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Abstract.

This thesis describes the analysis of the psbYi gene structure and function in the 

unicellular green alga Chlamydomonas reinhardtii. The psbW gene encodes a small 

photosynthetic protein which co-purifies with Photosystem II (PS II). It is present 

in both cyanobacterial and eukaryotic PSII and is phosphorylated in the latter. The 

function of the phosphoprotein is still a matter of conjecture. Prior to the initiation 

of this thesis the gene had not been mapped or isolated in Chlamydomonas 

reinhardtii.

This thesis describes the localisation of the psbW gene and its position 

relative to other genes already mapped. The complete sequence of the psbYi gene 

was determined, the protein has a predicted molecular mass of 9.3 kDa. Northern 

blot analysis of the gene expression in wild type and nuclear mutants of 

C.reinhardtii reveal that the gene is co-transcribed with psbB located 3,2kB 

downstream from psbB and that a nuclear factor is required for stable expression of 

both genes. The precise location of the psbH transcripts revealed in northern analysis 

was mapped by primer extension.

A series of psbH mutants in C. reinhardtii were obtained using a reverse genetics 

approach. The psbH gene was cloned into a suitable vector and an aadA cassette 

conferring resistance to the antibiotics spectinomycin and streptomycin was placed 

either within the psbH gene hence entirely knocking out gene function or just 

downstream of the gene. In the latter of the constructs, a site directed change was 

made within the gene resulting in a threonine to alanine substitution at the predicted 

phosphorylation site. Wild type C. reinhardtii cells were then transformed with this



construct using the biolistic technique. Transformants were selected for by growth 

in media containing spectinomycin. Initial analysis of the mutants using Electron 

Paramagnetic Resonance studies, fluorescence analysis, and oxygen evolution 

analysis reveals that complete loss of the phosphoprotein results in loss of 

photosynthetic function for the alga but loss of the phosphorylation site alone does 

not lead to loss of photosynthetic function.
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Introduction

1.1. Photosynthesis

Almost all organisms rely ultimately on photosynthesis for survival. Photosynthesis 

can be defined as the utilization of solar light energy for the biosynthesis of cell 

components. Photosynthesis is carried out by plants, algae and some species of 

bacteria, most of which lead a wholly photoautotrophic lifestyle with only certain 

types of bacteria remaining photoheterotrophic.

The reactions at the centre of photosynthesis are dependent on special pigments. Light 

energy trapped by these pigments is used to remove electrons from a electron donor 

and transfer them to an electron acceptor. In higher plants this donor is water. The 

consequence of water oxidation is oxygen evolution. These reactions are responsible 

for the oxygenic atmosphere essential to all respiring multicellular organisms.

The primary electron acceptor is connected to an electron transport chain. Electron 

transport across an proton impermeable membrane is coupled to adenosine 

triphosphate (ATP) synthesis. Energy production in the form of ATP is the primary 

function of photosynthesis and is common to all photosynthetic organisms. In 

eukaryotic and some prokaryotic photosynthesis systems electron transport has been 

further refined to generate reducing power for carbon fixation, thereby completely 

removing the requirement for an organic carbon source.

Organisms capable of photosynthesis can be split broadly into two groups, those that 

require water as an electron donor thus releasing oxygen and those that utilize other 

substances. The latter includes a wide range of photosynthetic bacteria which fall 

within the order Rhodospirillales.
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1.2. The Rhodospirillales.

These organisms are anoxygenic gram negative bacteria. They have thier 

photosynthetic apparatus in intracytoplasmic membranes or in vesicles on the 

cytoplasmic membrane. They contain a range of bacteriochlorophyll (bchl) pigments. 

Unlike plants, green algae and cyanobacteria which contain two types of reaction 

centre, (RC), Photosystem I (PSI) and Photosystem II (PSII), these photosynthetic 

bacteria only contain one RC although they can be one of two types. So far all the 

purple bacteria and the green filamentous bacteria belonging to the sub- order 

Chloroflexaceae contain what might be called a "quinone" ("Q") type RC. This type 

of RC contains quinones as the first stable electron acceptor. Other green bacteria 

such as Chlorobium and the heliobacteria contain what might be termed iron-sulphur 

(Fe-S) type RC’s. These use Fe-S proteins as the first stable electron acceptor. The 

electron acceptor in the quinone RC is only mildly reducing, in this RC the 

transmembrane electron transfer ultimately takes electrons to a quinone acceptor at 

an mid point potential (E J of approximately -lOOmV. Bacteria which contain this 

type of RC can only produce reduced pyridine nucleotides by energy linked reversed 

electron transport. Green bacteria with the Fe-S RC’s can directly photoreduce 

pyridine nucleotides, because the Fe-S electron acceptors are highly reducing. In this 

type of RC electrons arrive at Fe-S acceptors with values of between -500 and - 

650 mV. This leaves a sufficiently large drop of free energy to drive the reduction 

of nicotinamide adenine dinucleotide phosphate (NADP+) to NADPH.

The Fe-S type RC’s are evolutionarly related to PSI of higher plants, green algae and 

cyanobacteria and the quinone type RC’s are evolutionarly related to PSII.

Until recently the widely different structure and functions of the two RC types has led
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many people to believe they developed independently in evolution however recently 

theories have been put forward which suggest a common ancestor for all 

photosynthetic systems. For a review of the subject see Nitschke et al (1994). Despite 

obvious differences, the fundamental process of excitation, charge separation and 

charge stabilisation are common to all of the photosynthetic RC’s. The support for 

a common origin of RCI and RCII photosystems brought about by amino acid direct 

sequence comparison of RC polypeptides is very limited. However it could be that 

the large evolutionary gaps between the two photosystems has hidden almost all direct 

sequence homology. More fruitful might be the comparison of structural motifs and 

similarities of their sequential order within the respective proteins. The increasingly 

effective field of crystal structure analysis could yield crucial information with respect 

to the presence or absence of such structural motifs.

1.3. The purple non-sulphur bacteria.

The most extensively studied photosynthetic organisms to date are the purple non 

sulphur bacteria, belonging to the family Rhodospirillaceae. These organisms can 

grow photo-organoheterotrophically using organic substrates such as succinate as a 

carbon source and reductant, or photoautotrophically using carbon dioxide as a carbon 

source. In the dark they grow heterotrophically, the absence of oxygen switches on 

their photosynthetic machinery. This factor makes these bacteria extremely useful in 

genetic manipulation studies of photosynthesis as their photosynthetic machinery can 

be disrupted without being lethal to the organism. In addition the RC’s of two species 

from this family, Rhodopseudomonas viridus, (Deisenhofer et al, 1984) and 

Rhodobacter sphéroïdes, (Allen et al 1987) have been crystallized. The RC’s are
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very similar to PSII in higher plants and studies on the crystal structure of these 

photosystems has greatly aided work into the structure of PSII in higher plants. Most 

purple bacteria RC’s contain 3 or 4 core protein subunits depending on the species. 

In all species, there is a central core made up of two subunits known as L and M, 

which have molecular weights of around 32 kDa. Most species also contain an 

additional subunit of 28.5 kDa known as H while some also contain a bound 4-heme 

c type cytochrome (cyt).

The L and M subunits bind all of the co-factors needed for photochemical charge 

separation and the initial electron transfer steps. The two subunits are integral 

membrane proteins each containing 5 membrane spanning a-helices. They are 

structurally very similar to each other and it seems clear that they have evolved 

through gene duplication from a common ancestral protein that gave rise to a RC core 

that was initially homodimeric.

Together the two subunits form a cage within which the co-factors are organized. The 

H subunit caps the electron acceptor side of the RC, insulating the quinone centres, 

particularly Q^, from the aqueous phase. It has one membrane spanning helix running 

down the side of the interface between the L and M subunits.

In purple bacteria, the primary electron donor is a special pair of bchl molecules, 

(BCI1I2 ), designated P870 (as it absorbs light maximally at a wavelength of 870 nm). 

Following excitation, a charge pair, the oxidised BCI1I2  and reduced bacteriopheophtin 

(BPh) is formed, this process takes about 3 ps and a nearby BChl may act as an 

intermediatory electron acceptor. The BPh- donates an electron to a nearby quinone, 

Qa, with a half time of around 200 ps. The semiquinone Q^- then donates an electron 

to a second quinone Qg- in 10-400 us. This quinone undergoes double reduction by
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Qa-, it then accepts two protons from the aqueous phase and then is able to exchange 

with ubiquinone from a pool in the membranes. Electron transfer is unidirectional, 

occurring only along the "active L branch" of the heterodimer.

Although spectroscopic studies have been valuable in providing the kinetic and much 

of the structural information,the crystallographic studies, have provided much greater 

structural detail and revealed that both halves of the heterodimer contained 

symmetrically related co-factors. The positively charged BChlz^, is reduced by 

electrons coming from cytochrome which can be a bound tetraheme cytochrome or 

a soluble monoheme cyt C2 .

Photosynthetic electron transfer in purple bacteria is a cyclic system. Electrons from 

the primary donor leave the RC in the form of hydroquinone, which then donates 

electrons to the cyt b/c/rieske complex, which in turn reduces the cyt.C2 ,

Electrons can enter this cycle at several points coming from substrates such as 

reduced sulphur etc.

For review on the structure of purple bacteria photosystems see Cogdell and Malkin 

(1992), Barber (1987), and Rutherford and Nitsche, (1994).

1.4. Oxygenic photosynthesis.

Oxygenic photosynthetic organisms include not only the higher plants but in addition 

the unicellular algae and euglenoids, the multicellular mosses and liverworts and also 

the prokaryotic cyanobacteria and prochlorophytes.

1.4.1. The Cyanobacteria

Photosynthesis in these organisms takes place in unstacked thylakoids, flattened sacs
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enclosing a lumen. Cyanobacteria contain chlorophyll a (chi a) and phycobilisomes. 

