collectively used to speculate that structural rearrangements in PSII 

and/or mobility of PSII proteins and thylakoid membranes into zones of repair wherein they 

can reassemble PSII are indeed the sensing mechanism to trigger PSII repair.  

Therefore, the nature of the damaging signal could be hypothesized to either lead to a 

localized affect on the D1 subunit alone, allowing it to be recognized from un-damaged D1.  

Or on the other hand, it could traverse across the entire thylakoid membrane to affect all the 

PSII reaction centers.  As illustrated earlier, there is indirect evidence supporting both of 
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these hypotheses.  Hence, it is pertinent to address this question of sensing the damage that 

triggers the degradation process during PSII repair.  

In this study, an attempt has been made to address the damage sensing mechanism 

that triggers the PSII repair process. The goal of this work has been to develop a parallel 

genetic system for the dual expression of alternate forms of D1 protein and study the effects 

of this parallel expression on the assembly, maintenance and activity of PSII.  To develop a 

genetic system for parallel expression the versatility of Synechocystis in its natural 

competence for DNA uptake and its ability for alternate modes of growth was exploited. The 

powerful genetic system and the flexibility of multiple genetic modifications of 

Synechocystis were significant to this study.  

Chapter 3 primarily describes the basis and development of the genetic expression 

system. In order for the parallel expression of two D1 proteins, it is necessary to be able to 

express D1 protein (WT psbA2) from a location elsewhere in the genome (non-native or 

ectopic). Chapter 3 discusses the novel approach of combining synthetic biology and genetic 

engineering to clone the full length D1 protein for the very first time into Synechocystis. 

Detailed strategy and experiments that allowed the successful expression of D1 protein at 

higher levels from the ectopic location of the Synechocystis chromosome is further discussed. 

This chapter has been published in the journal of Photochemistry and photobiology and is 

presented in this thesis with permission. As the first author of this manuscript, I performed all 

the experiments and scientific scholarship under the guidance of my advisor Dr. Robert 

Burnap who is the corresponding author. This work also involved a collaboration with Regan 

Winter and Julian Eaton Rye from the University of Otago, New Zealand. Their contribution 
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was limited to providing a strain that I used for further mutagenesis and construction of the 

genetic system.   

Chapter 4 includes complete engineering of the dual expression strain containing two 

copies of D1 proteins expressing either a high turnover D1 in parallel with WT D1 or 

expressing two WT D1 proteins from different locations on the chromosome. The choice of 

high turnover mutants used in the study was based on previous literature (63, 73, 74).  

Characterization of the strains with a single copy of D1 (mutant or WT) and two copies of 

D1 (mutant or WT) were carried out to study their effects on the activity of PSII. Results 

from these strains provide early evidence of the PSII repair mechanism being targeted 

towards damage prone complexes. This chapter also introduces the concept of PSII 

homeostasis that could be crucial in maintaining higher levels of functional PSII complexes 

in a cell.  This chapter is being prepared for publication. The work involved in this chapter 

has been primarily accomplished by me with the help an undergraduate David Taylor and 

under the guidance of Dr. Robert Burnap.   
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CHAPTER II 
 

 

EXPERIMENTAL PROCEDURES 

2.1 Culture and Growth Conditions  

 All the strains used in this study were routinely maintained on BG-11 (75) solid 

media for photoautotrophic growth and/or on BG-11 media supplemented with 5 mM 

glucose and 10 µM DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) for 

photoheterotrophic growth. The presence of glucose ensures growth in the absence of 

photosynthetic function due to mutations and the presence of DCMU blocks 

photosynthetic function and thereby eliminates growth advantages to potential revertants 

during the maintenance of strains harboring lesions in the photosynthetic mechanism.  

Strains were also grown on BG-11 media supplemented with appropriate concentrations 

of antibiotic. The final concentration for glucose, DCMU and antibiotics are listed in 

Table 2.1. Cultures were routinely grown in 100 ml volumes of BG-11 buffered with 

10mM HEPES- NaOH (pH- 8.0) in 250 ml Erlenmeyer flasks on a rotary shaker (~150 

rpm) with 20 µmol m-2 s-1 of photon flux intensity provided by Cool White fluorescent 

illumination. When these cultures attained log phase (OD750nm ~ 0.8) they were used to 

inoculate 50 ml volumes of BG-11 supplemented with 20mM HEPES-NaOH (pH 8.0) in
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smaller test tubes (~75 ml, 2.5 cm diameter) to an OD750nm ~ 0.2. These experimental 

cultures were grown photoautotrophically at 30°C with constant bubbling of 3% CO2 

supplemented air (v/v). The light intensity for all the experimental cultures was 

maintained at 40 µmol m-2 s-1 unless otherwise stated. Specific growth conditions for 

strains are listed in Table 2.2 along with the list of strains used in this study. Cultures 

with comparable optical cell density and light conditions were used for all the 

experiments. This was verified by monitoring the relative cell density at 750 nm 

(OD750nm) using the UV-Vis Scanning Spectrophotometer, Shimadzu, Japan and the light 

intensity was monitored using a ULM-500 (Universal Light meter & Data logger, Walz). 

Antibiotic Stock Final  

Glucose 2 M 5 mM 

DCMU 10 mM 10 µM 

Kanamycin 100 mg/ml 5 µg/ml – 50 µg/ml  

Spectinomycin 100 mg/ml 5 µg/ml – 30 µg/ml  

Ampicillin  50 mg/ml  5 µg/ml – 50 µg/ml  

 

Table. 2.1 Antibiotic stock and final concentrations used in this study for selecting transformants and 
promoting growth. 

2.2 Strains used in this study 

The naturally transformable, glucose-utilizing strain of Synechocystis sp. 

PCC6803 (76) was used for the construction of all the strains described in this study. 

Table 2.2 lists all the strains used and constructed during this study with the antibiotic 
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resistance markers they possess, the physiological growth conditions and any references 

associated with the strains.  

Strain Name Background Resistances  Nutrient and Light 
requirements 

ΔA1ΔA3 Markerless deletion None Photoautotorphic 

ΔA1ΔA3-H6 ΔA1ΔA3 Gm Photoautotrophic 

ΔA1:ΔA2Em:ΔA3 – H6 ΔA1ΔA3-H6 Em, Gm Non- autotrophic 

e-WT (psbA2NS) 
ΔA1:ΔA2Em:ΔA3 

– H6 Em, Gm 
Photoautotrophic  

(40 µmol m
-2

 s
-1

 ) 

n-WT ΔA1:ΔA2Em:ΔA3 
– H6 

Gm, Km 
Photoautotrophic 

(40 µmol m
-2

 s
-1

 ) 

n-S345P ΔA1:ΔA2Em:ΔA3 
– H6 

Gm, Km 
Photoheterotrophic 

(10 µmol m
-2

 s
-1

 ) 

nWT/eWT e-WT (psbA2NS) Gm, Km 
Photoautotrophic 

(40 µmol m
-2

 s
-1

 ) 

nS345P/eWT e-WT (psbA2NS) Gm, Km 
Photoautotrophic 

(40 µmol m
-2

 s
-1

 ) 

nH337Y/eWT e-WT (psbA2NS) Gm, Km 
Photoautotrophic 

(40 µmol m
-2

 s
-1

 ) 

nD170A/eWT e-WT (psbA2NS) Gm, Km 
Photoautotrophic 

(40 µmol m
-2

 s
-1

 ) 

ΔFtsH – ΔA ΔA1:ΔA2Em:ΔA3 
– H6 

Gm, Em, Sp Photoheterotrophic 

ΔFtsH- psbA2NS e-WT (psbA2NS) Gm, Sp 
Photoautotrophic 

(20 µmol m
-2

 s
-1

) 

ΔFtsH- nWT/eWT nWT/eWT Gm, Km, Sp 
Photoautotrophic 

(20 µmol m
-2

 s
-1

 ) 

ΔFtsH- nH337Y/eWT nH337Y/eWT Gm, Km, Sp 
Photoautotrophic 

(20 µmol m
-2

 s
-1

 ) 
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ΔFtsH-nWT n-WT Gm, Km, Sp 
Photoautotrophic 

(20 µmol m
-2

 s
-1

 ) 

ΔFtsH-nS345P/eWT nS345P/eWT Gm, Km, Sp 
Photoautotrophic 

(20 µmol m
-2

 s
-1

 ) 

ΔFtsH- S345P n-S345P Gm, Km, Sp 
Photoheterotrophic 

(10 µmol m
-2

 s
-1

  

Table 2.2. List of strains used and constructed during this study. Columns describe the construction 
background for each strain with the antibiotic resistance cassettes they harbor and the growth conditions 
used for these strains. The antibiotics listed were used only for the segregation process. After complete 
segregation strains were propagated in liquid BG-11 in presence of 5mM glucose and in solid BG-11 agar 
in the presence of 5mM glucose and DCMU. The last column enlists the ability of each strain to be either 
photoautotrophic or heterotrophic and the light conditions they were maintained routinely. 

2.2.1 Construction of background strain (ΔA1:ΔA2Em:ΔA3) 

A strain with all the three psbA genes deleted was used as a background strain for 

the introduction of mutant and WT copies of psbA as described in Table 2.2. The triple 

psbA deletion strain (ΔA1:ΔA2Em:ΔA3) was constructed by a deletion of psbA2 from a 

strain ΔA1ΔA3,  that has both psbA1 and psbA3 deleted (provided by Professor Julian 

Eaton Rye, University of Otago, New Zealand). The deletion of psbA1 and psbA3 was 

achieved using a marker-less deletion technique that incorporates counter-selection and 

homologous recombination to create knockouts. This technique extends the traditional 

approach of interrupting the gene with an antibiotic marker and utilizes an additional 

transformation step to excise the antibiotic marker thereby allowing marker recycling.  

The principle behind this technique is that the sacB gene from Bacillus sp. encoding for 

levan sucrase is lethal to Synechocystis in the presence of 5% sucrose (77, 78).  The 

targeted gene is first replaced with an antibiotic marker and sacB cassette and this 

plasmid is transformed into wild type Synechocystis. This strain is then transformed with 

another plasmid containing homologous flanking regions alone promoting a removal of 
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the antibiotic marker and sacB fragment by homologous recombination. The 

transformants are then selected in the presence of 5% sucrose for the lack of sacB gene.   

 In this case, to generate a psbA1 deletion construct, a 685 bp fragment of psbA1 

coding region from HpaI site 122 bp downstream of start codon to BanII site 807 bp 

downstream from the start codon was replaced with the 3.9 kb XbaI-XbaI fragment of 

pRL250 containing the kanamycin resistance cassette and the sacB gene that confers 

sensitivity to sucrose (77). The resultant ΔpsbA1(sacB) plasmid was used to transform 

Synechocystis wild type to create the ΔpsbA1(sacB) strain and the transformants were 

selected for kanamycin resistance. This strain was then transformed with a marker-less 

ΔpsbA1 plasmid containing the same deletion but without the kanamycin cassette and 

sacB gene. The transformants were selected for the lack of sacB in the presence of 5% 

sucrose (Figure 2.1). PsbA3 deletion construct was also created using a similar approach 

wherein a 1.1 kb fragment from BstEII site 55 bp upstream of start codon to HindII site 

1179 bp upstream of start codon was replaced with XbaI-XbaI fragment of pRL250 (77)  

The resultant strain of Synechocystis, designated ΔA1ΔA3, lacks two of the three copies 

of psbA gene (psbA1 and psbA3). 

 To delete the remaining psbA gene (psbA2) in the ΔA1ΔA3 strain, cells were 

transformed with the chromosomal DNA of the 4E-3 strain (79) that has the psbA2 gene 

interrupted with an erythromycin resistance cassette. The transformants were selected for 

erythromycin resistance and were confirmed with the lack of the ability for 

photoautotrophic growth. The resultant triple deletion strain generated was designated as 



27	
  
	
  

	
  

ΔA1:ΔA2Em:ΔA3 and was used as a recipient strain for the introduction of mutant and 

WT psbA2.  

 

Fig.2.1. Schematic representation of construction of the markerless deletion of psbA1 gene. The HpaI-
BanII fragment of psbA1 is replaced with XbaI-XbaI fragment of pRL250 containing the Kanamycin 
resistance and sacB gene. The resultant plasmid named pΔpsbA1(sacB) is used to transform Synechocystis 
to create a ΔpsbA1(sacB) strain. This strain is transformed with a markerless plasmid  pΔpsbA1 that lacks 
the antibiotic marker and sacB gene to generate a strain contains the markerless deletion of psbA1 gene.  

2.2.2 Synthesis of psbA2 gene with neutral site flanking sequences 

 Chemical gene synthesis and fusion PCR were used to construct a gene that was 

directly used for transformation into Synechocystis. A 2671 bp gene fragment including 

505 bp and 482 bp of the upstream and downstream flanking sequence respectively from 

the neutral site (slr0168) (76, 80, 81), 401 bp of psbA2 native promoter, 1083 bp of 

coding sequence and 200 bp of native terminator sequence was ordered for synthesis 

from Blue Heron Biotechnology Inc. The coding region of psbA2 represented the wild 

type version of the gene except one point mutation (T/C) at -1 location of psbA2 to 
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introduce a unique restriction site (Ndel). The entire sequence was given for synthesis in 

two halves bearing a 40 bp complementary overlapping region. The two fragments 

designated as psbA2seq1 and psbA2seq2 were chemically synthesized and cloned into 

BlueHeron pUCminusMCS vectors and their sequence verified. The individual DNA 

fragments from the plasmids were used for one-step fusion PCR to synthesize the full-

length psbA2 gene with neutral site (NS) flanking sequences. Figure 2.2 describes a 

schematic representation of the design and synthesis of full-length synthesis of psbA2. 

The procedure for fusion PCR was essentially as described in (82) using AccuPrime Pfx 

and AccuPrime Pfx High fidelity DNA polymerase (Invitrogen) for standard PCR 

amplification and fusion PCR amplification respectively. Table. 2.3 lists the primers used 

for fusion PCR to obtain the full length gene with neutral site flanking sequences. 
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Figure 2.2. Layout of the construction of psbA2NS (eWT) (a) The process of gene synthesis starts with 
the construction of the gene sequence in silico. The full length gene included 500 bp of upstream and 
downstream Neutral site (NS) sequences, ~400 bp of psbA2 native promoter, ~1 kb coding region of psbA2 
gene, ~200 bp psbA2 native terminator. The entire sequence (2.7kb) was split into two sequence fragments 
to enable their synthesis and cloning. A 40bp homologous region was included to the end of each fragment 
for easy overlap of the two sequences. These sequences were provided to Blue Heron for artificial synthesis 
and cloned into pUCminusMCS vector. They were designated as psbA2seq1 and psbA2seq2. (b) The two 
sequences from these vectors were PCR amplified with primers F1, R1 and F2, R2 respectively. NS and Ov 
represents the neutral site flanking region and 40bp overlap region respectively. The PCR products 
obtained from 1

st
 round of PCR were used as a template for a 2

nd
 round of PCR using external primers F1 

and R2. The fusion PCR product obtained was the full length psbA2 gene with neutral site flanking region. 
The PCR product was directly used for transformation into Synechocystis. 
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Table 2.3. Primer pairs used to amplify target gene with neutral site flanking regions. 

2.2.3 Construction of psbA2 ectopic strain 

The PCR product of the full-length psbA2 gene (psbA2 synthesis described in 

Chapter Three) was directly used for transformation into the ΔA1:ΔA2Em:ΔA3 strain. 

This gene was introduced into an ectopic location of the Synechocystis chromosome.  

Since the recipient is not capable of autotrophic growth due to the absence of a functional 

psbA gene, transformants were selected on plates forcing autotrophic growth.  The 

protocol for transformation was as described in (76) where 2-10 µg of the purified PCR 

product was added to 0.5 ml of cells at an OD750nm of 2.5. The cells were incubated with 

the DNA for 6 hrs with intermittent shaking after 3 hrs. Following incubation the cells 

were spread plated onto autoclaved membrane filters (Immobilon transfer membranes, 

Millipore) laid onto BG-11. The presence of transformed colonies was observed in 7-10 

days. The integration of the gene into the targeted site was confirmed by colony PCR. 

The primers used for the confirmation of gene integration are listed in Table 2.4. 
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Table 2.4. Primer pairs used to confirm the integration of psbA2 at the Neutral site 

2.2.4 Construction of the Dual D1 strains (2D1-strains)  

 A second psbA2 gene was introduced into the native locus on the chromosome by 

transformation of the ectopic strain (described in Section 2.2.2 and Chapter Three) with 

the chromosomal DNA isolated from existing strains containing the wild-type locus or 

one of several mutations examined in this study.  In principal, the approach that I have 

developed will allow the re-examination of the many mutations already produced in the 

D1 protein but now in the context of the parallel psbA expression construct.    The psbA2 

gene at the native locus bears a kanamycin resistance (Kmr) gene cassette downstream of 

the psbA2 locus.  The location of the gene and the antibiotic cassette is described in 

Figure 4.2 (Chapter 4 describing the genotype of the strains).  The procedure of 

transformation was as described in Section 2.2.2.  The transformants obtained were 

selected for Kmr.  The integration of mutant and WT psbA2 at the native locus was 

confirmed by PCR. The list of PCR primers used for the confirmation of the psbA2 gene 

at both the native and ectopic locus is listed in Table 2.5. The PCR products were 

validated for their identity by DNA sequencing.  Once the desired genotypes were 

confirmed the transformant strains were soon stored as frozen stocks to allow repeated 

recovery of the original strains over the course of the described experiments in order to 
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avoid possible revertants.  Cultures obtained from frozen stocks are referred to as stock 

cultures and these were maintain by growth in the presence of DCMU and glucose 

(photoheterotrophic growth) to neutralize the selective advantage of possible revertants.   

In this regard, the ability to sequence the PCR products also allowed the confirmation of 

the genotypes during the course of experimentation, which is important due to the 

possibility of recombination among the multiple copies of the psbA gene that could cause 

the reversion of the desired mutations to wild-type sequence.  As noted in Chapter 4, this 

undesired outcome was not observed, which was likely due to vigilant maintenance of 

stock cultures under photoheterotrophic growth conditions. 

 

Table 2.5. Primer pairs used for the amplification of the entire ectopic site (F1 and R2) and native 
site (P4 and P5). These primer pairs were used for the confirmation of the gene integration at each of these 
two sites on the chromosome.  
 

2.3 Extraction of genomic DNA from Synechocystis 

 Genomic DNA was isolated from a ‘loop-full’ of cyanobacterial culture grown on 

BG-11 solid media for not more than two weeks. The cells were resuspended into a 0.6 

ml microfuge tube with 300 µl of TE buffer (83) to form a uniform suspension. 200 µl of 

0.1 mm diameter glass beads was added to this cell suspension and mixed well. Cells 
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were broken using a Mini Bead Beater for 30 seconds. The glass beads were allowed to 

settle and the supernatant transferred into a 1.5 ml microfuge tube. The glass beads were 

washed with 200 µl TE and the supernatants from combined with the supernatant 

collected previously. The suspension containing the genomic DNA was centrifuged at 

10,000 X g (Eppendorf 5417R, Hauppauge, NY, USA) at room temperature to remove 

glass beads and any unbroken cells. Equal volume of 1:1 phenol: chloroform was added 

to the supernatant and centrifuged at 10,000 X g for 5 minutes at room temperature. The 

aqueous phase was transferred to a new tube and an equal volume of chloroform was 

added and centrifuged again at 10,000 X g for 5 minutes. The aqueous phase was 

transferred again to a new tube and half volume of 7.5 M ammonium acetate (pH – 5.3) 

and 2.5 volumes of 100% ethanol was added and stored in -20°C for two hours. 

Precipitation of DNA was achieved by centrifugation at 20,000 X g for 20 minutes. The 

pellet was washed with 70% ethanol and dried using a Speed Vac. The dried pellet was 

resuspended in 20 µl of H2O.  As a note to future students in the lab: During the course of 

my work, another procedure for isolating chromosomal DNA was implemented in the lab 

and that procedure, while not used in my studies, is probably superior for chromosomal 

DNA isolation especially when larger (>1.5 kb) PCR fragments are to be produced.  

2.4 Determination of chlorophyll concentration. 

 The concentration of chlorophyll in individual samples was expressed as µg of 

chlorophyll per ml of solution, by absorption spectroscopy measured using a UV-Vis 

scanning spectrophotometer (UV-2101PC, Shimadzu, Japan).  The chlorophyll 

concentration of whole cell suspensions was determined by diluting the sample 100 fold 
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in liquid BG-11 growth media and measuring the absorption of the sample at 620, 678 

and 750 nm in a 1 cm cuvette. The chlorophyll concentration was calculated using the 

following equation(76) 

[Chl] = (14.96*(A678 – A750)) – 0.607*(A620 - A750)) 

 The chlorophyll concentration in thylakoid membranes was determined by 

dissolving a 10 µl sample in 990 µl of methanol and centrifuging the sample for 5 min at 

14,000 rpm to extract chlorophylls.  The absorption of the supernatant at 665 nm is 

measured in a 1 cm cuvette and the concentration was determined using an extinction 

coefficient of 12.5.  

 

2.5 Isolation of thylakoid membranes.   

A small scale thylakoid membrane isolation procedure (modified from Komenda 

et al., 2002 (84)) was used for biochemical analyses. Cultures grown to an OD750nm  ~ 1.2 

in 100 ml volumes with continuous shaking under 20 µmol m-2 s-1 of flux intensity were 

chosen for harvesting and isolation of thylakoid membranes. Cells with chlorophyll 

concentration of at least 250 µg were harvested by centrifugation at 6,000 X g at 4°C. 

The pellet was washed with 25 mM Tris – HCl (pH – 7.5) and centrifuged again. The 

cells were resuspended to a chlorophyll concentration of 1 mg/ml in 25 mM Tris – HCl 

(pH – 7.5).  Cells were constantly kept in the dark and on ice from this step onwards. To 

this cell suspension benzamidine, ε-amino-η-caproic acid and phenylmethanesufonyl 

fluoride (PMSF) were added at a final concentration of 1 mM. The cells were incubated 
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in the dark on ice for 10 minutes. Zirconium beads with a diameter of 0.1 mm (BioSpec 

Products, Bartlesville, OK, USA) were taken in 1.5 ml microfuge tubes and washed with 

25 mM Tris – HCl (pH – 7.5). Cells of equal volume were added to the beads and mixed 

well to form a uniform suspension. Cells were broken in 4°C cold room using a Mini-

BeadBeater (BioSpec Products, Bartlesville, OK, USA) for two cycles of 15 seconds on 

and 5 minutes off. The beads were allowed to settle and supernatant was collected in a 

new microfuge tube. The beads were washed three times with twice the volume of 25 

mM Tris- HCl (pH – 7.5) and supernatant was pooled into the microfuge tube. The 

broken cell suspension was centrifuged at a speed of 3,500 X g for 8 minutes wherein the 

beads and any unbroken cells were removed. The supernatant consisting of thylakoid 

membranes were then centrifuged at 20,000 X g for 30 minutes at 4°C (Eppendorf 

5417R, Hauppauge, NY, USA). The blue supernatant was carefully discarded and the 

pellet was resuspended in 25 mM MES-NaOH (pH-6.5) with 25% (v/v) glycerol, 10 mM 

CaCl2 and 10 mM MgCl2. The chlorophyll concentration of the isolated membranes was 

estimated with methanol as described in Section 2.4 and adjusted to a concentration of 1 

mg/ml. Membrane samples with 5 µg chlorophyll were aliquoted into tubes and flash 

frozen in liquid nitrogen before storing at -80°C.   

2.6 Fluorescence measurements  

 Measurements of variable fluorescence yields were performed using the double 

modulation kinetic chlorophyll fluorometer with a second actinic flash illumination 

source (PSI Instrument, Brno, Czech Republic). Cells grown to mid-logarithmic phase, 

diluted to a chlorophyll concentration of 5 µg/ml were used for fluorescence 
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measurements. The variable fluorescence was assayed as described previously (85). The 

low fluorescence (F0) state is measured in dark adapted samples by probing fluorescence 

yield with four measuring pulses followed 200 µsec later by a 30 µsec saturating actinic 

flash, followed by a sequence of measuring pulses beginning 50 µsec after the actinic 

flash. PSII has a high fluorescent yield when it is in the state P680.QA -, which is formed 

when a P680 absorbs a photon of light and donates an electron to QA. Without inhibitors, 

the principal component of decay of this state is due to the oxidation of QA
- by a 

plastoquinone in the QB site. When DCMU was used to block the electron transfer from 

QA
- to QB, this causes P680.QA

- to persist until the electron recombines with oxidants on 

the donor side, which in the case of the intact enzyme, is principally the S2 state of the 

Mn4-Ca. Total variable fluorescence was evaluated as Fv = (Fm-F0)/F0, where Fm is 

maximal fluorescence and F0 is the lowest level of fluorescence yield obtained. The 

maximal values of variable fluorescence obtained were normalized by using the formula 

F = [(Fv-F0)/(Fm-F0)] for an appropriate comparison between the control and mutant 

strains.  

2.7 Photoinhibition and Recovery  

 Experimental cultures were diluted and adjusted to an OD750nm of 0.7 and returned 

to grow at an intensity of 40 µmol m-2 s-1 for one hour before the high light treatment to 

induce photoinhibition. The chlorophyll concentration of the cultures was determined to 

be ~ 6 µg/ml.  Photoinhibition experiments were conducted in small scale using test tubes 

(~75 ml, 2.5 cm diameter). These culture tubes were immersed in a circulating water bath 
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maintaining the temperature at 30°C with constant bubbling of air enriched with 3% CO2 

throughout the experiment. Cultures were exposed to 1100 µmol m-2 s-1 incident halogen 

light throughout the high light treatment. Sample was withdrawn every 15 min over a 

period of 90 min high light treatment before returning the experimental cultures to a 

lower light intensity of 40 µmol m-2s-1 to monitor the recovery.  Recovery was observed 

for 120 minutes by determining variable fluorescence at 15-minute intervals.  

2.8 Analyses of thylakoid membranes using PAGE 

 PSII proteins were analyzed by resolving thylakoid membranes using denaturing 

gel electrophoresis. Proteins were typically resolved on a linear 12% - 20% denaturing 

gradient polyacrylamide gel containing 6M Urea (86). The procedure for sample 

preparation was modified from Komenda et al., 2002 (84). Fresh thylakoid membrane 

aliquots (without any freeze thaw cycles) of 5 µg chlorophyll were centrifuged at 20,000 

X g for 20 minutes using a table top microcentrifuge (Eppendorf 5417R, Hauppauge, NY, 

USA). Samples were solubilized in 25 mM Tris – HCl (pH- 7.5) containing 2% sodium 

dodecyl sulfate (SDS), 2% dithiothreitol (DTT) and 12.5% glycerol. These samples were 

incubate at room temperature for 60 minutes for maximum solubilization. Samples were 

loaded on an equal chlorophyll basis and proteins were electrophoresed at 4°C under 

constant current. Proteins separated on the gel were visualized by staining with 

Commassie Blue R250 and/ or transferred onto PVDF membrane for western blotting 

(described in the next section).  
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 For resolving the different forms of D1 protein on a polyacrylamide gel a linear 

18% - 24% denaturing SDS PAGE was used which was adapted from Kashino et al., 

2001 (87). The buffer system was maintained as described in (87) but preparation of 

protein samples were as described above.  