Cyanobacteria have Q and FeS type RC’s analogous to PSI and PSII in higher plants. 

Most species use water as an electron donor and are therefore oxygen evolving 

although some use hydrogen sulphide and are anoxygenic. Most cyanobacteria are 

obligate phototrophs, however in the earlier part of the 1980’s it was discovered that 

an unicellular cyanobacterium, Synechocystis sp PCC6803, (Synechocystis 6803), can 

grow photoheterotrophically in the presence of glucose. It is therefore useful as a 

model in genetic manipulation studies of photosynthesis. In addition spectral and 

biochemical evidence has indicated that the photosynthetic RC’s have similar 

organisation in photosynthetic eukaryotes and cyanobacteria.

1.4.2. The Prochlorophytes

These organisms are fairly recently discovered. They contain chi a and b. There are 

three distinct groups of chi a/b containing prochlorophytes; Prochloron didemnie, 

Prochlorothrix hollandica and Prochlorococcus sp. They are oxygen evolving and 

have stacked thylakoids similar to the eukaryotic chloroplasts (cp’s). In eukaryotes, 

it is widely believed that photosynthesis occurred by an endiosymbiotic process. The 

existence of a separate cp genome which still codes for many of the proteins required 

for photosynthesis lends support to this theory. It has therefore been postulated that 

the prochlorophytes may be the precursors to the modem cp’s. However attempts to 

map evolutionary relationships in anciently diverged taxa is difficult. Whether the 

prochlorophytes emerged by parallel evolution or they are indeed ancestors to the 

modem cp’s is still a matter of debate. However studies by Lockhart et al, (1991), 

based on 3’ sequence analysis of a cp gene psbA  suggest that P. hollandia are the
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closest related to modern day cp’s.

1.4.3. Eukaryotic oxygenic organisms

In eukaryotes, photosynthesis takes place in specialized organelles, the cp’s. 

Chloroplasts are bound by an envelope consisting of two membranes. The envelope 

encloses a matrix (stroma) and a complex internal membrane structure. The stroma 

is an aqueous solution containing a high concentration of enzymes including those 

required for carbon fixation. Like mitochondria, cp’s contain there own genetic 

system and the stroma also contains DNA, RNA, polymerases, ribosomes and 

translation factors. The internal membrane system of the cp’s are called thylakoids. 

In higher plants the thylakoids are arranged in stacked membranes known as grana 

(appressed) which are connected together by unstacked membranes known as lamellae 

(unappressed). The internal space of the grana and the lamellae form a single space, 

the lumen separated from the stroma by the selectively permeable thylakoid 

membrane.

1.5. The Chloroplast genome.

The recognition just over 30 years ago that cp’s contain their own unique DNA 

species has led to intensive studies on the structure and organisation of cp genomes 

(reviewed by Palmer 1985). Almost all cp DNA’s examined fall into a restricted size 

range of between 120 and 160 kb. The exception to this is the green algae where 

sizes of cp genomes range from 85 for Codium fragile to 800 kb for Acetabularia 

sp. Most cp DNA’s exist as single circular molecules. Virtually all land plants and 

several major lineages of algae contain a large 10 -76 kb inverted repeat which
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contains a complete set of tRNA genes. The complete cp genome sequence has been 

elucidated for the liverwort, Marchantia polymorpha, (Ohyama et al, 1986) tobacco 

(Shinozaki et al, 1986), rice (Hiratsuka et al, 1989), Euglane gracilis (Hallick et al, 

1993) and pine (Wakasugi et al, 1994). In addition detailed restriction mapping and 

at least partial gene positioning and sequencing has been performed for a large 

number of other cp DNAs. Cp genes identified thus far include a complete set of 

rRNA and tRNA genes and some 25 protein coding genes. At least 13 polypeptides 

which form the core part of PSII are encoded on the cp genome. Chloroplast gene 

order is almost completely different in the genomes studied to date. Clearly extensive 

rearrangements of common sequence elements have occurred during the evolution of 

the cp genomes. However closer examination reveals that with the exception of psbK 

most cp genes which code for photosynthetic polypeptides exist as part of 

multicistronic polypeptides, the organisation of which has been conserved to a large 

degree in the cp’s of higher plants. ( For a review see Erickson and Rochaix 1992). 

One such operon is the psbB operon, discussed in detail in chapter 3. The processing 

events of these polycistronic RNA complexes include cleavage of polycistronic RNA, 

5’ and 3’ processing and splicing of introns. The processing events are part of a post 

transcriptional pathway that regulates the differential accumulation of plastid RNA’s 

by a complex developmental, organ specific and light dependent programme. In 

addition to cp encoded subunits, PSII consists of a number of nuclear encoded 

subunits. Plants are able to accurately co-ordinate the accumulation of the cp and 

nuclear subunits through a complex regulatory hierarchy including control of 

transcription rates and mRNA accumulation with the nucleus ultimately regulating the 

process.
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1.5.1. The effect of light on the expression of photosynthetic genes.

Many cp encoded photosynthetic genes have their expression regulated by light. This 

light induced effect varies considerably for different photosynthetic genes, during the 

development of the plant and from plant species to plant species. Comparison of 

transcription rates, RNA levels and protein levels suggest that most cp genes are 

regulated (by light and other factors) primarily at a post transcriptional level as is the 

case in prokaryotes. Studies by Gruissem and Zurawski, (1985a) and Gruissem and 

Zurawski, (1985b) have suggested that the arrangement of cp DNA sequences 

recognised by RNA polymerase resemble the prokaryotic promoter organisation. 

However in studies by Mullet and Klein (1987), control of gene expression at the 

level of transcription and post transcription for a number of cp genes was 

demonstrated. In this study it was found that the levels of the gene products of psaA 

and psdQ (which code for two subunits of PSI), light induced control of gene 

expression appeared to be regulated primarily at the level of transcription. The levels 

of the gene product of psbB (which codes for a PSII component) were regulated by 

light both at the transcriptional and post transcriptional level. A comprehensive study 

by Kawaguchi et al, (1992) on the effects of light induced greening on psb transcripts 

in wheat seedlings revealed that light induced the accumulation of several psb genes. 

These were psbK whose transcription and transcript accumulation was affected by 

light, the psbB operon and the psbC gene cluster. For all genes transcript 

accumulation increased to a maximum six hours after light induced greening and had 

declined to preillumination levels by 1 2  hours.
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1.5.2 The role of nuclear factors in the regulation of cp gene expression

In addition to providing subunits for the photosystem complexes, examination of 

nuclear mutants has revealed that a number of nuclear genes are involved in the 

expression of cp genes that encode for photosynthetic subunits . Nuclear genes have 

been shown to regulate the expression of psb A  and psbB genes in barley (Gamble and 

Mullet, 1989), the atpA and atpB genes in C. reinhardtii (Drapier et al, 1992), the 

psbE gene in C. reinhardtii, (Siebuurth et al 1991, Monod et al, 1992) and the psbC 

gene in C. reinhardtii (Rochaix et al 1989, Sieburth et al 1991). Numerous nuclear 

mutants of this type exist, but it has proved difficult to isolate the nuclear lesion that 

affects the expression of cp encoded photosynthetic genes. The technique of 

insertional activation and gene tagging using C.reinhardtii as a model organism is 

proving effective in isolating primary defects that affect expression of cp genes 

(Gumpel et al, 1995). Nuclear gene products required for cp gene expression are 

thought to act primarily at the post-transcriptional level. RNA maturation and RNA 

degradation are amongst the potential control points for post transcriptional regulation 

of cp RNA levels. Many cp genes have 3’ inverted repeat (I.R) sequences present at 

the ends of their reading frames. Studies by Schuster and Gruissem, (1992) using 

spinach cp extracts have found binding of a nuclear factor to the 3’ end of psb A, 

rbcL and petD genes is required for correct 3’ processing of these genes. However, 

Blowers et al, (1993) found 3’ I.R sequences of the rbcL and psaA genes in C. 

reinhardtii were not important for RNA processing or stability and probably served 

as transcription terminators or sites for endonucleolytic cleavage of RNA sequences. 

The role of 5’ untranslated region (5’UTR) of cp RNA in the control of RNA stability 

in C. reinhardtii is now under investigation (Salvador et al 1993). It is now thought
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that nuclear factors binding to 5’UTR of cp RNA may be important for the formation 

of a stable translation complex.

There is increasing evidence that the cp is also involved in co-ordinating the 

expression of nuclear encoded PSII polypeptides. This is reviewed by Susek and 

Chory, (1992).

1.6. The light dependent reactions of photosynthesis

The light reactions of photosynthesis which take place in the thylakoid membrane of 

the cp, generate the ATP and NADH needed to drive carbon dioxide fixation. There 

are four major macromolecular complexes in the thylakoid membrane PSI, PSII, cyt 

b6 f and the ATP synthase complex. The majority of PSII is found in the appressed 

region of the thylakoid whilst PSI and the ATPase complex are present in the 

unappressed region. The cyt b6 f complex is evenly distributed throughout. The two 

photosystems and the cyt b6 f complex are required for electron transport across the 

thylakoid membrane. Figure 1 shows the Z scheme and illustrates the path of 

electrons through the three protein complexes. The electrons are generated by water 

oxidation on the lumen side of PSII and pass through the RC as a result of 

photochemistry to reduce the mobile carrier Qg. Plastoquinol (Qg) then dissociates 

from PSII and is oxidized by the cyt b6 f complex which in turn reduces plastocyanin 

a soluble copper protein in the lumen of the thylakoid. Plastocyanin donates the 

electron to P700-f in PSI whose terminal electron acceptor is NADP-H. The H-H 

gradient generated by water oxidation and electron transport is used by the ATP 

synthase complex to catalyze the phosphorylation of adenosine diphosphate (ADP).
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Figure 1. The Z-scheme for the light reactions o f photosynthesis, (a) The four protein 
complexes of the thylakoid membranes, (b) The co-factors involved in each electron transfer

event. (Diagrams from Ort and Good, 1988).
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1.7 Photosystem II structure.