2.9 Immunoblot analysis of PsbA 

 To probe accumulation of D1 protein (PsbA) in the thylakoid membrane samples, 

proteins resolved by PAGE were transferred onto PVDF membranes using a semidry 

blotting apparatus (BioRad semidry western transfer assembly). Transfer was 

accomplished as directed in the manual at a constant voltage of 15 V for 25 minutes. The 

gel was stained post transfer to detect the efficiency of transfer onto the PVDF 

membrane. Membranes were washed with 1 X Tris buffered saline (TBS) twice for 15 

minutes with shaking and kept for blocking with 5% BioRad blocking agent or 5% BSA 

in TBST (TBS with 0.2% Tween 20) for 1 h with gentle agitation. The membranes were 

washed three times with TBST and incubated with the primary antibody rabbit anti PsbA 

(1:2000 dilution in TBST) for overnight at 4°C. The membranes were washed again three 

times for 15 minutes each with shaking before incubating them with the secondary 

antibody goat anti rabbit HRP (1:5000 dilution in TBST) for 2 h. Membranes were 

washed three times for 15 minutes each and the blot was prepared for development using 

SuperSignal West Pico chemiluminescence kit (Thermoscientific, Rockford, USA).  The 

developed blots were imaged using the Alpha Innotech Chemi Imager. 
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CHAPTER III 
 

 

Expressing high levels of D1 protein of Photosystem II from an ectopic location on 

the Synechocystis sp. PCC 6803 chromosome 

This chapter has been published “Nagarajan, A., R. Winter, Eaton-Rye, J., and Burnap, R.L. (2011). A 
synthetic DNA and fusion PCR approach to the ectopic expression of high levels of the D1 protein of 

Photosystem II in Synechocystis sp. PCC 6803. J Photochem Photobiol B 104(1-2): 212-219” and is in this 
thesis with permission   

Copyright © 2011, Elsevier 

3.1 Introduction  

 D1 is encoded by psbA gene and typically exists as a single copy in higher plants 

and algae while in cyanobacteria it belongs to a multigene family (88). In Synechocystis 

sp. PCC 6803 (Synechocystis) the psbA gene family consists of three members psbA1, 

psbA2 and psbA3 (76, 88). These genes are differentially expressed in a light dependent 

manner at the transcriptional level, with psbA2 contributing to 95% of transcript levels 

and psbA3 contributing to the rest (89). PsbA1 has recently been shown to be up-

regulated under low oxygen conditions (90). Both psbA2 and psbA3 share a 99% 

nucleotide identity and encode for an identical gene product whereas psbA1 shares a 75-

85% nucleotide identity at the open reading frames and thus encodes for a protein 

different from psbA2 and psbA3 (76, 89, 91). From the first chapter it is evident that D1 

protein is the main site of light induced inactivation of PSII (photoinhibition) and there
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exists a repair mechanism to facilitate the reactivation of PSII [refer Chapter 1 and 

reviewed in (21)]. The photodamage to the D1 protein appears to be irreversible and the 

inherent and ubiquitous mechanism of PSII reactivation involves the replacement of the 

damaged copy of D1 with a new copy produced by de novo protein synthesis.  Thus, the 

damaged PSII complex is disassembled, and then reassembled into a complex with 

restored function and a mix of new D1 protein and old subunits. Consequently, D1 is 

recognized as a highly turned over protein in comparison with other thylakoid proteins in 

the presence of light. Photoinhibition is typically observed when the rate of the 

occurrence of photodamage exceeds the rate of PSII repair. The high light conditions 

associated with photoinhibition increases the rate of transcription in psbA (92, 93) and 

this increase in psbA transcripts can be correlated with the enhanced rate of D1 protein 

synthesis (94). Therefore, it is suggested that D1 degradation and de novo synthesis of D1 

are synchronized events (95). It was observed that a blockage of protein synthesis using 

inhibitors also inhibit the degradation of D1 already present in the membrane (96). 

Hence, the rate of D1 degradation is controlled by the extent of PSII photodamage and 

the capacity of D1 protein synthesis for replacement of damaged D1 (94). Accordingly, 

the newly synthesized D1 protein may facilitate the displacement of damaged D1 

allowing its faster recognition and degradation.  

 When psbA2 gene was previously expressed from an ectopic location in the 

absence of other psbA genes, it was observed that the psbA2 transcript levels were very 

low and that these low levels corresponded with slower rates of repair when compared to 

a natural psbA2 expressing wild type (97).  This observation is additional evidence that 
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the rate of repair is dependent upon the levels of psbA2 transcript (94).  The reasons for 

lower expression levels of psbA2 in the ectopic strains was hypothesized to be caused by 

either the use of an incomplete Synechocystis promoter that is lacking certain crucial 

elements required for the light regulated expression of psbA or that an absence of the 

native terminator signals causes shortening of the transcript half life (97).  

We have developed an improved ectopic genetic system to address the questions 

raised by the previous study conducted on ectopic expression of psbA2 gene as well as 

use a complete replacement of the gene by heterologous versions of the gene. The 

described genetic approach allows mutagenesis of the full length of the psbA gene using a 

single system. The present system involves the use of fusion PCR strategy to synthesize 

the full-length psbA2 gene from plasmids bearing the upstream and downstream portions 

of psbA2 gene. The plasmids bear an overlapping region to allow the fusion of the two 

portions. This approach allows us to bypass the step of cloning the full-length gene into 

Escherichia coli (E. coli), which appears to be otherwise deleterious. The toxicity of full-

length cyanobacterial genes in E. coli is attributed to the hydrophobic nature of most of 

the proteins that disrupts the host cell membranes and renders E. coli non viable (98). The 

ability of Synechocystis to spontaneously take up foreign DNA and integrate into their 

chromosome makes this fusion PCR approach very powerful and straightforward (99). 

Fusion PCR is used to construct linear DNA fragments that are transformed into 

Synechocystis without the requirement of a cloning vector (100). The construction of 

psbA2 gene using this approach serves as a model to create other mutants with parallel 

mutations to study their combined effect without disrupting their native location.  
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3.2.Results 

3.2.1. Synthesis of full-length psbA2 gene using fusion PCR 

 Targeting of the psbA2 gene locus (gene plus the flanking promoter and 

terminator sequences) to the neutral site was mediated by the design of chimeric 

sequences flanking the psbA2 locus that were homologous to the neutral site as shown in 

Figure 2.2.  The neutral site is defined in this case as a chromosomal location that 

produces no discernible phenotype when interrupted (76) and has been used before for 

other applications (80).  In principal, other, potentially better, chromosomal locations 

could be utilized, but this site was chosen because previous use had demonstrated its 

utility.  Because the full-length psbA gene is known to be toxic in E. coli (88), a chimeric 

psbA2 gene locus was commercially synthesized and cloned in two halves.  High-fidelity 

fusion PCR utilizing sequence overlap between the two synthetic gene halves was then 

used to produce a DNA fragment that was able to recombine the full-length psbA2 gene 

into the Synechocystis chromosome at an ectopic (non-native) location using a strategy 

illustrated in Figure 2.2.  The 1st round of PCR amplification produced the two individual 

DNA fragments psbA2seq1 and psbA2seq2 isolated from corresponding plasmids 

provided by Blue Heron using primers F1, R1 and F2, R2 respectively (Table 2.3). The 

1st round was a regular PCR with standard amplification conditions using a high fidelity 

Pfx DNA polymerase (AccuPrimeTM, Invitrogen, USA).  The PCR products were 

analyzed by agarose gel electrophoresis and the predicted product size from psbA2seq1 

and psbA2seq2 being 1011 bp and 1701 bp respectively were observed (Figure 3.1). The 
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2nd round of PCR used the gel extracted products obtained from the 1st PCR as a template 

and the external primers F1 and R2 from Table 2.3 again using high fidelity Pfx DNA 

polymerase. The gradual increase in the extension time per PCR cycle resulted in a 

higher yield of the fused product. This final amplified product was also analyzed by 

agarose gel electrophoresis and confirmed by the expected product size of 2671 bp that 

represented the full-length psbA2 gene with neutral site upstream and downstream 

flanking sequences (Figure 3.1B).  

 
Figure 3.1. Synthesis of full-length psbA2 gene (a) First round of PCR amplification of the two cloned 
gene fragments provided by Blue Heron. The size of fragments psbA2seq1 and psbA2seq2 were 1000bp 
and 1700bp respectively representing the split sequence of WT psbA2, (b) Fusion PCR of the two PCR 
products psbA2seq1 and psbA2seq2. The PCR amplified product was observed as a single band of size 
~2700bp (entire WT psbA2 flanked by neutral site sequences).  

The combined use of artificial DNA synthesis and fusion PCR for the production of the 

target gene is an efficient alternative to conventional cloning or fusion PCR techniques 

(100, 101). Typically, fusion PCR technique employed in Synechocystis involves a three 
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step PCR approach that consisted of amplification of flanking sequences, production of 

intermediate amplified products and then the final synthesis of fused gene product (100, 

101).   The use of artificial synthesis allowed us to create a 40 bp overlapping region 

between the two sequence fragments thereby increasing the specificity and likeliness of a 

fusion event between the two sequences. This enabled us to obtain higher yields of the 

fused product. Using this approach we can now introduce mutations at the N-terminus 

that has been suggested to have structural importance in the function of PSII (67, 102), 

but using the same system as for making changes in the C-terminal region. Therefore, 

with this study we have established conditions that allow the synthesis of full-length 

target gene with one step fusion PCR approach.   

3.2.2. Integration of psbA2 at the non-native (ectopic) location  

 The linear DNA molecule synthesized by fusion PCR was used to transform the 

ΔA1:ΔA2Em:ΔA3 (ΔpsbA) strain (Figure 3.2), which lacks all three copies of the psbA 

gene (construction described in Section 2.2.1. The transformants were selected onto BG-

11 plates for their ability for photoautotrophic growth.  The absence of any psbA genes in 

ΔA1:ΔA2Em:ΔA3 strain allows us to exploit this property and select for photoautotrophic 

growth without the need for an antibiotic resistance cassette. The integration of DNA into 

Synechocystis chromosome by homologous recombination was observed by the presence 

of pinpoint colonies within 10 days of transformation. Transformation was performed in 

duplicates and the number of transformants for each was counted to be 15 and 22. Each 

of these colonies was re-streaked several times to obtain complete segregation and two 

such transformants designated as psbA2NS1 (primarily used in this work and described as 
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eWT or ectopic WT) and psbA2NS2 were used for confirmation of gene insertion and 

characterization. Verification of psbA2 at both the neutral (ectopic) and native (original) 

site was achieved by colony PCR for psbA2NS (eWT, ectopic strain), RD1031 (control 

strain) and ΔA1:ΔA2Em:ΔA3 where in the last two served as controls.  A diagrammatic 

representation of the genotypes of all three strains is given in Figure 3.2. The primers 

used for this purpose listed in Table 2.4 were specific for the upstream regions of the 

neutral site and native site of psbA2 and the coding region of psbA2 to detect the presence 

of the gene in either of these two locations (neutral site and native site). The neutral site 

forward primer (P1) binds 621 bp upstream of the neutral site flanking region and the 

reverse primer (P2) binds 218 bp downstream of the psbA2 translation start site. 

Therefore, in the event of psbA2 insertion at the neutral site the predicted PCR product 

size would be ~850 bp. Similarly, the native site forward primer (P3) binds 524 bp 

upstream of the psbA2 translation site and the reverse primer (P2) binds 218 bp 

downstream of the psbA2 translation start site. Thus, the predicted product size for the 

presence of psbA2 gene at the native site would be ~ 730 bp. All PCR amplified products 

were analyzed by agarose gel electrophoresis and it was observed that only psbA2NS 

gave a band of expected size (850 bp) with neutral site primers whereas RD1031 gave a 

band of expected size (730 bp) with native site primers (Figure 3.3). Based on the results 

from the colony PCR it was conceived that psbA2 gene has been successfully integrated 

into Synechocystis chromosome at the neutral site (ectopic).  
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Figure 3.2. Genotype of strains (a) RD1031, used as a control with psbA2 gene at the native location with 
a Kanamycin resistance. PsbA1 and psbA3 are replaced by Spectinomycin and Chloramphenicol 
respectively, (b) The marker-less ΔpsbA strain constructed by knocking out psbA1 and psbA3 using 
marker-less strategy and psbA2 replaced with Erthromycin, (c) psbA2NS, mutant strain with wild type 
psbA2 gene along with native promoter and terminator integrated into the neutral site of the ΔpsbA strain.  

 

Figure 3.3. Confirmation of the integration of psbA2 into the ectopic location.  The insertion of psbA2 
gene into the ectopic location in the ΔpsbA strain was confirmed using neutral and native site specific 
primers (PI, P2 and P3 from Table 2.4) Lanes 1-3 and lanes 5-7 represent the native site and neutral site of 
psbA2 respectively. The 735bp product in Lane 1 shows the presence of psbA2 in the native locus in this 
control strain and its corresponding absence in lane 5. Lanes 2 and 6 show the absence of psbA2 in the 
ΔpsbA strain. The absence of a product in lane 3 and corresponding 884bp product in lane 7 confirms the 
presence of the gene insertion in the mutant psbA2NS.  
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3.2.3. PSII levels in cells grown at different light intensities 

 A previous attempt to express the psbA2 gene from the same ectopic location 

using a non-native transcriptional terminator, resulted in a strain that was sensitive to 

light (97).  To determine the sensitivity of the newly constructed ectopic strain to light, 

PSII activity of psbA2NS (eWT) was compared to the control strain RD1031 by 

evaluating the maximal variable fluorescence. The values obtained for the maximal 

fluorescence levels suggest functional expression of D1 protein in the ectopic strain, 

psbA2NS (Table 3.1).  Phenotypically the mutant appeared similar to the control strain 

and was observed to have a similar growth rate. Table 3.1 lists the maximal fluorescence 

levels in both the psbA2NS and RD1031 grown under three different light intensities. 

psbA2NS appeared to be much more tolerant to higher light intensities (~150 µmol m-2s-

1) as compared to the ectopic strain (MK1) constructed in the previous attempt (97). The 

maximal fluorescence values of psbA2NS were almost always comparable to the control 

strain grown under all the three different light intensities used for evaluation, 20, 40 and 

150 µmol m-2s-1. The electron transport activity of PSII as measured by the variable 

fluorescence in the absence and presence of the inhibitor DCMU appeared to be similar 

to the control suggesting that both the donor and acceptor side reactions were normal 

indicating the presence of normal/active PSII centers. The interesting observation of the 

restored PSII activity in psbA2NS like the control strain, which was lacking in the 

previously constructed ectopic strain (MK1) was due to the difference in the gene 

construction of psbA2NS. This new construction has rendered tolerance towards higher 

light intensity.  
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Table 3.1. Maximal variable fluorescence properties of psbA2NS (eWT) and RD1031 (control) 

3.2.4. Photoinhibition and repair characteristics of the ectopic strain, psbA2NS  

 The light sensitivity of the previously constructed psbA2 ectopic strain (MK1) 

was traced to a reduced ability to recover from photoinhibition (97).  The ectopic strain, 

psbA2NS retained high PSII activity when grown at higher light intensities. The 

difference in sensitivity towards intensity of growth light from the previously constructed 

strain, MK1 prompted the assessment of the susceptibility of psbA2NS to 

photoinhibition.  A comparison of the rates of photoinhibition of the control (RD1031) 

and the mutant (psbA2NS) strain was performed at a high light intensity (~1100 µmol m-

2s-1). The rate of photoinhibition of psbA2NS was evaluated by the loss of variable 

fluorescence over time. The measurement of variable fluorescence provides an estimate 

of the electron transport activity of PSII.  With the increased exposure to high light, PSII 

is subjected to donor and/or acceptor side photoinhibition thereby affecting the electron 

transport efficiency of PSII.  Thus, a decrease in the variable fluorescence reflects a 

decline in the total PSII activity due to photoinhibition. The decreased PSII activity in 

psbA2NS appeared to very similar to that of RD1031 that has the psbA2 gene in the 

native location on the chromosome (Figure 3.4). Similar photoinhibition kinetics 

indicated that the susceptibility of PSII to undergo photodamage is not altered with the 

ectopic expression of psbA2.  This observation was anticipated as the MK1 ectopic strain 

also showed similar rates of photodamage as the control strain. Therefore, it was 
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established that the ectopic expression of psbA2 gene does not affect the rate at which 

PSII undergoes photodamage under high light conditions.  

 

Figure 3.4 Photoinhibition characteristics of psbA2NS (eWT). A decrease in the variable fluorescence 
with time recorded when pRD1031 and psbA2NS cells were subjected to high light (1100 µmol m-2 s-1) for 
90 minutes. RD1031 and psbA2NS are represented as open circles and closed triangles respectively. The 
variable fluorescence values for both mutant and control were normalized to 1 for comparison. Graph 
represent average of three independent experiments and error bars indicate corresponding standard errors 
(n=3).  

The net susceptibility to photoinhibition not only depends on PSII photodamage but 

also upon the rate of PSII repair by re-synthesis of damaged D1. Therefore a comparison 

of the repair characteristics of psbA2NS and RD1031 was conducted. Cells from these 

strains were subjected to photoinhibitory light conditions (~1100 µmol m-2s-1) until the 

PSII activity reached 10% of the initial activity as determined by variable fluorescence. 

These cells were then allowed to recover under lower light intensity (~ 40 µmol m-2s-1) 

and the gradual increase in the total PSII activity with time was evaluated. psbA2NS 
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recovery from photoinhibition was observed to be similar to the control (RD1031) strain 

(Figure 3.5). This behavior was very different from the MK1 ectopic strain that showed 

extremely slow repair characteristics with a half time of approx. 460 min. The control 

(RD1031) strain showed a recovery rate with a half time of ~75 min. This rate is slightly 

slower than a true wild type that typically has a t1/2 ~ 45 min. The absence of the other 

two psbA genes (psbA1 and psbA3) in RD1031 could be attributed to the comparatively 

slower rate of repair. The ectopic strain psbA2NS on the other hand showed improved 

rate of repair with a t1/2 ~ 60 min. It is therefore perceivable that the psbA2NS has 

acquired the ability to undergo PSII repair followed by photoinhibition; a property that 

was lacking or inefficient in the earlier attempt. Additional genetic elements incorporated 

in the construction of psbA2 gene (using a synthetic and fusion PCR approach) might be 

necessary for this repair capacity.  

The repair rates as determined from these experiments appeared to be slightly higher 

for psbA2NS when compared to the control. The reason for this observation is not 

entirely clear. A plausible explanation could be the difference in the mode of construction 

of the two strains. The control (RD1031) strain has the genes psbA1 and psbA3 replaced 

by antibiotic cassettes whereas in psbA2NS there is a marker-less deletion of these two 

genes. This variation in the strain construction might be attributed to the lower activity of 

the control. Also the control (RD1031) strain has been used for many years in the lab and 

might not be in the perfect condition as expected. A good control to address this issue 

would be to construct a strain with psbA2 gene inserted into the native location of the 

ΔA1:ΔA2Em:ΔA3 background strain. This strain was constructed later on and similar 
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higher levels of PSII activity was observed in the both the ectopic WT strain (psbA2NS 

or eWT) and native WT strain (nWT).  

 

Figure 3.5. Repair characteristics of psbA2NS (eWT). An increase in the variable fluorescence with time 
determined when pRD1031 and psbA2NS cells were subjected to high light (1100 µmol m-2 s-1) for 120 
minutes. RD1031 and psbA2NS are represented as open circles and closed triangles respectively. The 
variable fluorescence values for both mutant and control were normalized to 1 for comparison. Graph 
represent average of three independent experiments and error bars indicate corresponding standard errors 
(n=3).  

 

3.3. Discussion  

 The present study demonstrated a native-like expression of the D1 protein from an 

ectopic location on the Synechocystis chromosome using a synthetic and fusion PCR 

approach. The purpose of such an expression system is to increase the flexibility for 

mutagenesis of the psbA gene as well as to provide an model for synthetic DNA-based 
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gene engineering that is easy to evaluate since strains with altered expression have 

characteristic physiological and growth phenotypes (94, 97).  The split gene cloning is 

only necessary for genes that are difficult to clone in E. coli due to toxicity.  Full-length 

psbA has been described as being toxic in E. coli (88).  This toxicity is likely due to the 

hydrophobic nature of the protein that disrupts the cell membrane of E. coli and the fact 

that cyanobacterial promoters function well in E. coli (98). Therefore, most of the cloning 

and mutagenesis systems involving psbA have been conducted using plasmids containing 

partial psbA gene with the desired mutation that is used to transform a recipient strain 

having the corresponding portion of the gene deleted.  A mutated form of the gene is 

typically used to transform the recipient strain, thereby restoring the gene, but also 

carrying in a mutation in the original. These mutagenesis systems are consequently 

restricted to only certain portions of the gene for example most of the carboxyl terminus 

of psbA (103, 104) and a portion of the amino terminus (102, 105). Previous studies have 

attempted the mutagenesis of the N-terminus of psbA2 using site-directed mutagenic 

primers (67).  The present approach allows simultaneous manipulation of multiple 

regions of the protein and could be used to create many different kinds of engineered 

protein.  

The method described here utilizes a synthetic construction of the psbA2 gene in two 

fragments. These fragments were chemically synthesized and cloned individually into 

pUC vectors (Figure 2.2).  The DNA synthesis process involves the synthesis and 

assembly of many oligonucleotides that act as ‘building blocks’.  Consequently, it is 

possible to reuse the building blocks and accordingly, the effort to produce variants of the 
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original construction is considerably lower.  Therefore, while traditional cloning 

approaches or fusion PCR approaches may be more cost-effective for individual gene 

synthesis projects, the projects intending to explore multiple variants, multiple site-

directed mutations, or targeted random mutagenesis, could benefit from this approach.  

Another potential drawback regards the fusion PCR part of the described approach since 

the PCR reaction can introduce sequence errors.  However, the used of high-fidelity PCR 

enzymes minimizes this risk.  Furthermore, popular site-directed mutagenesis techniques 

use in vitro polymerization with similar PCR enzymes and consequently, many projects 

routinely employ post-transformation sequence verification of the target locus to ensure 

that the intended sequence has indeed been introduced.  Completely fusion PCR-based 

approaches are also an efficient approach to engineer the chromosome of Synechocystis 

(100, 101).  The advantage in obtaining the fragments as clones is to be able to use these 

clones for future mutagenesis purposes, which is difficult when only PCR products are 

involved.  More importantly, the use of artificial synthesis allows us to incorporate new 

restriction sites and point mutations with ease. While the changes were minimal in this 

present case, the procedure lends itself to many exotic types of gene engineering ideas. It 

has also enabled us to be able to clone the full-length psbA2 gene that has been difficult 

in the past. Additionally, the use of artificial synthesis has shortened the typical three-step 

fusion PCR to a one-step fusion PCR.  Previous studies have reported lower yields with 

one step fusion PCR (100, 101), but the addition of a 40 bp overlapping region in the two 

fragments seemed to increase the likelihood of fusion between the two sequence 
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fragments. This strategy of a combined use of artificial DNA synthesis and fusion PCR 

could be used for other genes and biological systems as well.   

This study presents a basis for the expression of multiple forms of a gene from 

different locations to study their overall effect on a system.  It was recently shown in 

Thermosynechococcus elongatus that the psbA3 gene is responsible for 70% transcript 

levels during high light incubation (106). An absence of the psbA3 gene in the strains 

used in this study could be a reason for the observation that strains recovered only ~ 60% 

of total activity in lower light. It would be interesting to study the effect of psbA3 and 

psbA2 in the same strain and their function in degradation and repair of PSII. 
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CHAPTER IV 
 

 

Effects of the expression of alternate forms of D1 protein on the maintenance of 
Photosystem II 

 

Contents from this chapter will be a part of a manuscript in preparation titled “ Effects of 
expression of alternate forms of D1 protein on the maintenance and repair of photosystem II” 

Aparna Nagarajan, David Taylor and Robert L. Burnap. 

 

4.1 Introduction  

Susceptibility of PSII to photoinhibition depends upon the balance between photodamage 

and repair.  Therefore, to maintain a higher PSII activity in a cell there is a continuous 

flux between damage and repair of PSII.  This damage and repair process can be 

conceptually divided as the damage causing PSII to be inactivated, sensing the damage to 

initiate repair and the actual process of repair to form active PSII.  Studies on PSII repair 

have shown that D1 protein is the main target for photodamage and this was noticed with 

the increased turnover rate of D1 in comparison to other PSII proteins during 

photoinhibition.  In vivo pulse chase experiments showed the presence of a repair process 

wherein D1 undergoes degradation and synthesis (54).  The synchronous nature of D1 

degradation and synthesis was also demonstrated using translation inhibitors (96).  Based 
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on these studies and others, it is widely assumed that PSII repair specifically replaces the 

damaged D1 subunits with newly synthesized D1.  The damaged D1 proteins are thereby 

believed to undergo conformational changes causing an exposure of the N-terminus, 

which is relayed to FtsH as the damage signal.  

Prior to addressing the question of the nature of damaging signal, it is pertinent to 

first address the question: Are only damaged proteins are targeted for PSII repair? Or 

does photoinhibition trigger the replacement of all D1 subunits by up-regulation D1 

turnover rate in a generalized manner?   To address this question, it is critical to visualize 

only that subset of PSII complexes that have incurred photodamage that exist among the 

entire the pool of PSII complexes present in the cell.   Hence, the increased turnover rate 

of D1 as observed in pulse-chase protein labeling experiments do not provide an 

unequivocal explanation on the type of D1 subunit, damaged or both damaged and 

undamaged, that is being replaced.  Therefore, both the alternatives of targeted and 

generalized PSII repair are indistinguishable considering the available indirect evidence 

discussed in section 1.7.  

The D1 ectopic strain constructed as described in the previous chapter was 

utilized and further construction allowed completion of the genetic system to allow the 

expression of two alternate forms of D1 proteins in the same cell.   The principle behind 

the development of this system as illustrated in Figure 4.1, was to allow parallel 

expression of wild type (WT) and damage prone D1 simultaneously in a cell thereby 

forming two populations of PSII complexes.  If the damage prone D1 is specifically 

targeted for repair then the increased turnover rate of damaged D1 will cause the 
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accumulation of wild type D1 protein and assemble a higher proportion of active PSII. 

(Figure.4.1).  On the other hand, if there were a generalized repair mechanism then both 

the wild type and damage prone D1 copies would have an increased rate of turnover 

thereby accumulating only a lower proportion of active PSII.  

 

Figure 4.1. Strategy for distinguishing between targeted and generalized repair. The left most panel 
shows the parallel expression of wild type (green) and damage prone (red) D1 protein from different 
locations on the chromosome. These two proteins are expressed simultaneously and assembled into PSII 
complexes as shown. The middle panel depicts predicted individual turnover rates for the different variants 
of D1 during targeted and generalized repair and right panel shows the hypothetical levels of PSII activity 
that might be observed for the two plausible repair mechanisms.  

4.2 Results  

4.2.1. Construction of the dual expression strains 

The D1 ectopic strain (psbA2NS) henceforth designated as eWT (ectopic WT) to 

distinguish between the native (n) and ectopic (e) locus on the chromosome; was used as 

a background for cloning the second psbA2 gene into the native location.  The 

construction of the dual expression strains always carried the wild type psbA2 expressing 
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from the ectopic location and the mutant psbA2 (damage prone) expressing from the 

native location.   This was chosen to prevent the effect (if any) of gene location in the 

alternative the ectopic location in terms of a potentially altered phenotype of the mutant 

compared to the phenotype of the same mutation at the native chromosomal location.   

Furthermore, introducing the mutation in the native locus the likelihood of the expression 

of mutant psbA2 was ensured.    

Table 4.1 lists the single point mutations in D1 protein that were used in this study 

in terms of there previously reported characteristics.  The D1-Ser345Pro mutation 

prevents processing of the carboxy terminus of the protein and causes an inherent 

instability of the protein, the D1-His337Tyr renders the PSII complex highly light 

sensitive, and the D1-Asp170Ala mutation prevents assembly of the manganese cluster.  

Each of these mutations results in lower accumulation of PSII complexes.   These strains 

were re-evaluated for their ability to form active PSII complexes before selecting for dual 

expression.  Along with the list of single D1 high turnover mutants a wild type psbA2 

was also re-introduced the native locus to obtain a double wild type (nWT:eWT) dual 

strain intended to be used as a control but as discussed in later sections gene dosage 

effects were studied from the double WT strain. 

Strain Mutant properties from literature 

D1 – nS345P 
C-terminal extension mutant, PSII content 25% WT, increased D1 

turnover rate (27, 63, 107) 

D1 – nH337Y Light sensitive, PSII content 42%WT (108) 

D1 – nD170A 
Incorrect Mn4CaO5 assembly, PSII content 70%WT, increased D1 

turnover rate (107) 
Table 4.1. List of single D1 point mutations with their properties as described in previous literature 
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The eWT strain was transformed with the genomic DNA isolated from all the 

single D1 mutants and WT as described in chapter two.  As depicted in Figure 4.2 the 

psbA2 gene introduced at the native locus had a kanamycin resistance cassette 

downstream of the psbA2 coding region and therefore transformants obtained from the 

dual expression strain were selected for kanamycin resistance.  The introduction of two 

copies of psbA2 genes did not seem to alter the transformation efficiency and more than 

30 -50 transformants were obtained for each dual strain.  