The PSII RC core is a multisubunit complex composed of at least 22 nuclear and cp 

encoded polypeptides. These polypeptides perform a number of differing roles in 

PSII, including primary photochemistry, water oxidation and light harvesting. The 

roles of a number of them are as yet unknown and some may function in a regulatory 

capacity in PSII.The smallest structural unit capable of performing the primary 

photochemical reaction consists of five polypeptides; and D2 , the two subunits for 

the cyt b5 5 9  complex and the psbl gene product.

I.7 .I. The Dj and Dj Polypeptides

The Di and D2  polypeptides are encoded by the cp genes psbh  andpsbD respectively. 

These proteins form the RC of PSII analogous to the L and M RC polypeptides of the 

purple bacteria. The and D2  sequences have homology to each other as well as to 

their bacterial equivalents and both proteins have a predicted molecular weight (MW) 

of 38-39 kDa depending on the species studied. When X-ray crystallography provided 

a model for the atomic structure of the bacterial RC in the mid 1980’s it was used 

directly as a structural model for PSII. The sequence similarity between the D /D 2  

and L and M proteins (Zurawski et al 1982 and Diesenhofer et al 1985) and their 

pigment binding properties (Nanba and Satoh, 1987) have led to the development of 

this model as have spectroscopic studies on isolated PSII RC’s. Although the sequence 

homology between the bacterial RC proteins and their PSII counterparts is not very 

high, important amino-acid residues are strictly conserved and the overall structure 

of the subunits are very similar. The basic structural motif of five membrane-spanning 

helices is present in each subunit. There are several marked differences in the protein
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structure which presumably represent differences in function. Site directed 

mutagenesis (SDM) studies of both purple bacteria (reviewed by Coleman and 

Youvan, 1990) and cyanobacteria (Vermass et al 1987) have identified key amino- 

acids required for binding co-factors to the RC proteins. Although most of the ligands 

required for binding of the co-factors have been conserved from purple bacteria to 

PSII, PSII appears to have less latitude in the structural changes that can be made 

without a major loss of stability in the complex. All this information has led to the 

emergence of computer generated models for PSII (Ruffle et al, 1992). As with the 

bacterial RC, PSII consists of a D /D 2  RC heterodimer to which all co-factors are 

bound and electron transfer is thought to proceed unidirectionally (via D J through 

this RC from a chi donor to a quinone acceptor. The pigment composition of the 

D /D 2 heterodimer has been a matter of debate, however current opinion tends to 

favour a pigment composition of 6  chi a molecules, 2  pheophytins (pheo) and 2  

carotene molecules associated with each RC complex (Gounaris et al 1990) as 

compared to 4 Bchls, 2 molecules of Bpheo a and one jS-carotene (Feher and 

Okumara 1978) of the purple bacteria. These pigments along with a non-heme iron 

and plastoquinol electron acceptors and Qg, are the essential co-factors of fully 

functional PSII. In addition the D /D 2  proteins are thought to provide ligands for a 

bicarbonate ion that influences the environment around the quinone binding sites as 

well as ligands for chloride, calcium and manganese ions associated with the water 

splitting activity. Further differences can be observed between the structure of 

bacterial and higher plant RC’s. On the electron acceptor side of the subunit there 

is an extra loop between the fourth and fifth trans-membrane helices which has been 

implicated as a cleavage site associated with the uniquely rapid turnover of this
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protein. The rapid turnover of the polypeptide is thought to reflect a 

photoinhibitory response, intrinsic to the chemistry performed by PSII (see section 

1. 12.).

The most obvious difference between PSII and the bacterial Q type RC is the water 

splitting that occurs on the lumenal side of the side of the PSII RC. This is reflected 

by structural differences on the donor side of and D2 . In both proteins their are 

longer loops between helices 1 and 2 and in addition there are C-terminal extensions. 

In Di at least, these features are thought to be involved in liganding the Mn cluster 

of the oxygen evolving complex, (see section 1 . 1 1 .)

1.7.2. Cyt b559

Cyt b559 is a membrane intrinsic heme protein. It is composed of an o: and subunit 

encoded by the cp genes psbE and psbV respectively. The c l subunit has a molecular 

weight of 9 kda and the subunit has a MW of 4 kDa. Both subunits are found in 

equal amounts in PSII and are co-transcribed from an operon which includes two 

other open reading frames (ORFS) psbL and psbZ. Spectroscopic evidence suggests 

that the heme is liganded to each subunit by conserved histidine residues (Babcock et 

al 1985). The importance of each of these residues is emphasized by the fact that 

substitution of either of them with leucine in Synechocystis 6803 leads to loss of PSII 

function (Pakrasi et al, 1990). Each subunit is predicted to span the membrane once 

with the C-terminal in the lumen and the heme group directed towards the stromal 

side of membrane.

There is much debate as to the number of cyt b-559 haems per RC’s and evidence 

exists which favours a 1:1 stoichiometry (Gounaris et al, 1990 ) and a two heme
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protein per RC situation (Haag et al, 1990, Pakrasi and Vermass, 1992). The protein 

can exist in a number of different redox forms. In vivo and intact PSII cyt b559 

appears to be present in high potential form but in isolated PSII core fragments it 

exists in a lower potential form although Ahmad et al (1993) have recently succeeded 

in isolating PSII with cyt b559 redox potentials close to those found in intact 

systems. The function of cyt b559 in PSII is as yet undetermined. It is not thought 

to be a component of the main electron transport pathway through PSII. A number 

of authors have suggested that cyt b559 participates in cyclic electron flow around 

PSII, possibly as a protective mechanism against photodamage (see section 1.12.)

1.7.3. The psbl gene product

The cp encoded psbl gene product is a 4.2 kDa protein which is present in purified 

PSII RC complexes from spinach. The protein is predicted to span the membrane 

once (Ikeuchi and Inoue 1988) and recently cross linking studies suggest that the N- 

terminal of the protein is present on the stromal side near the Dj protein and the N- 

terminal of the a-subunit of B559 (Tomo et al 1993). The precise function of the 

polypeptide is unknown although recently the gene has been cloned and sequenced in 

the unicellular c y a n o b a c t e r i u m nidulans 6301 (Chen et al, 1990). Targeted 

mutation of amino acids may help determine the functional role of the protein.

1.8. Photochemistry in PSn

In PSII, the primary donor, P680, so called as it absorbs light at a maximum near 

680 nm, is bound to and D2 via histidine residues on these proteins (H198di and 

H I 9 8 0 2 ). There is some debate as to the nature of P680, current opinion is that P680
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is a weakly coupled chi dimer. The degree of interaction between the two chi 

molecules in the excitory state is significantly different to that of the primary donor 

of purple bacteria. Upon absorption of a photon of light P680 becomes excited to the 

singlet state P680*. The excited singlet state P680* is a powerful reductant and unlike 

other chi’s is able to undergo photochemistry due to the presence in close proximity 

of a suitable electron acceptor. The first electron acceptor of P680* which is stable 

in its reduced form for more than several ps is pheo a, (although as is the case in 

purple bacteria an accessory chi a molecule has been suggested to precede pheo). 

There is some debate as to the accurate time constant for this initial charge 

separation, initial reports suggesting 3 ps as observed in purple bacteria but later 

experiments indicating 21 ps. In purple bacteria, mutations of the M subunit to 

Y210L (the equivalent amino acid in PSII) leads to slowing of the initial charge 

separation close to 20 ps. Pheo in its reduced form, rapidly reduces a secondary 

electron acceptor, a plastoquinone (PQ) bound to D2  denoted The half life of time 

of this energy transfer is 300-500 ps, a value similar to that recorded in purple 

bacteria. in turn passes its electron onto a second PQ, Qg (time constant 100 us) 

bound to Dj. Qg is a two electron transfer molecule. Reduced Qg2-is protonated on 

the stromal side of the membrane in a reaction probably involving bicarbonate. Once 

protonated, QbH2  becomes dissociated and enters the PQ pool to be replaced by an 

oxidized molecule from the pool. The reduced PQ is oxidized by the cyt b6 f complex. 

The replacement of electrons from P680 occurs on the lumenal side of PSII. In its 

oxidized form P680^ is the most oxidized species found in living organisms with an 

Em of about +1.1V . This difference reflects the major unique function of PSII, that 

is its ability to oxidize water. The first electron donor to the photo-oxidized chi
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P680+ is Y 161 of the Dj polypeptide (Y%). y J  is in turn Uckoué* by the oxygen

evolving complex using electrons extracted from water, (see section 1.11.) A

symmetrical residue on D2 Y^ is also capable of photo-oxidation. Sex_
R v t h c v ( ^ o r c !  a v \d  N i  k S c h k j g potkrcisi ôaJI

1.9. The non heme iron and the bicarbonate effect.

The non heme iron is present in both purple bacteria and PSII. The iron is 

paramagnetic and EPR signals generated by iron-semiquinone complexes revealed that 

the structure and protein environment of the non heme iron was very similar in purple 

bacteria and PSII. The function of the non heme iron in PSII is still uncertain. It is 

not thought to be involved directly in redox reactions in physiologically functional 

PSII as the mid point potential of plastoquinol is too low in normal circumstances to 

oxidize Fe^^. In purple bacteria, the non heme iron can be extracted and replaced by 

other divalent cations and electron transport between the two quinones is possible 

even in the absence of any divalent metal ions, although at a reduced rate (Debus et 

al 1986). In purple bacteria the iron cannot be oxidized but in PSII the ferrous form 

can be oxidized to the ferric form. The of the Fe '̂ /̂Fe '̂  ̂ couple is 400 mV. The 

ferric form of the iron can quickly oxidize Q -̂ (Diner and Petrouleas 1987). This F^ 

can be modulated by a variety of components which probably bind directly to the 

iron. In purple bacteria the non-heme iron is liganded to the L and M subunits by 

four histidine residues (H190l, H230l, H217m, and 11264^) and one glutamate residue 

(F232m) which acts as a bidentate ligand. Amino acid sequence comparisons of D̂  

and D2  showed that the four histidines were present in PSII but due to an extra stretch 

of loop in the relevant region of D̂  the glutamate residue was absent. It has been 

suggested that bicarbonate might serve as a ligand for the non heme iron (Nugent et
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al, 1988, Diner and Petrouleas 1990, Semin et al. 1990), as depletion of bicarbonate 

results in a change of the spectrum of the non heme iron. Bicarbonate has an obvious 

role in electron transfer between and Qg, depletion of the ion has been shown to 

slow electron transfer between the two quinones and it is thought that the bicarbonate 

may be required for quinone protonation (Govindjee et al, 1976). Attempts to 

determine where the bicarbonate ion binds have centred on lysine, L265d2. which is 

situated four residues away from one of the histidine ligands to the non heme iron. 