 

 

Figure 4.2. Genotype of all the strains used in the construction of dual expression strain.  Left panel 
representing the genotype of the triple psbA deletion strain (described in chapter 2), center panel shows the 
eWT strain with the psbA2 gene at the ectopic location (described in chapter three) and right panel shows 
the genotype of the dual expression strain with a psbA2 at the native locus with Kanamycin resistance and 
WT psbA2 expressed from the ectopic (neutral) site.  
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4.2.2. Confirmation of dual integration of psbA2 

The integration of psbA2 genes both at the native and ectopic locus of the 

chromosome was confirmed using PCR amplification of the native and ectopic sites using 

primers listed in Table 2.4.  Figure 4.3 shows the amplification of DNA fragments 

encompassing the full-length native and neutral sites.   Band corresponding to 3,500 bp 

observed in last four lanes of Figure 4.3a represent the psbA2 gene harboring the 

kanamycin resistance cassette.  Lanes 1 and 2 represent the empty native locus from 

triple psbA deletion strain and eWT (psbA2NS) strain wherein the psbA2 gene has been 

replaced with erythromycin resistance cassette.  

The neutral site amplification in Figure 4.3b shows the full-length psbA2 gene 

(2,700 bp) in the last three lanes corresponding to three dual expression strains.  The 

empty neutral site of 1,000 bp was observed in the triple psbA deletion strain and the 

nWT strain.  The amplification products from native and neutral site of each of these 

strains were also sequenced to confirm the introduction of point mutation at the native 

site and the WT sequence at the ectopic location. 
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Figure 4.3. Confirmation of dual integration of psbA2 in 2D1 strain. (a) Native site amplification of the 
2D1 strain Ln 2 and 3(2500 bp) are negative controls showing absence of psbA2 (EmR), Ln 4 (3500 bp) is 
positive control with psbA2 and upstream kanamycin resistance cassette. Ln 5-7 (3500 bp) show integration 
of psbA2 at native site. (b) Shows psbA2 at the ectopic locus. Ln 2 and 4 (1000 bp) are negative controls 
showing empty neutral site, Ln 3 (2700 bp) positive control, Ln 5-7 (2700 bp) shows psbA2 at the ectopic 
locus.  

4.2.3. Estimation of relative PSII activity in single and dual D1 strains  

Relative PSII activity was estimated in all the strains based on variable 

fluorescence measured using a dual modulation kinetic fluorometer.  This assay provides 

an estimate of the relative concentration of PSII complexes that are assembled and 

(a)	
  

(b)	
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capable of light-induced charge separation.   Specifically, the changes in the chlorophyll 

fluorescence induced by a single saturating flash in the presence of DCMU provides an 

estimate of the percentage of PSII centers that can undergo charge separation to form 

P680QA
- state.   This represents a high fluorescence state as compared to the P680QA 

ground state of these photochemical reactants.   Additionally, the rate of decay of the 

high fluorescence state reflects the assembly status of the donor site (Mn4CaO5).   

Because the assembled (Mn4CaO5) can be oxidized by the primary donor P680+ via Yz, 

the high fluorescence charge separated state is relatively more stable than in its absence 

and the lifetime of the high fluorescence state is, accordingly, approximately one second.    

The absence of a fully assembled functional Mn4CaO5, the decay of the high fluorescence 

state is expected to be much faster resulting from the charge recombination between QA
- 

and oxidant localized in the P680/Yz ensemble.  This charge recombination and 

concomitant decay of the high fluorescence state occurs in about ten milliseconds.  This 

is due to the inability of the Mn4CaO5 in providing an electron to the P680/Yz thereby 

creating an electron hole in P680/Yz causing the QA
- to rapidly recombine with P680/Yz.  

Comparison with wild type yields the percentage of functional PSII centers for each 

strain. Table 4.2 lists the strains with their variable fluorescence and percentage of active 

PSII centers relative to wild type. 

D1-Ser345Pro (S345P) and nS345P: eWT 

 The D1–S345P mutation was re-created by transformation of the triple psbA 

deletion strain with plasmid DNA of pRD1031 bearing the point mutation S345P with a 

kanamycin resistance cassette downstream of the gene.  After complete segregation of the 
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strain, this mutant was assayed for the ability to sustain photoautotrophic growth, 

undergo charge separation and accumulate PSII.  S345P was observed to have a light-

sensitive phenotype and was unable to grow photoautotrophically and therefore cultures 

were maintained in the presence of 5 mM glucose.   This observation was consistent with 

previous characterizations of this mutation reported in the literature (63, 73).  The 

mutation Ser345Pro disrupts the cleavage site for the C-terminal protease A (CtpA) and it 

is unable to cleave the C-terminal extension required for the assembly of Mn4CaO5 (27).  

Therefore, the strain is expected to synthesize only the pre-D1 form bearing the C-

terminal extension of 16 amino acids (63).  

 The relative PSII activity in S345P measured as maximal variable fluorescence 

was observed to be only 5% of WT (Table 4.2).  This value is much lower than what was 

observed by Chu et al., 1995 where it was shown to accumulate 25% of wild type PSII 

centers (73, 108), but similar to Nixon et al  (63).   This difference could be attributed 

either to the growth conditions or the new background strain (marker-less triple psbA 

deletion strain).  For all our measurements S345P was maintained in the presence of 

5mM glucose at a light intensity of 10 -15 µmol m-2 s-1.   Alternatively, the difference 

may reflect the type of fluorometer used and it is possible that the higher estimates 

observed by Chu et al were due to the weak but significant actinic affect of the PAM-type 

(pulse-amplitude modulated) fluorometer that may promote transient binding and 

photoxidation of Mn ions, thereby contributing to a longer lifetime of the charge-

separated state and consequently, a correspondingly higher estimate of charge separating 

centers (73). 



64	
  
	
  

	
  

(a)	
   (b)	
  

Strain 
Fv Relative PSII Activity  

(% WT) 

n-WT (native WT) 0.81 ± 0.07 100 

e-WT (ectopic WT) 0.81 ± 0.07 100 

D1 – nS345P 0.04 ± 0.01 5 
D1 – nH337Y 0.04 ± 0.01 5 
D1 – nD170A 0.21  26 

n-S345P: e-WT 0.78 ± 0.05 97 
n-H337Y: e-WT 0.71 ± 0.11 89 
n-D170A: e-WT                 0.67 ± 0.08                        83 

n-WT: e-WT 0.80 ± 0.04 100 
 

Table 4.2. Characterization of PSII activity in all the single and dual D1 expression strains. Columns 
represent Fv (variable fluorescence) and relative PSII activity. Fv was evaluated based on the maximal 
variable chlorophyll a fluorescence (calculated as (Fmax – F0)/F0) for each strain measured in the presence 
of 10 µM DCMU where F0 is the basal fluorescence yield for a sample before exposure to actinic light and 
Fm is the maximal fluorescence yield that each sample reaches after the actinic light is turned on. The 
relative PSII activity for each strain was calculated as percent (%) WT. Values represented are an average 
of five independent experiments.   

     

Figure 4.4. QA reoxidation kinetics of WT (black), S345P (red) and nS345P: eWT (blue). Left (a) and 
right panel (b) indicate the decay kinetics of variable chlorophyll a fluorescence in the absence of DCMU 
(open symbols) and presence of 10 µM DCMU (closed symbols) respectively. Values plotted are calculated 
as (Ft-F0)/ F0 wherein F0 corresponds to the average fluorescence yield of first four weak measuring flashes 
given to each sample before exposure to actinic flash.  
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The decay kinetics in S345P strain was very different from the wild type and the 

dual D1 strain nS345P: eWT (Figure 4.4, red).  The amplitude of variable fluorescence 

for the S345P was very low suggesting that there is only a very small fraction of PSII 

centers capable of charge separation.  Due to lower amplitudes, the decay components 

could not be analyzed for this study. But from previous characterization elsewhere it is 

known that that the mutant undergoes incorrect assembly of Mn4CaO5 (27, 73). This has 

been shown by the presence of 25% PSII centers compared to control but lack of any 

oxygen evolution (27, 73). The charge separated state P680
+QA

- corresponding to high 

fluorescence is much lower in the mutant even in the presence of reduced QA
-; this is due 

to a rapid quenching from P680
+

. An increased chlorophyll fluorescence quenching is 

indicative of incomplete reduction by the Mn4CaO5 due to a disruption of the donor side 

of PSII. The mutant strain has been shown to contain photooxidizable Mn that causes the 

reduction of Yz
+ (73).  

In the dual D1 strain nS345P: eWT, when the wild type was added to the ectopic 

location of the S345P strain there was a dramatic increase in the fraction of PSII centers 

that could successfully undergo charge separation (Figure 4.4, blue). The amplitudes of 

variable fluorescence are comparable to the single wild type (eWT) strain and accumulate 

97% PSII centers when compared to wild type (Table 4.2). The fluorescence decay 

kinetics both in the presence and absence of DCMU suggest the presence of a fully 

functional Mn4CaO5 and resembles wild type (eWT) strain indicating that the dual D1 

strain nS345P: eWT accumulates primarily the wild type PSII centers and the fraction of 
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PSII complexes with either negligible amounts (with no apparent kinetic differences) or 

absence of mutant S345P D1 form.  

D1 – Asp170Ala (D170A) and nD170A- eWT 

D1- D170A is a mutation at the donor side of PSII that affects the early stages in 

the assembly of Mn4CaO5 (109). The mutant has been shown to accumulate 70% of PSII 

centers in comparison with wild type. In our characterization of this mutant, the PSII 

activity was observed to be 25% of that of wild type (Table 4.2). This mutant was non-

photoautotrophic and they were maintained in the presence of 5 mM glucose in 10-15 

µmol m-2 s-1 of flux intensity.  

The kinetics of QA reoxidation was measured in D170A both in the presence and 

absence of DCMU (Figure 4.5 (a) and (b)). In the absence of DCMU, the decay in 

fluorescence reflects the transfer of electrons from QA
- to QB site in the plastoquinone and 

the much slower recombination of the QA
- with the Mn4CaO5. In the presence of DCMU, 

the decay of high fluorescence yield after the first saturating flash reflects primarily the 

charge recombination between the QA
- and the Mn4CaO5 as the flow of electrons to QB 

site is blocked. In D170A, the faster decay in fluorescence as observed in Figure 4.5 (b) 

in the presence of DCMU is due to charge recombination between QA
- and Yz

+. This is in 

accordance with is in accordance with previous observations. This decay is due to lack of 

photooxidizable Mn ions for the reduction of Yz
+. Earlier observations also show an 

increased quenching of fluorescence due to a slow reduction of Yz
+ from an alternate 
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(a)	
   (b)	
  

electron donor (P680
+). The decay observed in Figure 4.5 (a) could be attributed to this 

quenching of fluorescence.  

        

Figure 4.5. QA reoxidation kinetics of WT (black), D170A (red) and nD170A: eWT (blue). Left (a) and 
right panel (b) indicate the decay kinetics of variable chlorophyll a fluorescence in the absence of DCMU 
(open symbols) and presence of 10 µM DCMU (closed symbols) respectively. Values plotted are calculated 
as (Ft-F0)/ F0 wherein F0 corresponds to the average fluorescence yield of first four weak measuring flashes 
given to each sample before exposure to actinic flash.  

 

When D1- WT was expressed in parallel from the ectopic site with D1- D170A at 

the native site (nD170A: eWT) the amplitudes of total variable fluorescence obtained 

were much higher (Figure 4.5 (a) and (b), blue) showing a 70% increase in the proportion 

of PSII centers capable of undergoing charge separation when compared to the mutant 

D170A alone (Table 4.2). The decay of fluorescence in the presence and absence of 

DCMU essentially resemble the e-WT strain (in black) suggesting an accumulation of 

wild type D1 PSII centers in the dual strain nD170A: eWT.  
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D1–His337Tyr (H337Y) and nH337Y: eWT 

D1-H337Y was chosen for its light sensitive non-photoautotrophic phenotype(108).  This 

mutant has been previously shown to accumulate 42% PSII relative to WT. This mutant 

was initially chosen for the previously published evidence of higher PSII content. 

However, during our analyses of this mutant the relative PSII activity was observed to be 

only 5% of WT levels. This observation could be due to the differences in the light and 

growth conditions of the strain. The mutant has been shown to undergo partial quenching 

of fluorescence by donor side and much slower rate of electron transfer from QA
- to QB. 

In the presence of DCMU, H337Y undergoes charge recombination between QA
- and Yz

+. 

This mutant has been suggested to generate reactive oxygen species due to its 

photoinhibitory phenotype. The amplitudes of variable fluorescence were extremely low 

for the mutant (Figure A.1) and could not be analyzed into different decay components. 

Although, when D1-WT was expressed in parallel with H337Y, there was an increase in 

the amplitude of the total variable fluorescence (Figure A.1 (b)) representing the 

proportion of PSII centers with WT D1 incorporated.  

4.2.4. Fluorescence Decay Kinetics  

The high fluorescence state reached after a single saturating flash followed by 

series of weak measuring flashes denotes the fraction of PSII centers at P680QA
-. The 

kinetics of fluorescence relaxation in the presence of DCMU allows us to monitor the 

charge recombination with the donor side (Mn4CaO5). Since, the mutants used in this 

study are essentially affecting the donor side of PSII, the decay of this high fluorescence 
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yield in the presence of DCMU was further analyzed by normalizing the amplitudes of 

variable fluorescence for each of these strains. In the presence of an intact Mn4CaO5 

when the forward electron flow to QB is (by DCMU), the only option for the electron 

from QA
- is to find its way back to Mn4CaO5 and this is a much slower process (Figure 

4.6, black). In the absence of an intact functional Mn4CaO5 there is a much more rapid 

recombination between the QA
- and Yz

+ as the Mn4CaO5 is not available for the reduction 

of Yz
+ (Figure 4.6, blue).  

In the dual D1 strains expressing both mutant D1 (from native) and WT D1 (from 

ectopic) we expected heterogeneity in PSII centers. To evaluate the presence of 

heterogeneous PSII population (if any) in the dual D1 strain, the decay kinetics were 

normalized and compared with the mutant and wild type separately. In the dual strain 

nD170A: eWT there a proportion of PSII centers were observed to undergo a slightly 

faster decay when compared to the eWT strain (Figure 4.6, red). This observation was 

consistent for more than one occasion and seemed to vary with growth conditions. This 

faster decay component could be attributed to the PSII centers with D1-D170A 

incorporated. The variations in the decay observed in different growth conditions suggest 

that by changing the light conditions we could alter (increase or decrease) the 

accumulation D1- D170A in the cell.  

Similarly, the decay kinetics were analyzed for the other two dual D1 strains 

(nS345P: eWT and nH337Y: eWT) depicted in Figures A.2 (a) and (b). No such 

differences in the rate of fluorescence decay were observed. This could be due to a lower 

accumulation of S345P and H337Y observed in our growth conditions (Table 4.2). An 
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attempt to increase in PSII content by changing the light and growth conditions might 

allow us to accumulate fraction of PSII centers with mutant D1 (S345P and H337Y) 

incorporated. 

 

Figure 4.6. Relaxation Kinetics of chlorophyll a fluorescence in WT (black), D170A (blue) and 
nD170A: eWT (red).  Decay of fluorescence during QA reoxidation was measured in the presence of 
DCMU for each sample. The values of variable fluorescence were normalized to 1 and plotted as Ft-F0/ Fm-
F0 wherein F0 and Fm are basal and maximal fluorescence before and after exposure of the sample to actinic 
light respectively. Data points represent an average of three different samples.  

 

4.2.5. Expression of pD1 and D1 in dual expression strains 

As noted, the S345P mutant cannot process of C- terminal extension of the 

nascent D1 apo-protein due and consequently the 16 amino acid C- terminal extension 

remains intact in the mutant as a pre-D1 (pD1) form. Due to the inability to form mature 

D1 protein, S345P has been shown to undergo incomplete PSII assembly process and 

these partially assembled complexes with pD1 have been shown to have a higher D1 

turnover rate (~15 minutes) than wild type (63). The pD1 forms being longer than the 
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mature D1 form runs slower and can be resolved using SDS-Urea polyacrylamide gel 

electrophoresis.  

The parallel expression of S345P and WT D1 in nS345P: eWT strain was 

evaluated for the co-expression of pD1 and D1 form. The thylakoid membranes isolated 

from nS345P: eWT was compared with e-WT and S345P strains on a 12% - 20% SDS 6M 

Urea denaturing gel electrophoresis. Samples were loaded on an equal chlorophyll basis 

of 0.5µg and the D1 and pD1 forms were probed with antisera PsbA. Figure 4.7 shows 

the D1 and pD1 accumulation in the thylakoid membranes of these strains. The 

observation of less accumulation of pD1 form in the mutant S345P is consistent with 

lower PSII content as observed in variable fluorescence measurements (Table 4.2). This 

is also in accordance with previous biochemical analysis of S345P (63). The 

accumulation of D1 in the dual strain nS345P: eWT was very similar to that of the e-WT 

strain. Additionally, there was no detection of the pD1 protein in this strain. This would 

suggest that PSII complexes in the dual strain are primarily consisting of D1- WT and 

there are only fewer PSII complexes with D1- S345P (pD1) incorporated, which is 

beyond the limit of detection by immunoblotting. Therefore, it could be concluded that 

D1-S345P molecules are not being synthesized at all or they are being synthesized but 

due to a higher rate of D1 turnover they are degraded rapidly due to the presence of the 

wild-type version.  
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Figure 4.7. Accumulation of D1 and pD1 using immunoblot analysis against PsbA (D1) Thylakoid 
membranes isolated from WT, SP-WT (nS345P: eWT) and S345P were resolved on a 12% - 20% SDS 6M 
Urea denaturing PAGE and probed using antisera against PsbA (D1). Lanes were loaded on an equal 
chlorophyll basis with 0.5µg chlorophyll. The blot obtained was analyzed using Image J analysis software 
and the relative density for each band listed on the blot was calculated using WT as a reference.  

4.2.6. Effect of FtsH2 deletion on accumulation of pD1 

FtsH a member of ATP dependent AAA family of proteases has four homologues 

in Synechocystis. FtsH2 (slr 0228) has been shown to be involved in early stages of PSII 

repair by proteolytically removing D1 subunits (65). It has been observed that FtsH 

recognizes the N-terminus of D1 protein to initiate the D1 degradation process (67). 

When FtsH2 was knocked out from these dual D1 strains, the PSII activity in all these 

strains were 20% less than their non-knockout variants (Table A.1). This was expected 

because with the inability to undergo PSII repair these strains were accumulating 

damage.  

To examine the effect of FtsH deletion on the expression of D1 and pD1, 

thylakoid membrane samples from eWT, S345P, nS345P: eWT (SP-WT) and ΔFtsH- SP-

WT were resolved on a 12% - 20% SDS 6M Urea denaturing gel (Figure 4.8). The 

accumulation of D1 and pD1 were observed using antisera against D1. The relative 

intensity of the D1 protein band indicates similar levels of accumulation across different 

samples whereas pD1 was accumulated to only ~25% of mature D1 levels. This was 
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consistent with previous observation in Figure 4.7. An accumulation of pD1 and D1 was 

observed in ΔFtsH- SP-WT indicating co-expression of both mutant (S345P) and wild 

type (WT) D1 proteins in the dual D1 strain (Figure 4.8). Additionally, absence of the 

pD1 band in the nS345P:eWT strain suggests that S345P mutant form are being 

synthesized but they have a higher rate of turnover therefore do not accumulate to higher 

levels for visualization on an immunoblot.  

 

Figure 4.8. Effect of FtsH protease deletion on the accumulation of D1 and pD1. Thylakoid membranes 
from WT (eWT), S345P, SP-WT (nS345P: eWT) and ΔFtsH- SP-WT were resolved on a 12% - 20% SDS 
denaturing PAGE and probed using antisera against PsbA (D1). Lanes were loaded on an equal chlorophyll 
basis with 0.5µg chlorophyll. Bands were analyzed using Image J analysis software and the relative density 
for each as listed on the blot was calculated using WT as a reference.  

4.2.7.  Gene dosage effect of PSII activity – nWT: eWT   

Expression of two WT psbA2 genes was accomplished to study the effects of gene 

dosage on the PSII activity. The total variable fluorescence for the double WT (nWT: 

eWT) was very similar to single WT strains (Table 4.1) showing 100% PSII centers 

relative to WT. This suggests that the proportion of charge separating centers in the 

double WT strain similar to single WT strain. The fluorescence decay kinetics during QA 

reoxidation (Figure 4.9 (a) and (b)) was compared with the wild type at the native site 
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(a)	
   (b)	
  

(red) and at the ectopic site (black). The decay in the presence and absence of DCMU 

were identical for the most part. Overall, kinetics of PSII activity from variable 

fluorescence shows that the proportion of PSII centers in the three strains double WT 

(nWT:eWT), eWT and nWT are all similar.  

      

Figure 4.9. QA reoxidation kinetics in eWT (black), nWT (red) and nWT: eWT (blue). Panel (a) and (b) 
indicate the decay kinetics of variable chlorophyll a fluorescence in the absence (open symbols) and 
presence of 10 µM DCMU (closed symbols) respectively. Values plotted are calculated as (Ft-F0)/ F0 
wherein F0 corresponds to the average fluorescence yield of first four weak measuring flashes given to each 
sample before exposure to actinic flash.  

4.2.8.  Expression of D1 protein in Double WT (nWT:eWT) 

The accumulation of D1 protein was observed in the double WT strain and 

compared to the single WT strain to evaluate if the presence of two copies of wild type 

D1 causes an accumulation of D1. Thylakoid membrane samples from nWT: eWT and 

eWT were resolved and probed using antisera against PsbA (Figure 4.10). The relative 

intensities estimated using Image J analyzer shows similar levels of D1 accumulation in 

both the strains. It can be concluded that assuming there are twice the number of wild 
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type psbA2 transcripts yet only a certain proportion of the transcripts are translated into 

D1 and this corresponds with the concentration of PSII in the cell.  

 

Figure 4.10 Accumulation of D1 in nWT: eWT. Thylakoid membranes from WT (eWT) and nWT: eWT 
were resolved on a 12% - 20% SDS denaturing PAGE and probed using antisera against PsbA (D1). 
Samples were loaded on an equal chlorophyll basis with 0.5µg chlorophyll. The intensity of bands was 
calculated in terms of relative density using Image J analysis software using WT as a reference and the 
values in the blot represent relative density.  

4.3. Discussion 

The development of parallel genetic system described in this chapter utilizes the 

ectopic WT strain that has been constructed as described in Chapter three.  This enabled 

the co-expression of alternative forms of the D1 protein from identical promoters 

allowing tests on the possible alternative cellular fates of the co-expressed alleles.  Thus, 

the overall purpose of this dual D1 expression system was to address the underlying 

question of whether PSII complexes that are damaged during photoinhibition are targeted 

for PSII repair as opposed to the alternative hypothesis that photodamaging conditions 

elicit a general up-regulation in the rate of the D1 replacement process such that damaged 

and undamaged subunits both have increased turnover probabilities.  

The principle for this parallel expression approach of expressing a damage prone 

mutant with a faster rate of D1 turnover and a wild type with normal D1 turnover as 
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described in Figure 4.1 was to accumulate heterogeneous populations of PSII consisting 

of either a mutant or wild type D1. By introducing heterogeneity in a single strain, we can 

monitor if the cell specifically targets mutant PSII complexes for repair or if both the 

mutant and WT complexes undergo an increase in turnover and get replaced in a random 

manner. If there were a targeted repair mechanism, the mutant PSII complexes would be 

targeted for repair while the PSII complexes with WT would accumulate. Therefore, by 

evaluation of the overall PSII activity in these dual strains we can address these two 

alternate hypotheses. A high PSII activity would indicate a higher proportion of wild type 

PSII RCs and this could be due to the faster rate of turnover in mutant PSII RCs that do 

not form a part of functional PSII. A lower PSII activity would suggest towards an 

existence of equal proportion of wild type and mutant PSII RCs.  

For the successful construction of dual D1 strains, damage prone D1 mutants 

were cloned into the native locus and the WT was cloned into the ectopic locus of the 

chromosome. By using this approach we ensured the expression of mutant psbA2 normal 

levels, as it was being cloned into the original site in the chromosome. Cloning the wild 

type psbA2 instead of a mutant into the ectopic site prevented any untoward alteration in 

the phenotype of the mutant that would otherwise be attributed to differences in the gene 

location. Both the genes (mutant and wild type) were under the control native psbA2 

promoter and shared the same 5’ and 3’ UTR (untranslated region). This increased the 

likelihood that both the genes are being regulated similarly and any difference in the 

expression of one gene would be carried over to the other gene as well. Thus, both the 
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genes were constructed with an intention to maintain similar gene regulation including 

transcription and translation.  

Damage prone D1 mutants for dual D1 constructions were chosen (Table 4.1) 

primarily based on their sensitivity to photoinhibition, which would imply an increased 

rate of D1 turnover and their ability to accumulate non-functional PSII to a moderate 

level. Three such D1 mutants S345P, D170A and H337Y essentially affecting the donor 

side of PSII were used for the dual D1 strain construction with an introduction of WT in 

the ectopic location of each of these mutants. D1- Ser345Pro, C-terminal extension 

mutant that does not undergo D1 C- terminal processing and has a 16 amino acid 

extension causing the Mn4CaO5 to not assemble correctly thereby has an increased D1 

turnover rate (27). This mutant has been shown previously to accumulate 25% PSII 

centers compared to wild type (27, 73). Similarly, D1-Asp170Ala is also a mutant 

affecting the donor side of PSII. This mutant is known to not assemble Mn4CaO5 cluster, 

accumulates 75% of PSII centers relative to WT and has been shown to have a D1 

turnover rate of 15 minutes (73, 94, 109).  Additionally, D1- His337Tyr is also a 

mutation causing the incorrect assembly of Mn4CaO5. This mutant has been suspected to 

create reactive oxygen species making this mutant extremely light sensitive. It has been 

shown to accumulate 45% PSII relative to WT (108).  

Towards targeted repair mechanism 

All the three dual D1 strains nS345P: eWT, nD170A: eWT and nH337Y: eWT 

restored the mutant phenotype of low PSII activity (Figure 4.3, 4.4 and A.1). When the 
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mutants were expressed from the native site alone their PSII activity was very low (Table 

4.2). The values of relative PSII activity observed were much lower than those previously 

reported. This could be due to the differences in the strain background (marker-less triple 

psbA deletion, discussed in chapter two) and light and growth conditions. The relative 

PSII activity of the dual D1 strains corresponded well with the strain expressing single 

WT psbA gene. Based on the total variable chlorophyll a fluorescence as a measure of 

relative PSII activity, there appears to be an increased proportion of PSII RCs with WT 

D1 protein assembled. Also, the kinetics of the decay of high fluorescence state in the 

presence and absence of DCMU suggest a large population of PSII centers undergoing 

charge recombination between the QA
- and Mn4CaO5 (in the presence of DCMU, Figure 

4.4 (b) and 4.5 (b)) and a large proportion of RCs undergo QA
- to QB transfer (in the 

absence of DCMU, Figure 4.4 (a) and 4.5 (a)).  The kinetics of QA reoxidation was 

similar to a large extent in all the dual D1 strains suggesting a predominant accumulation 

of PSII center with WT D1 protein implying that there either no accumulation or very 

less accumulation of mutant PSII centers. Consequently, the question to be asked would 

be why are the mutant PSII RCs not being accumulated?  

As reasoned earlier, a high PSII activity in dual D1 strains could be indicative of a 

targeted repair mechanism of the damage prone PSII complexes. This can explain the 

absence or lower amounts of mutant PSII complexes (non functional PSII). Another less 

plausible alternative could be that introduction of two copies of a gene has some 

regulatory affect on the mutant psbA2 causing the gene to be silenced. This seems highly 

unlikely as the mutant psbA2 are being expressed from the native locus and we would be 
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expecting an affect (if any) on the WT expressing from the non-native (ectopic) location. 

This suggests preliminary evidence towards a targeted repair mechanism.  