Site directed mutants (SDM) of Synechocystis 6803 in which the lysine has been 

changed to either arginine or leucine show a decreased affinity for bicarbonate for the 

site by an order of magnitude or more. The lysine residue has been postulated to react 

with the bicarbonate ion to form a carbamate which could ligand the non heme iron. 

However mutations in a variety of other residues also have a marked effect on the 

bicarbonate effect indicating that many residues affect the bicarbonate non-heme iron 

complex.

Bicarbonate depletion has also been shown to enhance photoinhibition (see section 

1.12) and alter protein phosphorylation of PSII (see section 1.13). It may be that 

bicarbonate may have a regulatory role in eukaryotic photosynthesis. Bicarbonate 

effects could be controlled by numerous feedback mechanisms in PSII, involving the 

final electron acceptor CO2 .

1.10. Light harvesting in PSII.

1.10.1 The PSII polypeptides. CP47 and CP43

The cp genes psbB and psbC encode proteins of CP47 and CP43 kDa respectively. 

There is some debate about the actual number of chi a molecules bound to each light
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harvesting protein, estimates range from around 12 to 25 chi’s per subunit. Both are 

thought to be made up of 6  transmembrane helices and strucmre prediction studies 

have shown that both have large loops between helices 5 and 6 . As a result of their 

structural similarities, it has been postulated that CP43 and CP47 polypeptides 

evolved from a common ancestor.

The CP47 protein is the most closely associated with PSII, removal from and D2  

prevents a stable charge separation and deletion of the psbB gene from the cp genome 

prevents the assembly of PSII in the thylakoid. It has been postulated that the loop 

between helices 5 and 6  on CP47 may be required for binding of the extrinsic 33 kDa 

which is required for efficient water oxidation. The CP43 protein in contrast is not 

required for the RC assembly and function.

1.10.2 Light harvesting chlorophyll binding complexes.

Less closely associated with PSII are the light harvesting proteins chi binding proteins 

(LHCII).There are at least 4 chi a/b binding proteins in the PSII antennae: the major 

LHCII and the minor complexes CP29, CP26 and CP24. The physiological role of 

the lesser chi a/b binding proteins is as yet unclear. All the chi b of PSII is associated 

with the LHC proteins and 50% of the chi a. (a/b ratio=1:3). Associated with PSI 

is a smaller antennae of LHC polypeptides. These LHC polypeptides of MW 24 - 30 

kDa are encoded by a family of nuclear encoded genes called cab genes. The cab 

genes are light and developmentally regulated in angiosperms (Buetow et al 1988) and 

are synthesized on free cytoplasmic ribosomes and are post-translationally imported 

into cp’s. The amino terminal transit peptide is required for crossing cp’s envelope 

(Lamppa, 1988). Stretches of amino acids in both the carboxy-proximal (Kohom and
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Tobin, 1989) and amino-proximal (Reinero and Tobin, 1991) areas of LHC are 

required for correct thylakoid targeting and stable integration of the LHC polypeptide 

into the thylakoid membrane. At some point after import the LHC polypeptides bind 

chl’s and xanthophylls and interact with other LHC polypeptides to form functional 

oligomeric light harvesting complexes associated with photosystem II. The three 

dimensional structure of an LHCII trimer has been determined at a resolution of 6 À 

(Kuhlbrandt and Wang, 1984) and more recently at 3.4À resolution (Kuhlbrandt and 

Wang, 1991) by electron crystallography. These revealed the existence of three 

membrane spanning helices. The monomeric form of the complex binds a minimum 

of twelve chl’s and two carotenoids (xanthophylls). The crystallographic data shows 

that the two longest helices (I and II) are held together by ion pairs formed by charge 

residues in the hydrophobic core of the complex which may also serve as ligands for 

chi binding. The close proximity of the chl’s a and b within the LHC allows the rapid 

1 ps transfer of energy. Carotenoid groups are strategically placed to desensitize the 

chi triplet state and the resulting formation of highly reactive singlet oxygen, thereby 

performing a photoprotective role. In addition some LHCII polypeptides have an 

additional function in regulating distribution of light energy to the two photosystems. 

The proteins responsible for this are phosphorylated and have a reported molecular 

weight of 25 and 27 kDa in spinach. (See section 1.13.). It has also been suggested 

(Jans and Junge (1993) from studies on isolated pea seedlings grown in intermittent 

light that the LHCII proteins are also involved in modulating proteolytic reactions 

associated with PSII.
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1.11. Water oxidation and the donor side of PSII

Oxidation of water to molecular oxygen involves an enzyme complex containing 

manganese (mn), Ca^  ̂ and Cl ions and three nuclear encoded oxygen enhancing 

polypeptides of MW 17, 23 and 33 kDa. These polypeptides are present on the lumen 

side of PSII and play a structural role in improving RC capacity on binding Ca^^ and 

Cl ions. In addition they play a structural role in protecting the Mn cluster against 

attack by external reducing agents. It is possible that the 33 kDa protein may provide 

some ligands directly to the Mn cluster which are replaced by Cl- when the 

polypeptide has been removed. (Rutherford et al 1992). The Mn cluster acts as a 

device for storing positive charge equivalents prior to the 4 electron oxidation of 

water. In addition it is likely that Mn acts as a binding site for the water molecules 

which are oxidized. The structure and location of the Mn cluster remains uncertain. 

The most probable site of the Mn cluster is situated in the D /D j RC polypeptides. 

A mutant of the algae Scenedesmus (LFl) which contains the Di polypeptide with an 

unprocessed C-terminal extension (Diner et al, 1988) does not bind Mn until 

trimmed with the wild type protease. SDM studies on the C-terminus of D̂  have 

revealed a number of residues which might act as ligands for the Mn cluster, the best 

candidates of which are: A344, H332, H337 and D342. in addition at least one 

residue on D2  (E69) could be involved. There is evidence to support the participation 

of other PSII proteins in Mn binding including CP 47 and the 33 kDa protein.

The Mn cluster is thought to be made up of 4 Mn ions which probably exist as a 

tetramer although structures of two dimers have also been proposed (reviewed by 

Rutherford et al, 1992). Flash proteolysis experiments revealed that O2  evolution 

occurred in bursts every four flashes (Joliot and Joliot, 1968). To explain this O2
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release pattern, a model was proposed by Kok et al (1970) involving a cycle of 5 

intermediate S-states designated Sq to S4  where the subscript represents the number 

of oxidizing equivalents (figure 2). Both Sq and Si are stable in the dark (Kok et al 

1970 ), although upon long dark adaption Sq is slowly converted into Sj due to 

oxidation by the tyrosine radical Sj is unstable and decays to Sj, S3 is also 

unstable and also decays via S2 to S^ Both decays are thought to occur by back 

reactions with electrons from the acceptor side of PSII. The S4 state generated by a 

flash is an undetected transient state which spontaneously reacts with water to 

generate O2 and the Sq state Since the model proposed by Kok, there has been much 

speculation as to the molecular mechanisms of water oxidation. X-ray absorption fine 

structure (EXAFS) and EPR data suggest that Mn oxidation occurs between Sq to Si 

steps and from Si to S2  steps. The S2 to S3 transition is more controversial as some 

data indicate no oxidation of Mn at this step. Work with calcium depleted samples has 

suggested that an amino acid side chain, possibly histidine (Boussac et al, 1992) or 

tyrosine (Hallahan et al, 1992) might undergo oxidation at this transition. Little is 

known about the oxidation of water, many models have been proposed suggesting two 

electron oxidation steps via a peroxo intermediate or a concerted four electron step. 

In most models deprotonation of water at the early S states is thought to occur which 

would make water oxidation thermodynamically more favourable. The need for 

calcium and chloride in oxygen evolution has been known for some time, depletion 

of both ions leads to loss of O2  evolution activity of PSII. However the molecular 

function of these ions is still unclear and they may have more than one role in 

optimizing the water oxidation capacity of PSII. (See Rutherford et al, 1992, Kreiger 

and Weis, 1993.)

42



0 ,

HoO

/

\ ,+

e

hv^ 3
e

h v

Figure 2. The S-state cycle of oxygen evolution, (based on Rutherford, 1989). Electrons are 
donated by the OEC via Z to P680^. Following the accumulation of four oxidizing 
equivalents, S4 spontaneously reacts with water going back to S, and generating oxygen.
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1.12. Photoinhibition

When the photosynthetic apparatus of plants is irradiated with excessive light, electron 

transfer through PSII becomes inhibited, a process referred to as photoinhibition 

(reviewed by Aro et al, 1993, Powles, H ‘̂ 4). Although light is an absolute 

requirement for photosynthesis, it is an unpredictable substrate. 1 0 0  fold fluctuations 

in solar energy can occur within seconds and light harvesting and primary 

photochemistry will continue even when other metabolic reactions are limiting. PSII 

is particularly susceptible to photodamage, the presence of highly oxidizing 

intermediates such as P680^ with an of I . IV and oxygen can lead to the 

formation of reactive singlet oxygen, superoxides or peroxides when electron 

transport through PSII is inactivated. Oxidative damage of the PSII RC seems to be 

targeted mainly at the protein, which once damaged is thought to undergo a 

conformational change and degradation. Once Di degradation has occurred, the 

damaged PSII centre migrates from appressed to non appressed thylakoids where a 

new Di protein is cotranslationally inserted into the PSII complex, a process which 

is thought to be regulated by protein phosphorylation (see section 1.13.). 