However, choosing a mutant that would accumulate an increased proportion of 

non-functional RCs would benefit in addressing this hypothesis. D170A by far was able 

to accumulate maximum PSII under the conditions this study was performed and we were 

able to accumulate 25% of WT PSII centers. The dual strain nD170A: eWT also 

accumulated 85% PSII centers relative to WT. When the decay kinetics of fluorescence 

was analyzed by normalizing the amplitudes of all the strains it was observed that a 

smaller fraction of PSII centers undergo a slightly faster decay. This faster decay 

component was consistently observed and can be attributed to the faster decay in the 

mutant D1- D170A (Figure 4.6). This observation could be indicative of a co-expression 

of both the mutant and wild type copies of D1 protein. We believe that if these strains are 

grown at the different light conditions we might be able to increase PSII accumulation.  

Analysis of D1 and pD1 accumulation in the thylakoid membranes isolated from 

S345P and nS345P: eWT did not show an accumulation of the pD1 form in the dual strain 

nS345P: eWT (Figure 4.7). The amount of pD1 accumulated in S345P was approximately 

30% of that of the D1 protein observed in WT. A lower accumulation of pD1 has been 

reported previously (63). However, there was no pD1 observed in the dual again. Again, 

suggesting that PSII complexes are predominantly incorporated with WT PSII 

complexes. 
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From the fluorescence decay kinetics in nD170A: eWT we observe a small 

fraction of PSII centers that might have D1-D170A assembled into PSII RCs suggesting 

that both the native and ectopic sites are viable and are expressing the respective psbA2 

genes. Taken together the observations from decay kinetics and the absence of a pD1 

form in dual strain S345P: eWT, it could be inferred that both the mutant and wild type 

psbA2 genes are being expressed and mutant D1- S345P gets targeted for repair and 

therefore does not accumulate in the dual strain (nS345P: eWT) to be visualized by 

immunoblotting.  

When thylakoid membranes from FtsH knockout version of nS345P: eWT were 

compared with S345P: eWT, an accumulation of the pD1 form was observed in 

immunoblots corresponding to the fraction of PSII RCs with mutant S345P incorporated 

(Figure 4.8). A deletion of FtsH protease causes the repair process to terminate leading to 

an accumulation of the damaged D1 and pD1 that is unable to undergo PSII repair. 

Therefore, by using the FtsH knockout strain it is evident that both are genes (mutant and 

wild type) are being co-expressed and the increased PSII levels observed in dual D1 

strains (Table 4.2) and the absence of pD1 (D1-S345P) form in the dual strain S345P: 

eWT are due to specific targeting of PSII complexes with D1-S345P incorporated. This 

mutant form cannot complete the assembly process beyond pD1 and therefore gets turned 

over rapidly whereas the PSII complexes with WT incorporated are much more stable 

and complete the PSII assembly process.  
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Homeostatic control of PSII  

Cloning two wild type psbA2 genes in a single strain (nWT: eWT) to study gene 

dosage effects have shown similar PSII activity to that of the single WT strain, evaluated 

based on variable chlorophyll a fluorescence. The percentage of RCs capable of charge 

separation was same as that of a single WT strain (eWT and nWT separately) (Table 4.2). 

The QA reoxidation kinetics also suggests similar decay of the high fluorescence state 

both in the presence and absence of DCMU as the single WT strain (Figure 4.9). The 

presence of two copies of wild type D1 proteins does not seem to increase the levels of 

PSII in the cell. From previous discussion on the co-expression of mutant and wild type 

D1 it is known that both the native and ectopic locations are viable. Hence, it is 

conceivable that both the wild copies are being expressed, however only a certain 

maximum number of PSII are being assembled in a cell which is corresponding to the 

proportion in a single WT strain. Accumulation of D1 was observed in the double wild 

type (nWT: eWT) and compared with a single WT (eWT) strain on an immunoblot 

(Figure 4.10). The level of D1 protein accumulated is similar to that of a single WT 

strain. The accumulation of D1 reflects the total D1 protein in thylakoid membranes and 

correlates with the amount of PSII in the thylakoids. The presence of a finite number of 

PSII complexes and corresponding levels of D1 protein, even though there is presumably 

twice the number of wild type transcripts (this needs to be checked in future studies), 

indicate a regulatory mechanism maintaining this PSII homeostasis. What controls this 

PSII homeostasis?  
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A transcriptional regulation of D1 controlling the PSII homeostasis is not very 

likely as both the genes at the native and ectopic site are under the control of identical 

native psbA2 promoter and 5’ and 3’ UTRs. Therefore, controlling the abundance of 

transcripts would also influence both the native and ectopic sites and this in turn would 

have an affect in the strains expressing a mutant and wild type in parallel limiting the 

number of transcripts of both mutant and WT observed as a lower proportion of active 

PSII.  

It is known that translation of D1 is regulated in a manner that D1 degradation 

and synthesis are coupled (54). This could explain the similar levels of D1 protein 

observed to be accumulated in western blots in the double WT. But, if this translational 

regulation were controlling PSII homeostasis, then the transcripts of mutant and WT in 

the dual mutant strains would have to be screened and removed early on before 

translation elongation. Although, this possibility cannot be dismissed with absolute 

certainty, the likeliness of the regulation of PSII homeostasis by some other protein 

(factor) appears more plausible.  

A factor X is probably a part of the PSII assembly process and the association of 

this factor (X) early on stabilizes the complex for complete PSII assembly. The 

stoichiometry of this factor X determines the finite number of PSII in a cell. Candidates 

for this factor could be any PSII protein from the complex, although the core subunits 

CP47, CP43, D1 and D2 might not be the most favorable candidates for regulating PSII 

homeostasis. Deletion of the FtsH protease has been shown to influence the accumulation 

of CP47, D2 and CP43 in some mutants (63). It has been suggested that during the 
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insertion new subunits in PSII assembly process there is accumulation of unassembled 

CP47 and D2, while D1 and CP43 are almost immediately inserted into PSII. CP47 and 

D2 are early members of the PSII assembly process and D1 and CP43 only get associated 

afterwards. Therefore, the factor X could be a protein subunit that plays a role prior to the 

association of D2 and CP47, for example Cyt b559. And this could explain the increased 

pool of CP47 and D2 waiting for the factor X stabilized PSII complex for assembly.
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CHAPTER V 
 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1. Summary  

This work describes the development of a novel genetic system involving the 

parallel expression of two alternate forms of psbA2 genes encoding for D1 protein. More 

importantly, it describes the application of this system to evaluate the hypothesis that the 

PSII repair mechanism results in the replacement of photodamaged D1 subunits by 

specifically targeting the damaged subunits for replacement.  With these results, all 

evidence points now towards the existence of a targeted repair mechanism, as opposed to 

the generalized mechanism as outlined in the beginning of Chapter 4.  Although a 

targeted D1 replacement mechanism has been widely assumed, this is the first direct 

evidence for its existence.  

PSII repair process as described in Chapter 1, copes with damage during 

photoinhibition by increasing the turnover rate of D1 protein causing the replacement of 

D1 protein subunits i.e. the removal of D1 subunits in the PSII complex with newly 

synthesized D1 protein. This process requires a partial dis-assembly and assembly of the 

PSII complex because the D1 protein is buried into the PSII dimer (illustrated in Figure  
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1.5).  The increased turnover of D1 was observed by isotopic pulse-chase labeling of cells 

subjected to high light.  This increase in D1 turnover rate was viewed by the 

disappearance of the D1 protein band after during chase on an autoradiogram at a rate 

higher than other PSII proteins. The increased turnover rate suggests that the rate of D1 

removal and new D1 synthesis is elevated and consequently it is known that degradation 

and synthesis is coupled. A metalloprotease FtsH belonging to the family of AAA-ATP 

dependent proteases are known to involve in the D1 degradation. The mechanism/s by 

which FtsH recognizes D1 and initiates the process of degradation in currently not clear. 

However, it was shown that presence of the N-terminus of D1 protein was crucial for the 

FtsH mediated degradation to occur.  Due to this coupled degradation and synthesis it is 

widely speculated that during PSII repair damaged D1 subunits are replaced with newly 

synthesized D1.  

With isotopic pulse-chase labeling, we cannot distinguish between a damaged and 

an un-damaged D1 subunit, therefore, is it critical to determine if the FtsH mediated 

degradation process can distinguish between damaged versus undamaged D1. There is 

preliminary evidence that suggests the other alternative of a general increase in the 

turnover of all D1 proteins replacing the D1 subunits in random to replace the entire 

population of D1 in the cell. PSII complexes have been shown to undergo increase in 

mobility throughout the membrane when subjected to high light. Also, it has been 

suggested that during repair FtsH localizes to “zones of repair” that are regions where the 

cytoplasmic membrane and thylakoid membranes connect. It would be speculated that the 
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increased mobility of PSII is indicative of their movement towards these “zones of 

repair” to initiate repair.  

The genetic system developed in this work, expressing alternate forms of D1 

proteins in one cell allowed us to address this question of targeted versus generalized 

PSII repair process. This system utilized the expression of a WT and a high D1 turnover 

mutant in parallel to emulate the high light conditions in a cell. It is known that high light 

triggers photoinhibition causing damage to PSII complexes. And being very dynamic in 

nature undergoes frequent damage, dis-assembly and assembly. Therefore, under high 

light we expect a mixed population of PSII complexes including damaged and 

undamaged PSII. The strains expressing dual D1 proteins were constructed with the idea 

of mixed PSII populations consisting of damaged (in this case high D1 turnover mutant) 

and undamaged (wild type D1) complexes.  

The genetic system was developed in two steps, first step involving the expression 

of the normally high levels of wild type psbA2 gene, but from an ectopic location on the 

chromosome. This part of the system is described in Chapter 2. A novel approach of a 

combination of synthetic biology and fusion PCR was utilized to construct a full-length 

psbA2 gene. The gene fragment used for cloning at the ectopic site was designed such 

that it consisted of native psbA2 promoter, terminator; native 5’ UTR, 3’ UTR; wild type 

psbA2 coding region and the upstream, downstream ectopic site flanking sequences. This 

entire gene fragment (approximately 2.7 kb) was split cloned into two pUC vectors 

(ordered for synthesis from Blue Heron Bio). A full-length psbA2 gene is known to be 

toxic to E.coli. This is because the gene can be expressed in E. coli and being very 
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hydrophobic in nature it can span the E.coli membrane and causing its disruption. Split 

gene cloning as used in this work, bypasses the full-toxicity of the gene and the PCR 

amplified products from these plasmids are joined to generate the full-length psbA2 gene 

by fusion PCR. The PCR product was directly used for transformation into the ectopic 

location of a triple psbA deletion strain (ΔA1ΔA2:EmΔA3). The WT ectopic strain thereby 

constructed (eWT) restored PSII activity as measured by variable chlorophyll 

fluorescence, as well as maintained the photoinhibition and recovery rates similar to the 

native expression of psbA2 gene (RD1031).  

The eWT strain was used as a background for cloning the alternate psbA2 gene in 

parallel at the native locus of the chromosome. Chapter 4 describes the complete 

developed of the parallel genetic system wherein three high D1 turnover mutants (listed 

in Table 4.1) were used for the introduction into the native site of the eWT strain. These 

mutants D1-S345P, D1-H337Y and D1-D170A are well-characterized mutants that 

undergo faster rate of D1 turnover due to either structural perturbations, increased 

susceptibility to photoinhibition or defect in Mn4CaO5 assembly. These single D1 

mutants have a low PSII activity whereas when these mutant were expressed in parallel 

with the wild type D1 they restored this mutant phenotype and maintained higher levels 

of PSII activity. High PSII activity suggests an increased population of PSII complexes 

with wild type D1 incorporated indicating that either the high turnover D1 mutants are 

not expressed or they are targeted for repair and therefore do not accumulate.  
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D1-S345P is a mutant that unable to process the C-terminal D1 extension and 

causes the D1 to exist only as a premature form (pD1). The mature D1 and pre-D1 (pD1) 

protein has a difference of 16 amino acids that can be resolved by electrophoresis. 

unoblot analyses of the nS345P: eWT strain does not show an accumulation of pD1 form. 

However, an immuoblot analysis of the FtsH deficient nS345P:eWT strain indicates the 

presence of both pD1 and D1. This suggests co-expression of both wild type and high 

turnover mutant forms of D1 protein. Biophysical characterization using variable 

chlorophyll fluorescence of the dual D1 strain nD170A: eWT also showed the co-

expression of mutant and wild type D1 subunits. Single D1 mutant D170A has been 

characterized to have a faster decay in chlorophyll fluorescence indicative of the charge 

recombination between the QA
- and Yz

+ due to an inactive Mn4CaO5. A small component 

of faster decay in fluorescence was observed in the dual D1 strain nD170A: eWT 

representing the fraction of reaction centers with mutant D1-D170A forms incorporated.  

The accumulation of pD1 in FtsH deficient nS345P: eWT shows that pD1 gets 

targeted for repair. A knockout of the FtsH protease blocks the D1 degradation process 

causing the accumulation of pD1. Additionally, the presence of wild type D1 somehow 

appears to increase the rate of degradation of pD1 in the dual D1 strain nS345P: eWT. 

This is based on the observation that when the mutant S345P is present alone it is able to 

accumulate the pD1 whereas there is absence of an accumulation of pD1 when the wild 

type D1 is expressed in parallel with mutant S345P.  
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To study the psbA2 gene dosage effect on PSII activity, two wild type psbA2 

genes were cloned such that each is expressed from a native and an ectopic site of the 

chromosome. The PSII activity in this double WT strain was almost identical to the 

activity of a single WT strain (being expressed from either native or ectopic). This 

suggests that the fraction of active reaction centers in the double and single WT strains 

are similar and that the amount of PSII is constant. The accumulation of D1 protein in 

both the single and double WT strain also indicate similar amounts. Therefore, it appears 

that amount of PSII in a cell is regulated and this is not controlled by D1 protein because 

the presence of two copies of wild type psbA2 gene accumulates the same amount of D1 

as single psbA2 copy. 