Photoinactivation and protein damage can be induced from either the acceptor side 

or donor side of P680, both of which have been demonstrated in vitro.

Acceptor side induced photoinactivation has been studied in vitro to a large extent 

under anaerobic conditions. Under strong illumination the electron transport becomes 

saturated, leading to complete reduction of the PQ pool which leaves the Qg site 

unoperational (Kyle et al 1984). This is thought to lead to an increased half life of the 

Qa- species as shown by the dark stable Q^- Fe^^ EPR signal and eventually to 

double reduction of and loss of this quinone from its binding pocket (Koivuniemi
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et al, 1992). These events result in the recombination of the primary charge pair 

P680^/pheo' and the formation of triplet chi. The spin polarised chi triplet signal can 

be seen by EPR spectroscopy and is quenched when molecular oxygen is flushed 

through anaerobically photoinactivated samples as the triplet reacts readily with 

singlet oxygen which causes damage and hence triggers Dj degradation.

Donor side induced photoinhibition is thought to occur when the donor side of PSII 

is unable to keep up with the rate of withdrawal of electrons from P680. This process 

has also been demonstrated in vitro on photosynthetic samples with non functional 

donor sides eg. Cl- depleted thylakoids, Tris treated PSII membranes or Synechocystis 

6803 mutants lacking the psbO gene (that encodes the Mn stabilizing 33 kDa extrinsic 

protein). Increased susceptibility of PSII to photoinactivation and protein damage has 

been demonstrated in all these donor inactivated samples. Donor side inactivation has 

been shown to result in impairment of electron transport between the Mn cluster and 

P680. This could result from insufficient electron flow from the Mn complex 

resulting in abnormally stable oxidizing radicals such as P680^ and as proposed 

by Shipton and Barber (1991). These highly oxidizing radicals could react with 

pigments, redox components and amino-acids. As with acceptor side induced 

inactivation, donor side induced inactivation leads to D̂  protein degradation. Donor 

side induced photinhibition might also occur in physiological situations for example, 

the freeze induced loss of the water splitting extrinsic proteins leads to an increased 

sensitivity to photoinhibition. Donor side photoinhibition is oxygen independent and 

can occur at both high and low light intensities which could explain the turnover of 

Di proteins observed at quite low light intensities.

Bicarbonate has been shown to have an unusual effect on photoinhibition in
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experiments using isolated thylakoids (Sundby 1990, Sundby et al 1989). At oxygen 

concentrations above 25 uM, bicarbonate had a protective effect against 

photoinhibition however if the oxygen concentration was lowered, bicarbonate 

increased the photoinhibitory effect possibly due to protonation of (which is only 

present in relatively anaerobic samples) which would promote loss of Qb and make 

photo inhibition irreversible.

1.13. Protein phosphorylation in PSII

Protein phosphorylation is a ubiquitous mechanism of control of protein structure and 

function in animal cells. It provides independent or co-ordinated control of a large 

number of different processes from gene expression to hormonal control of 

metabolism. Until relatively recently, work on protein phosphorylation in plants 

concerned proteins whose counterparts in animals had already been described. Protein 

phosphorylation as a method of control of processes unique to plants was unknown. 

Direct evidence for thylakoid protein phosphorylation came in 1977, Bennett 

reported the phosphorylation of several thylakoid proteins when intact cp’s were 

incubated with ^^P-orthophosphate. The major phosphoprotein was identified as the 

light harvesting chi a/b protein complex (LHCII) of molecular weight 24-26 kDa 

(Bennett 1979a). Isolated washed thylakoids incubated with ^^P-y-dATP will also 

undergo protein phosphorylation when illuminated (Bennet 1979b). The thylakoid 

protein kinase is membrane bound, activated in the light or in the presence of strong 

reductants, requires Mg^  ̂ as a cofactor (Bennet 1979b) and is inactivated in the dark 

or in the presence of oxidants such as ferricyanide. The protein phosphorylation is 

reversed in the dark by a membrane bound phosphatase whose activity is independent
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of light, oxidants, reductants and is inhibited by fluoride (Bennet, 1980)). 

Phosphorylation occurs on the exposed N- terminal basic region of LHC at one or 

both of two adjacent threonine residues (Mullet, 1983) Downstream from these 

residues are a region of basic amino acids. Experiments performed using synthetic 

peptides showed that these basic amino acids are required for phosphorylation. ( White 

et al, 1990). Several PSII associated proteins were also phosphorylated of 

approximate MW 9, 33, 35 and 43 kDa. The 33 and 35 kDa bands were identified 

as Di and D2 of PSII and the 43 kDa band was identified as cp43 of PSII. (Ikeuchi 

et al, 1987). Tandom mass spectrometry revealed that the phosphorylation site is an 

acetylated threonine at the N-terminus of the proteins (Michel et al, 1988). The 9 kDa 

phosphoprotein was identified as a peripheral component of the oxygen evolving PSII 

core (Ikeuchi et al, 1987), purification and partial sequence of this phosphoprotein 

revealed that it was an unique, previously unidentified polypeptide associated with 

PSII (Farchaus and Dilley, 1986) which was subsequently identified as the cp encoded 

psbYi gene product (Hird et al, 1986). The phosphorylation site of the psbR  gene 

product is a threonine, residue 2 from the N-terminus. (Michel and Bennet, 1987). 

With the exception of cp43 phosphoprotein, the threonine phosphorylation site is 

followed by a region of basis amino-acids. In all cases the N-terminus of the 

phosphoproteins thought to be are exposed to the stromal side of the membranes 

(Beimet 1980, Michel et al 1988).Both the kinase and the phosphatase are thought 

to be located on the outer surface of the membrane.

1.13.1. The functional significance of LHC phosphorylation

The functional significance of LHC phosphorylation has been extensively studied and
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the consensus of opinion is that LHC phosphorylation regulates state 1/state 2 

transitions, the process by which cp’s regulate distribution of excitation energy 

between photosystems I and II. Several lines of evidence have led to this conclusion. 

These include; protein phosphorylation causes a decrease in the yield of chi 

fluorescence when measured at room temperature (Horton and Black, 1980, Teller 

et al, 1983, Saito et al 1983). The 77 K emission spectrum of isolated thylakoids is 

altered by protein phosphorylation. The longer wavelength peak (735nm) emitted 

from PSI is enhanced relative to the shorter one emitted from PSII.(Tefler et al, 

1983, Saito et al 1983). Following dark adaption, the fluorescence from PSI 

decreases, this decrease is inhibited by fluoride (Tefler et al, 1983), is rapid and 

paralleled only by LHC dephosphorylation which occurs more rapidly than for other 

phosphoproteins (Steinback et al, 1982). Finally Tefler et al 1983 showed that the 

kinetics of changes in LHC phosphorylation matched exactly the kinetics of ATP 

induced fluorescence quenching of isolated thylakoids. It seems therefore when PSII 

becomes overexcited relative to PSI, the kinase is activated (Due to reduction of the 

PQ pool, see section 1.13.2), LHC becomes phosphorylated, dissociates with PSII 

and may become associated with PSI. Upon exposure to far red, PSI light, LHC is 

dephosphorylated and becomes again associated with PSII.

The process by which the mobile LHC proteins redistributes light energy between the 

two photosystems is complex and poorly understood. Initially it was thought that the 

negative charges on the phosphate groups caused a charge imbalance on the outer 

surface of the appressed domain of the thylakoid sufficient to cause lateral migration 

of LHC from appressed to non appressed regions (Bennet, 1977). There are however 

a number of problems with this theory, it does not explain why the 27 kDa fraction
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of the LHC is not mobile, that electrostatic repulsion is not sufficient to account for 

the distance travelled, that the SttoovAof PSII is already negative and is screened by 

cations. In addition LHC induced state transitions occur in unstacked prokaryotic 

thylakoids and in algae whose thylakoids show no distinct organisation. An number 

of alternative hypotheses have been proposed which are discussed in the reviews by 

Bennet (1991), Allen, (1992a) and Allen, (1992b). Although the absolute increase in 

PSI fluorescence emission has been observed as a result of state 2 induced LHC 

phosphorylation (Saito et al, 1983) an actual increase in antenna size and electron 

transport through PSI has proved more difficult to demonstrate and it has been 

suggested that in addition to transferring excitation to PSI, phosphorylated LHC might 

function to dissipate excess excitation energy through non photochemical quenching 

as a protective effect against photoinhibition. It has also been suggested that LHC 

phosphorylation might also serve to control excitation energy between PSII-a centres 

in the grana and PSII-b centres in the stroma (Bennet, 1990 and Allen, 1992b). 

Studies by Bulte et al, (1990) have shown that cellular depletion of ATP in 

C. reinhardtii results in a transition to state 2 in the cells and concluded that 

intracellular demand for ATP controls state transitions in vivo possibly with the 

involvement of the chlororespiration system which may influence the dark PQ states. 

However unicellular green algae such as C. reinhardtii are metabolically flexible and 

LHC phosphorylation may be important in such organisms in adaption to altered 

metabolic demand for ATP.