5.2. Implications of this work 

5.2.1 Selective and Targeted D1 degradation 

The degradation process during PSII repair has been known to be selective for D1 

protein. This has been established by the increased D1 turnover rate when compared to 

other PSII proteins during high light. This work provides evidence that FtsH protease 

specifically targets the damaged PSII complexes for repair. Therefore, when cells are 

subjected to photoinhibition the increase in the D1 turnover rate that is observed 

represents the fraction of reaction centers that are targeted for repair while the PSII 

complexes that are not yet subject to photodamage continue to be functional. This finding 

provides basis for the existence of a mechanism by which FtsH distinguishes between 

damaged D1 and un-damaged D1.  
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5.2.2 PSII Homeostasis: Maintaining Active PSII  

PSII is very dynamic in nature undergoing continuous damage and repair cycle 

and yet maintaining higher levels of active PSII in the cell. Collectively from the 

observations made during this work it can be concluded that a “factor” controls PSII 

homeostasis by allowing the assembly of only a finite number of PSII per cell. Only the 

precomplexes that have this factor X attached to them are stable to go further in the PSII 

assembly process (as depicted in Figure 5.1). Those complexes that are not stabilized by 

assembly factors are triggered for degradation via a non-FtsH mediated degradation. In 

the strains expressing both mutant and wild type D1 protein there is an equal probability 

of either mutant or WT to be assembled into PSII. An insertion of a damage prone mutant 

gets triggered for repair due to the targeted repair mechanism thereby freeing a PSII that 

again as a equal probability to assemble either mutant or WT. During each turnover 

event, if a WT D1 is inserted into PSII, the complex is stable for ~45 minutes whereas if 

a mutant D1 is inserted the complex is unstable and is replaced in ~ 15 minutes. 

Therefore, over a period of several D1 turnover events the proportion of WT- PSII 

complexes would be higher as the likelihood of a WT to be assembled increases with 

every turnover event.   

Thus, there seems to be an internal competition between the most competent and 

incompetent D1 proteins. The most competent (represented by WT) allowing the PSII to 

be fairly stable while the incompetent (represented by mutant) is unstable and undergoes 

targeted repair. With this interplay between PSII homeostasis and repair controlling the 

number and the stability of PSII respectively ensures higher levels of active PSII in a cell.  
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Figure 5.1. A proposed model for PSII Homeostasis suggesting a quality control of PSII complexes at 
various stages during the assembly and repair processes. The first stage of control occurs at the very early 
stage of PSII assembly with the formation of a stabilized precomplex (highlighted in white box), removal 
of subunits that do not enter the assembly process by non-FtsH mediated pathways acts as the second 
checkpoint and finally those PSII complexes that do go further in PSII assembly processes to form 
monomers and dimers get targeted by FtsH based on the individual D1 protein turnover rates. FtsH 
mediated degradation recognizes the damage prone complexes and targets them for repair.  
 

5.2.3 Applications of the genetic system 

The genetic system developed in this study shows the first report of the cloning of 

a full-length psbA2 gene. This can enable mutagenesis studies involving the N-terminus 

of D1 which has not been possible with the previous mutagenesis systems. The structure-

function studies in relation with the N-terminus of D1 might be important as it was 

shown that an exposed N-terminus was required for the degradation of D1. The dual 
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expression system that was developed in this study can be beneficial for study other gene 

dosage effects of other genes as well. Overexpression mutants of cyanobacterial 

membrane proteins are difficult due to the expression of these genes in E.coli. Dual 

expression systems can serve as a biotechnological tool for the double expression of 

genes either under the control of native promoters or other strong promoters. Overall, 

having an alternate location on the genome open for mutagenesis could be used to study 

effects of multiple genes in parallel and monitor any pleiotropic phenotype the cell might 

display.  

5.3. Future Directions  

The findings from this work have lead to key questions that can be followed for 

an improved understanding of this concept of PSII homeostasis. Firstly, it was observed 

that PSII complexes exist in a finite number and this is regulated by a “factor X”. We 

believe this “factor X” might be one of other PSII subunits that get associated at very 

early stages of PSII assembly. An identification of this “factor X” might be important for 

studying PSII homeostasis. Based on the model for PSII assembly process, a few 

probable candidates could be Cyt b559 and CP47. Cyt b559 is known to be associated with 

D2 at the very beginning of the PSII assembly process and CP47 associates with smaller 

single transmembrane subunits before being entering the assembly process (110).  With 

the knowledge of factor X we can alter the levels of PSII in a cell that could be utilized 

for biotechnological applications.  

This work contributed to the finding that FtsH2 protease can distinguish between 

damaged and undamaged D1 proteins. This leads us to the interesting question of what is 
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the damage signal? It is known that an exposed N-terminus of D1 protein is essential for 

degradation to occur. It would be interesting to know the changes in D1 protein during 

damage that causes the N-terminus to be exposed.  These changes might be speculated 

involve structures changes in PSII associated with D1 protein. With the use of these dual 

D1 strains one can address this question by mutagenesis of the N-terminus.  

FtsH belongs to the member of AAA proteases that are conserved ATP-dependent 

proteases. Apart from being present in chloroplast these proteases are also present in 

bacteria and mitochondria and function in membrane integrated quality control. 

Mitochondria are known to have m-AAA protease that function in the posttranslational 

assembly of the respiratory chain (111). The mechanism by which these proteases 

recognize their targets for degradation is not well understood. Using photosystem II as a 

model, the mechanism of degradation by AAA proteases can be studied.  
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APPENDICES 
 

 

This section contains additional work related to my thesis work. These include the 

QA reoxidation kinetics of the single and dual D1 strains to analyze the decay in 

fluorescence (A1 and A2). The thylakoid membranes from the dual D1 strains were 

resolved by blue-native polyacrylamide gel electrophoresis to visualize the PSII assembly 

intermediates (A3). To study the rates of incorporation of mutant and wild type D1 

proteins in the dual D1 strains, radioactive pulse-chase was performed on cells using 35S 

[L-Cysteine]. Appendix 4 describes the brief procedure for in-vivo radiolabeling of cells 

and visualization of radioactive incorporation by autoradiography. A survey of the 

solvent exposed regions of various PSII proteins using LC-MSMS were performed. 

Appendix 5 describes the conditions used for obtaining maximal coverage of the core 

subunits of PSII.  

A1. QA Reoxidation kinetics of D1-H337Y and nH337Y: eWT  

As described in chapter four, the relative PSII activity of the single mutant D1-

H337Y and the dual D1 strain nH337Y: eWT was measured using variable chlorophyll a 

fluorescence. The amplitude of variable fluorescence in the single mutant D1-H337Y was 

very low indicating that majority of reaction centers in this mutant is unable to undergo 

successful charge separation. In the presence of a wild type D1 in parallel the low 
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fluorescence phenotype of the mutant was restored (Figure A.1). The fluorescence decay 

resembled like that of the wild type as observed for the other two dual D1 strains used in 

this work. The amplitudes of variable fluorescence were comparable to the single wild 

type strain (eWT). This suggests that PSII complexes in the dual strain nH337Y: eWT are 

primarily consisting of wild type D1 protein incorporated.  

      

Figure A.1 QA reoxidation kinetics of WT (black), H337Y (red) and nH337Y: eWT (blue). Left (a) and 
right panel (b) indicate the decay kinetics of variable chlorophyll a fluorescence in the absence of DCMU 
(open symbols) and presence of 10 µM DCMU (closed symbols) respectively. Values plotted are calculated 
as (Ft-F0)/ F0 wherein F0 corresponds to the average fluorescence yield of first four weak measuring flashes 
given to each sample before exposure to actinic flash.  

A.2 Fluorescence Decay Kinetics  

The decay of chlorophyll a fluorescence in the presence of DCMU monitors the 

charge recombination between QA- and the donor side of PSII. The mutants used in this 

study were primarily affecting the donor side. Therefore, to analyze the decay of 

fluorescence yield, the amplitude of variable fluorescence was normalized for all the 

strains. As shown in Figure A.2, the decay in fluorescence of the dual D1 strains nS345P: 

eWT, nH337Y: eWT and nWT: eWT were all essentially similar to the eWT strain. 



109	
  
	
  

	
  

(a)	
   (b)	
  

(c)	
  

However, in nD170A: eWT strain there is a small fraction of PSII centers that decays 

faster (Figure. 4.6). The absence of any faster decay component in the other dual D1 

strains suggest that the majority of reaction centers have wild type D1 protein 

incorporated.  

	
  

	
  

Figure A.2. Relaxation Kinetics of chlorophyll a fluorescence. (a) WT (black), S345P (red) and nS345P: 
eWT (blue); (b) WT (black), H337Y (red) and nH337Y: eWT (blue); (c) eWT (black), nWT (red) and 
nWT: eWT (blue); Decay of fluorescence during QA reoxidation was measured in the presence of DCMU 
for each sample. The values of variable fluorescence were normalized to 1 and plotted as Ft-F0/ Fm-F0 
wherein F0 and Fm are basal and maximal fluorescence before and after exposure of the sample to actinic 
light respectively. Data points represent an average of three different samples. 
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A.3. Resolving PSII assembly intermediates using two-dimensional BN-PAGE 

Thylakoid membranes from nS345P:eWT and D1-S345P strain were analyzed on 

a two dimensional blue native polyacrylamide gel electrophoresis. This allows the 

visualization of PSII assembly intermediates like PSII dimer, monomer, RC47 and 

individual unassembled proteins. The procedure followed was adapted Aro et al., 2004 

(112). Thylakoid membranes at 20 µg chlorophyll were resuspended in a resuspension 

buffer containing 20% Glycerol, 25 mM Bis-Tris (pH-7.0) and 10 mM MgCl2.  Equal 

volume of solubilization buffer (Same as resuspension buffer, additionally includes 4% 

dodecyl maltoside) was added to the membrane samples and incubated on for 20 minutes. 

Tubes were shaken in between and incubated for another 20 minutes at room temperature 

with shaking using a vortex at low speed. 0.1 volume of loading buffer consisting of 5%  

Coomassie Blue (G250), 100 mM Bis-Tris (pH-7.0), 30% Sucrose, 500 mM ε-amino 

caproic acid and 10 mM EDT was added to the samples. Samples were centrifuged at 14, 

000 rpm for 15 minutes before loading on to a native 5% - 12.5% gradient gel. Samples 

were run at constant current 5 mA at 4 °C for 4-5 hrs. After one-third of the gel is run, the 

cathode buffer is exchanged to the cathode buffer without dye for the rest of the run. 

Strips for each lane was cut using a razor and incubated in a denaturation buffer 

containing 125 mM Tris-HCl, 2% SDS, 2% β-mercaptoethanol and 10% glycerol.  

 For the second dimension, a 12% denaturing SDS PAGE was used and the gel 

strips were incubated in the denaturation buffer for 30 minutes before loading the strip 

onto the gel. The edges of the gel were sealed using 1% Agarose (in water). The gel was 
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electrophoresed at a constant voltage of 100 V at 4 °C for 2 h. Gels were stained with 

Coomassie and imaged on the Typhoon Imager (Core facility).  

 

Figure A.3. Two dimensional Blue native PAGE of the mutant D1- S345P and nS345P:eWT strain. The 
dual D1 strain nS345P:eWT restores the mutant phenotype and undergoes complete PSII assembly.  
 

A.4. In vivo radiolabelling using 35S [L- Cysteine] and analysis by Autoradiography 

 The protocol devised was adapted from Nickelsen et al., 2004 (113) and Komenda 

et al., 2005 (23). Cultures from mid exponential phase were harvested and resuspended in 

BG-11 [NO sulfur] medium. The chlorophyll concentration is adjusted to 100 µg/ml and 

a total of 2 ml culture was aliquoted onto a six well plate. The cells were kept in constant 

shaking under 200 µmol m-1 s-1 for 20 minutes. 300µCi of 35S[Cys] was added to the 2 ml 

culture (100 µg/ml). After pulse, the light intensity was immediately increased to 400 

µmol m-1 s-1 and cells were kept under continuous shaking for 20 minutes. The plate was 
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rotated every 10 minutes to ensure equal light and heat transmission. Cold cysteine was 

added at a concentration of 2 mM and the light intensity was reduced back to 200 µmol 

m-1 s-1 for 2 minutes. Cells from the 6- well plate were transferred onto microfuge tube 

and were processed for micro scale thylakoid membrane isolation as described in the 

methods section. [CAUTION: care was taken to double glove while using isotope also 

gloves were frequently changed to prevent contamination].  

 Labeled thalakoid membranes were revolved on a 6 M Urea 12% - 20% SDS 

denaturing PAGE as described previously. A western transfer of the proteins was 

performed (refer to chapter two for methods). The transferred PVDF membrane was 

briefly dipped in methanol and dried in between filter papers (ensured that the blot is 

completely dried). The blot was carefully placed on top of the autoradiography film 

(Kodak Biomax) in the dark room and exposed for 12 hours. The film was developed in 

an X-ray developer (Core facility). Exposure times were changed for subsequent 

experiments to maximize exposure and resolution. 

A.5. Solvent exposed regions in PSII proteins detected by LC-MSMS 

The aim of this study was to monitor changes in the solvent exposed regions of PSII 

under different physiological conditions. In order to enable this, it was pertinent to 

analyze the solvent exposed regions of PSII proteins under native (non-treated) 

conditions. Core subunits of PSII, D1 and CP43 in particular were analyzed using LC-

MSMS and in order to obtain maximal coverage of the proteins different proteases were 

surveyed.  
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For the analysis of proteins using LC-MSMS, PSII particles bound to the Ni2+ resin were 

directly used for proteolysis using different proteases. After proteolysis, the samples were 

purified using C18 columns before shooting them into the LC-MSMS (LTQ Orbitrap 

Mass Spectrometer, Core facility). Peptides detected by the mass spec are compared to a 

customized database for a match of the mass:charge (m/z) ratio. This information is 

utilized to generate a percent coverage map for the entire sequence of a protein.  

D1 and CP43 are proteins consisting of many transmembrane helices that are 

extremely hydrophobic in nature. Therefore, a combination of different proteases was 

used to allow increased coverage. In my study I used Trypsin, Trypsin and Cyanogen 

bromide and Elastase. Maximal percent coverage was obtained using Trypsin and 

Cyanogen bromide with D1 showing 55% and CP43 showing 54% sequence coverage. A 

combination of all these three proteases was also tried and gave a higher coverage (D1-

70% and CP43-60%) as well. Figure A.5 maps the regions that were recognized as 

solvent exposed regions under non- treated conditions.  



114	
  
	
  

	
  

 

Figure A.5 (a) Solvent exposed regions in D1. Mapping the sequences that were covered in LC-
MSMS under the above mentioned conditions show that C-terminus (yellow), N-terminus and DE loop of 
D1 protein are more accessible to proteases.  
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Figure A.5 (b) Solvent exposed regions in CP43. The E-loop of CP43 is represented as a solvent 
exposed region in the CP43 as seen by LC-MSMS as shown in green spheres.  
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