1.13.2. The thylakoid kinase

The ability of reducing agents such as reduced ferredoxin (Bennet 1979b) and
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dithionite (Allen et al 1981) to activate the kinase in the dark as well as the ability 

of inhibitors such as 3-(3,4-dichlorophenyl)-l,l-dimethylurea (DCMU) to block 

phosphorylation (Allen and Bennett, 1981) indicated that a reduction in some 

component of the electron transport chain activates the kinase. Potentiometric redox 

titrations showed the involvement of a two electron carrier and it was proposed that 

the redox state of the PQ pool activates the kinase and controls protein 

phosphorylation (Horton and Black, 1980). Reduction of the PQ pool by short 

intense flashes of light is paralleled by protein phosphorylation and potentiometric 

redox titrations of LHC phosphorylation, ATP induced fluorescence quenching and 

redox titrations all give identical results (Horton et at 1981). The process by which 

reduction of the PQ pool would lead to activation of the kinase is poorly understood. 

There is much evidence which suggests the existence of multiple thylakoid kinases. 

The kinase inhibitor 5 ' -p-fluorosulfonyIbenzoyladenosine (FSBA) (Farchaus et al, 

1985) and sulphydryl directed agents (Millner et al, 1982) preferentially inhibit LHC 

phosphorylation, also the kinetics of phosphorylation differ to some degree between 

LHC and the PSII phosphoproteins. It has been suggested that LHC phosphorylation 

by the kinase is regulated by a cyt b6 f site. Wollman and Lemaire, (1988) reported 

the absence of state 1 state 2 transitions in C.reinhardtii mutants lacking the b6 f 

complex. Kinase activity was still detected although it was no longer under redox 

control and although PSII phosphoproteins were still detected, the LHC subunits were 

no longer phosphorylated. Gal et al, (1990) reported that kinase activity partially co- 

purifies with cyt b6 f and that the purified kinase is activated by the addition of PQ 

and de-activated by the addition of inhibitors specific to cyt b6 f such as 2,5-dibromo- 

3-methyl-6-isopropyl-p-benzoquinone (DBMIB). Frid etal, (1992) specifically studied
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the effect of a number of quinone analogues known to inhibit the cyt b6f complex and 

suggested that binding of plastoquinol to cyt b6f is implicated in kinase 

activation/deactivation It was suggested that redox control of the kinase may operate 

at two distinct sites, with plastoquinol being required for the formation of a functional 

kinase-b6f complex while binding of PQ to the kinase itself may inactivate the kinase 

and prevent LHC phosphorylation (Allen, 1992b). The 9 kDa protein is 

phosphorylated under the same conditions by the LHC kinase with degree of 

phosphorylation being positively related to the amount of b6f in the complex. This 

suggests that the quinone binding site of the kinase may be involved in controlling 

substrate specificity.

Attempts have been made to isolate the thylakoid protein kinase(s) which would help 

clarify the situation concerning possible multiple kinases. The most likely candidate 

for the thylakoid protein kinase is a 64 kDa preparation which is capable of 

autophosphorylation, phosphorylates isolated LHC (Coughlan and Hind, 1986) and 

phosphorylates LHC and PSII components in thylakoid membranes at the same site 

as endogenous kinase. Furthermore antibodies raised against this kinase was able to 

inhibit protein phosphorylation and inhibit ATP dependent fluorescence quenching 

(Coughlan and Hind, 1987). If there are multiple kinases, they show immunological 

cross reactivity and hence must be similar.

1.14. The psbR  gene product or 9 kDa phosphoprotein

The psbYi gene product or 9 kDa phosphoprotein (PSII-H protein) is the second most 

heavily phosphorylated thylakoid protein after LHCII and its phosphorylation appears 

to be under the same kind of redox control as phosphorylation of LHC II. The PSII-H
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protein becomes phosphorylated with apparently the same kinetics as that of LHC 

(Tefler et al, 1983), although déphosphorylation of the PSII-H protein occurs at a 

much slower rate. Furthermore the redox titration of the LHC kinase gave an 

identical curve whether labelling of the PSII-H protein or LHC was plotted as a 

function of redox potential.

The PSII-H protein is encoded by the cp gene psbR. In higher plants the psbR gene 

has been sequenced in several species e.g, wheat (Hird et at, 1986), rice (Hiratsuka 

et al 1989), pea (Lehmbeck et al, 1989), spinach (Westoff et al, 1985), maize (Rock 

et al, 1987) and tobacco (Shinozaki et al 1986). In all these species, the 

phosphorylation site, threonine 2 is present. The psbH gene has also been identified 

and sequenced in the cyanobacterium, Synechocystis 6803 (Mayes and Barber 1991) 

and N-terminal analysis of the protein has been performed in the cyanobacterium 

Synechocystis vulcanus, (Koike et al, 1989). The segment containing the 

phosphorylation site is missing in cyanobacteria and the protein is not thought to be 

phosphorylated in these organisms although studies by Race and Gounaris, (1993) 

suggests this might not be the case. The N-terminal amino-acid sequence for the psbU 

gene has been obtained for the unicellular green alga Chlamydomonas reinhardtii by 

Dedner et al, (1988). The N-terminal sequence was confirmed by DNA sequence of 

the whole gene, reported in this work (see chapter 3) and by Jonhson and Schmidt, 

(1993). The C. reinhardtii sequence contains an insert of seven amino acids and lacks 

four amino acids near the N-terminus in comparison with the liverwort and higher 

plant sequences. Despite these major differences at the N-terminus, the 

phosphorylation site and a cluster of basic amino acids downstream are conserved.
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1.14.1. Location and organisation of the psb)^ gene

The location of the psbR  gene on the cp genome and its position relative to other 

photosynthetic genes is discussed in detail in chapter 3.

1.14.2. The function of the PSII-H protein in PSII.

There is currently no agreement concerning the function of the PSII-protein or the 

regulatory significance of its phosphorylation. Thylakoid protein phosphorylation has 

been demonstrated to affect electron transfer through PSII as shown by an ATP 

induced inhibition in oxygen evolution capacity (Horton and Lee, 1984, Hodges 

1985). The degree of inhibition was found to be independent of actinic light intensity 

and therefore not a result of LHC redistribution of light energy. Horton and Lee, 

(1984), still attributed the effect to LHC phosphorylation as the reversal of the 

electron transport effect correlated with the faster dephosphorylation of LHC. 

However studies by Packham, (1987) revealed that FSBA which specifically inhibits 

LHC phosphorylation had no effect on the degree of inhibition which was therefore 

attributed directly to PSII phosphorylation. This was supported by Harrison and Allen 

(1991). Packham, suggested these effects could be attributed to the PSII-H protein 

and that the attenuation of electron flow through PSII brought about by an increase 

in negative charge due to protein phosphorylation could lead to a stabilization of 

in the light and a consequent slower electron transfer from to Qg. Packham (1988) 

suggests an analogy with the H- subunit of the purple bacteria RC. This protein is 

thought to effect the binding of quinones to the Qg pocket of the RC and assist in the 

transfer of the reducing equivalents from the RC to the quinone pool. In this analogy, 

the unphosphorylated PSII-H protein aids the transfer of reducing equivalents out of
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PSII. Phosphorylation of PSII-H, results in a conformational change of the Qg pocket 

which causes a decreased PQ binding to the PSII RC and therefore increased Q^- 

stability. The protein is predicted to span the membrane once with the N-terminus on 

the quinone-binding site of PSII. Studies by Hodges et al (1987) showed that the 

initial Qa-Qb electron transfer is not affected by phosphorylation which only affected 

the half life of the slow reoxidation phase of Qa-. They concluded that protein 

phosphorylation might alter the equilibrium between Qg and the PQ pool. A direct 

phosphorylation effect on Qg binding is not thought to occur as the ability of DCMU 

to inhibit electron transfer is not altered by phosphorylation (Hodges et al 1985, 

Harrison and Allen 1991).

The phosphorylation induced decrease in electron transfer through PSII could be a 

response to photoinhibition. Kuhn et al, (1988) observed a selective loss of the PSII- 

H protein upon high light treatment of spinach PSII particles, and suggest that the 

protein is involved in the fluorescence decrease that is an early event in 

photoinhibition. Sundby et al (1989) observed that 20 mM bicarbonate provides 

protection from photoinhibition at the same time as selectively decreasing 

phosphorylation of the PSII-H protein in isolated spinach thylakoids. Bicarbonate ions 

are known to effect Qa - Qg electron transfer. Sundby et al, (1989) suggest that the 

N-terminal cluster of basic amino acids might provide a binding site for the 

bicarbonate anion, which would account for competition between bicarbonate and 

phosphorylation. For the same reasons a protective effect of phosphorylation from 

photoinhibition of PSII electron transfer might be produced in vitro by bicarbonate 

binding as an alternative method of charge compensation. Bicarbonate addition had 

opposing effects on phosphorylation of the PSII-H protein which was inhibited and
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on LHCII phosphorylation which was stimulated. The bicarbonate induced stimulatory 

effect was specific to the 25 kDa, mobile LHCP of the spinach thylakoids. Sundby 

et al, (1989) suggests bicarbonate concentration as a physiological factor regulating 

excitation energy distribution by means of LHCII phosphorylation and serving to 

couple these reactions to ATP and NADPH usage in assimilation. No information was 

recorded on effects of bicarbonate on other PSII phosphoproteins.

It has been suggested that the degree of phosphorylation of the PSII core may affect 

Di degradation and the migration of the PSII cores from the grana during 

photoinhibition (Giardii, 1993). The effect of photoinhibitory light on SDS page and 

phosphorylation profiles of spinach cps revealed that cp43 and cp47 were lost from 

the grana, this was followed by loss of the PSII-H protein. As PSII phosphorylation 

increased, particularly for and D2 , PSII-H became detached from the core which 

led to increased sensitivity of PSII to strong light and disassembly of the core. These 

effects were attributed to PSII phosphorylation specifically as during the kinase 

activity on LHCII is impaired during photoinhibitory light and PSII phosphorylation 

prevails.

It has been suggested that dissociation of LHC with PSII and consequent association 

with PSI requires mutual electrostatic repulsion between phospho- LHC II and 

phosphate groups attached to PSII polypeptides such as the PSII-H protein. However 

Harrison and Allen, 1991 have found that in conditions where only LHCII proteins 

are phosphorylated, the full effect of phosphorylation of LHC on light-limited PSII 

electron transport rates in membranes is observed. In addition, as stated previously 

there are a number of problems with electrostatic repulsion as a mechanism for LHC 

migration.
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In addition to the short term adaptation that plants possess in response to the changing 

quality of light ie state 1  state 2  transition, they also possess long term responses to 

alterations in light quantity and quality. Alteration of LHC antennae size and relative 

PSII/PSI stoichiometries at the level of gene expression occur in response to changing 

light conditions. It has been proposed that redox controlled protein phosphorylation 

could function in signal transduction to initiate a response at the level of transcription 

and translational control of gene expression. The PSII-H protein could be considered 

as a candidate for a redox sensor in photosynthetic control of gene expression.

The Synechocystis 6803 psbR gene has recently been deleted from the genome 

(Mayes et al 1993). The resulting mutant is capable of photoautotrophic growth at 

low light intensity but does not grow photoautotrophically at higher light intensities. 

These finding confirm a role for the PSII-H protein in photoinhibition. However as 

stated previously, it is not yet known conclusively that the PSII-H protein is 

phosphorylated in these organisms and phosphorylation of the protein might at a 

different position confer an additional, perhaps entirely separate role for the PSII-H 

protein.

1.15. Other PSII phosphoproteins

Assigning separate phosphorylation roles, if there are any, to each of the 

phosphoproteins of PSII is difficult since no experimental separation of these four 

phosphoproteins has been reported. Any of the functions proposed for the PSII-H 

protein might equally apply to the other PSII phosphoproteins. Phosphorylation of the 

Di protein has been shown to render it resistant to degradation and it has been 

postulated that phosphorylation allows for the co-ordinated degradation and
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biosynthesis of during the repair of photoinhibited centres. (Aro et al 1993).

1.16. Chlamydomonas. reinhardtii

The unicellular biflagellate algae, C. rienhardtii, (Figure 3), belongs to the genus 

Chlamydomonas, one of the largest genera of the green algae. It contains a single cup 

shaped cp that partially surrounds the nucleus and occupies almost one half of the 

cell volume. Within the cp is the pyrenoid which is surrounded by starch bodies. The 

pyrenoid contains the enzyme ribulose 1,5 bisphosphate carboxylase (RUBISCO), 

which is required for the dark reactions of photosynthesis to fix COj.As in higher 

plant cells, there are three genetic systems in Chlamydomonas, located in the nucleus, 

the cp and the mitochondria. The nuclear genome consists of 17 chromosomes with 

a genetic complexity of 7-9 X lO'̂  kb. The mitochondria contain more than 50 copies 

of a 16 kb molecule and the cp genome consists of 50-100 copies of a circular 

molecule of 196 kb (Harris 1989).

1.16.1. The Chloroplast genome

The 196 kb cp genome of C. reinhardtii is substantially larger than the cp genome of 

higher plants. As in most higher plants, two single copy regions are separated by 

inverted repeat sequences containing the 70S ribosomal RNA genes and in the case 

of C. reinhardtii, the psbK gene. A detailed restriction map of the C. reinhardtii cp 

genome has been performed which has enabled the precise mapping of a number of 

genes required for photosynthesis.

The location and organisation many photosynthetic genes in C. reinhardtii has been 

shown to be different from that found in higher plants. The cp encoded psah  gene
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Figure 3. The biflagellate unicellular green algae, C. reinhardtii
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is continuous in higher plants but is split into three exons in C. reinhardtii while in 

contrast the petB and petD genes are continuous in C. reinhardtii but contain introns 

in higher plants.

1.16.2. The lifecycle of C. reinhardtii

C. reinhardtii cells of opposite mating type (mt) can be propagated vegetatively by 

mitosis. However, gametogenesis can be induced by adverse environmental conditions 

or by depletion of reduced nitrogen from the growth medium in the laboratory. Under 

such situations the vegetative cells differentiate into gametes and gametes of opposite 

mating type fuse to form a zygote. Nuclear fusion is followed by cp fusion. After a 

maturation process of one week the zygote undergoes meiosis and differentiates into 

a tetrad from which 4 daughter cells which are released.

Whilst nuclear genes are inherited according to Mendelian rules, the cp DNA is 

inherited in most cases from the mt+ parent.

1.16.3. C. reinhardtii as a model organism in the study of photosynthesis

C. reinhardtii is becoming increasingly important as a model for studying 

photosynthesis, (reviewed by Harris 1989, Rochaix 1987, Rochaix 1992). 

Photosynthetic mutants are viable as the organisms can also grow heterotrophically 

provided a carbon source is available. C. reinhardtii is a free living soil alga but it 

can be easily cultivated in the laboratory, where it can be grown on solid agar plates 

or in suspension cultures. It can be grown heterotrophically in the dark with acetate 

as a carbon source. It will grow photosynthetically with light and simple mineral 

source media over a pH range of approximately 6 .5-8.0 or it can be grown
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mixotrophically in the light with acetate as a carbon source. As a unicellular 

photosynthetic organism C. reinhardtii provides a simple model for the study of 

photosynthesis but as it is eukaryotic this model can still be related to higher plants. 

Until recently gene inactivation and SDM of PSII proteins has been restricted to 

studies on the prokaryotic organism Synechocystis 6803. However recently SDM 

studies on the Dj protein of C.reinhardtii have been reported. (Roffey et al, 1994, 

Przibilla et al, 1991). The amino acid sequence of and Do polypeptides of 

C.reinhardtii and higher plants show a particularly high degree of similarity. 

Comparative studies of electron transport in pea and C. reinhardtii revealed that 

spectral changes associated with charge separation were very similar, identical 

lifetimes were obtained for the primary charge separation and recombination reactions 

for algal and higher plant PSII. (Giorgi et al, 1994). Furthermore the light harvesting 

systems are very similar in higher plants and C. reinhardtii (Bassi and Wollman, 

1991) in contrast to cyanobacteria. It seems also that the stability requirements of the 

PSII complexes differ considerably in C.reinhardtii and cyanobacteria. Deletion of 

the psbK gene in cyanobacteria still results in the formation of a functional PSII 

complex. (Zhang et al, 1993). This is not the case in C. reinhardtii where deletion 

of the gene results in complete loss of photoautotrophic growth (Takahashi et al, 

1994). The alga, being a eukaryote would be expected to parallel more closely the 

situation in higher plants. The cp of this organism has a number of features which 

makes it relatively amenable to transformation. It has a single large cp . The cp DNA 

has a relatively low copy number, approximately 50 copies per cell as opposed to 

several thousand in mature plant cells with numerous cps. Cp DNA possess a 

mechanism for homologous gene replacement which ensures that the donor DNA
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replaces the corresponding recipient sequence at the correct chromosomal location. 

In addition a cp transformation system , the biolistic technique,has recently been 

developed in C reinhardtii which makes transformation of the cp in this organism 

relatively routine.

1.17. The Biolistic technique

Although techniques for the insertion of DNA into nuclei have been available for a 

long time, transformation of organelles has been a much more intractable problem. 

The major obstacles when using traditional techniques for organelle transformation 

have been the difficulty of getting DNA across the double membranes of the 

organelles and the high ploidy level of the organelles DNA, competing out a single 

incoming transforming molecule. The biolistic technique developed by John Sanford 

at Cornell University overcomes these problems ( Howe, 1988, Butow and Fox, 1990 

and Boynton and Gillham, 1993). This process is depicted in Figure 4 and involves 

coating tungsten (or gold, Russel et al,, 1991) particles with the cloned gene you 

wish to introduce into the plastid genome. A suspension of the tungsten 

microprojectiles is then placed on the front surface of a nylon cylinder 

(macroprojectile). A gunpowder cartridge is set off with a firing pin and the 

macroprojectile is accelerated against the stopping plate that has a 1 mm aperture 

which allows the microprojectiles to continue and bombard the cells. The target cells 

are placed 10-15cm from the end of the gun in a vacuum chamber. The 

microprojectiles reach the target cells at high velocity which ensures delivery of the 

cloned gene into the organelle Once inside the cp, the DNA diffuses off the particles 

and integrates into the genome via homologous recombination. A large number of
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Figure 4: The biolistic technique. The cloned gene you wish to introduce into the cp 
genome is precipitated onto tungsten particles and loaded onto a macroprojectile. The whole 
construct is fired at a plate of C. reinhardtii cells. Once inside the cp, the DNA diffuses off 
the particles and integrates into the genome via homologous recombination. A large number 
of cloned genes can thus be introduced into each cell which will favour the transformation 
of the multi copies of organelle DNA.
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cloned genes can thus be introduced into each cell which will favour the 

transformation of the multicopies of organelle DNA. An initial report of cp 

transformation in C. reinhardtii with a particle gun made use of a photosynthetic 

marker for the selection of transformed cells, (Boynton et al, 1988). A deletion 

mutant of the cp atpB gene was used as a host and was bombarded with a fragment 

of wild-type DNA spanning the deletion. After bombardment the cells were plated out 

on minimal media and illuminated, to select for the restoration of photosynthetic 

competence, detected by the formation of green colonies after 7-10 days. A more 

recent experiment used the biolistic process and a reverse genetics approach in C. 

reinhardtii to investigate the function of a competent of photosystem I; an iron 

sulphur protein encoded by the cp gene psaC. As a marker they used an aadA 

cassette which contains sequence coding for the bacterial gene aminoglycoside 

3’adenyl transferase which confers spectinomycin and streptomycin resistance. 

(Goldsmidt-Clermont, 1991) This cassette was inserted into the cloned psaC gene at 

a unique restriction site and the construct was fired into wild type (WT) cells and 

transformants were isolated by selecting for spectinomycin resistant colonies. These 

transformants were found to be defective in photosystem I (Takahashi et al 1991).

Prior to the initiation of this thesis, the psbR gene had not been mapped, isolated or 

sequenced in C. reinhardtii. This thesis reports on the characterization of the psbR 

gene in C. reinhardtii, including sequence analysis, its position relative to other 

photosynthetic genes and expression analysis. Following on from this, a series of 

mutants were constructed in which either the whole gene had been disrupted or a site 

directed change had been created within the gene in which the codon for the
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phosphotheonine had been altered to alanine. Preliminary analysis of these mutants 

are presented in this thesis.
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Materials and Methods

2.1 Chemicals

The chemicals used were normally of the highest analytical grade available.

2.2 Growth and Storage of bacterial stocks

The Escherichia coli (E.coli) bacterial strain used for this study was XLl blue which 

has the genotype: supE44 hsdRll recKX endKX gyrA46 thi relAXlac-

Y'lproAB^laclVacZ M15 TnlO(reT)] (Sambrook etal, 1989).

For long term storage, bacteria were maintained as frozen glycerol stocks. 1.2ml of 

overnight (0/N) culture grown in 2YT medium (1.6% w/v bacto-tryptone, 1% w/v 

bacto-yeast extract, 0.5% w/v NaCl) or LB medium (1% w/v bacto-tryptone, 0.5% 

w/v bacto-yeast extract, 1% w/v NaCl) was mixed with 0.8ml of glycerol (Sambrook 

et al, 1989), frozen in liquid nitrogen and stored at -80°C.

E.coli strains were maintained in the short term on 2YT or LB plates (2YT or LB 

media solidified with 1.5% (w/v) bacto agar) containing the appropriate antibiotic(s). 

A loopful of a fresh 0/N or frozen glycerol stock was streaked onto a plate and 

incubated at 37®C 0/N and then stored for up to 4 weeks at 4°C.

2.3 Growth and storage of C. reinhardtii stocks.

The C. reinhardtii strains used for this study are listed in Table 1.

The stock solutions and growth media. Tris acetate phosphate (TAP) and Tris 

minimal (TM) are listed in Tables 2 and 3.

C. reinhardtii cells were maintained on TAP plates solidified with 2% agar at 18”C.
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Cells were restreaked to fresh plates every six weeks. Working stocks of C  

reinhardtii cells were maintained at 24°C and re-streaked every week. Wild type and 

cell wall deficient mutants (CW 15-) of C. reinhardtii were grown in TAP medium 

at 50 illumination. Photosynthetic mutants were grown in minimal light 

conditions 6-8 uim^illumination.

For molecular biological and biochemical analysis, cells were grown in TAP liquid

medium. A loopful of freshly streaked C. reinhardtii cells was used to inoculate

25ml TAP medium and grown to stationary phase. An appropriate amount of culture

(to achieve an initial cell concentration of between 2 X 1C* cells/ml and 1 X 10^

cells/ml) was then used to inoculate a larger volume of TAP or TM culture, which

was then grown to stationary phase. grOuon Sb& km j
iin o n  J  l^CMbakor.

2.4. Counting C. reinhardtii cells using the Haemocytometer.

C. reinhardtii cell concentration was measured using the haemocytometer (Weber

Scientific International Ltd). Cells were first killed by the addition of lOwl of iodine
io ImL

solution (25 mg/ml in Ethanol)) Cell counts from both grids were obtained and the 

average taken, which was multiplied by 10“* to give the cell concentration per ml.
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Table 1. C reinhardtii Strains Used.

C. reinhardtii 

strain

Phenotype

CCI021, Mating 

type (Mt) +

WT - Obtained from Dr E. Harris.

CW 15, Mt + Cell wall deficient mutant 

obtained from Dr E Harris

B4 A PSI deficient mutant obtained from 

Dr Sayre, USA

222e.31a A PSII deficient mutant obtained from 

Professor J-D Rochaix, Geneva

OFF 31.opp A mutant deficient in a PSII protein- 

obtained from Professor J-D Rochaix, 

Geneva

ORF 31.same A mutant deficient in a PSII protein- 

obtained from Rochaix, Geneva
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Table 2. Stock solutions for C. reinhardtii media. 

4 XBeijerinck Salts 

16g NH4 Cl 

2 g CaCl2  

4g Mg SO4  

in 1 litre SDW

2 .

250ml 1 M K2 HPO4

170ml 1 M KH2 PO4 (titrate to pH 7.0)

3. Trace elements (Surzycki, 1971)

i. Dissolve in 550ml SDW in the order indicated, then heat to lOÔ C.

11.4g H3 BO4  

2 2 .0 g ZnS04.7H20 

5.06g MnCl2.4H20 

4.99g FeS04.7H20 

1.61g C0 CI2 .6 H2 O 

1.57g CUSO4 .4 H2 O

1.1 Og (NH4)6MoA4-4H20.

ii. Dissolve 50g NagEDTA in 250 ml water by heating, and add to the above 

solution. Reheat to 100°C, cool to 80-90®C and adjust to pH 6 .5-6.8 with 20% KOH.

iii. Adjust to 1 litre. Incubate at room temperature (RT) for two weeks and allow a 

rust coloured precipitate to form. The solution will change from green to purple.

iv. Filter through three layers of Whatman No.l under suction until the solution is 

clear. Store at 4°C.

68



Table 3. C. reinhardtii Media

For 1 litre TAP medium. Tris minimal medium.

H2 O 975 ml 975 ml

Tris 2.42 g 2.42 g

4 X Beijerink Salts 25 ml 25ml

1 M (K)P04, pH 7 1 ml 1 ml

Trace 1 ml 1 ml

Glacial Acetic Acid ~ 1ml to pH 7.0

Concentrated HCl ~ 1ml to pH 7.0

References Gormann and Levine 

(1965)

Surzycki (1971)
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2.5. DNA techniques.

2.5.1. Restriction analysis of DNA.

DNA restriction was carried out using a 7-10 fold excess of restriction enzyme. 30 

mins prior to the end of incubation a 2  fold excess of restriction enzyme was 

routinely added to ensure complete digestion of the DNA. For plasmid restriction 

analysis a incubation time of a minimum of 2h was used. For C. reinhardtii total 

DNA or cp DNA, digestion was carried out O/N. In all cases, the digests were made 

up to volume with sterile double distilled water (SDDW). A fraction of the 

restriction digest was run on a 1 % agarose gel to verify that the restriction enzyme 

had cut to completion.

2.5.2. Gel electrophoresis of DNA.

Agarose gels of between 0.8% and 1.0% were produced, depending on the sizes of 

DNA fragments to be separated. Agarose gels were run in TAB buffer (40mM Tris- 

acetate, lOmM EDTA.Na2 , pH 8.0) as described by Sambrook et al, (1989). Gels 

were run with either //mcdll-digested or Aval and BgRl digested lambda DNA size 

markers. Gels were run at 40V for between 16 and 18hr. Gels were then stained in

0.01% ethidium bromide (EtBr) solution for 20 mins, destained in distilled water 

for 10 mins and then visualised on a UV trans-illuminator. Photographic records 

were obtained using a polaroid instant camera with polaroid 665 and 667 films.

2.5.3. Recovering DNA from agarose gels.

DNA was recovered from agarose gels by one of two methods. DNA was isolated
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using the Geneclean II kit exactly as described by the protocol supplied by the 

manufacturer (Biolabs 101). DNA isolated by this method was suitable for oligo- 

labelling (see section 2.7.3) and cloning. However this method has a size range 

restriction and degradation of DNA was sometimes noted. Alternatively, DNA was 

isolated by electrophoresis onto DEAE-cellulose membranes as described by 

Sambrook et al, (1989) modified from the method of Girvitz et al, (1980). DNA 

isolated using this method was of a superior quality, and gave better yields than the 

Geneclean method for smaller fragments of DNA.

2.5.4. Construction of recombinant DNA plasmids.

Recombinant DNA plasmids were prepared by ligation of the isolated DNA 

fragment into the vector of choice cut with the appropriate restriction enzymes(s). 

The insert DNA was cut with the appropriate restriction enzyme as described in 

section 2.5.1 and gel purified as described in section 2.5.3. The vector DNA (Ipg) 

was digested with the restriction enzyme as described in section 2.5.1. For restriction 

enzymes which produce staggered ends, the vector was dephosphorylated using 1 0  

units of calf intestinal alkaline phosphatase (Boehringer-Mannheim, UK) as 

described in Sambrook et al, (1989). For vectors digested with blunt cutting 

restriction enzymes this procedure was not routinely carried out. Proteins were 

removed by phenol/chloroform extraction and the digested vector was then 

precipitated with two volumes of ice cold ethanol as described in Sambrook et al, 

(1989). The digested vector was finally redissolved in lOpl of TE pH 8.0. Both the 

digested vector and the insert were then run on a 1% agarose gel. This was to ensure 

that the vector was fully digested and to assess the relative amounts of vector and
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insert DNA. Ligations were then set up as described in Sambrook et al, (1989). For 

ligations of cohesive termini, vector and insert were present in ligation reactions in 

approximately equal amounts (0.5pg). Ligations were incubated 0/N at RT. For 

ligations of blunt ended DNA, 0.5pg vector was incubated with Ipg insert. Ligations 

were incubated for 72h at 4°C.

2.5.5. Transformation of E. coli.

Recombinant plasmids were introduced into competent E. coli, strain XLI blue by 

a modification of the method of Cohen et al, (1972) as described in Sambrook et al, 

(1989).

2.5.6. Isolation of plasmid DNA

Small scale preparations of plasmid DNA ("minipreps") were isolated from 

transformed E. coli using a modified method of Bimboim and Doly, (1979) and Ish- 

Horowicz and Burke, (1981) as described in Sambrook et al, (1989).

Medium scale (lOOpg) and large scale (0.5^g) preparations of plasmid DNA were 

isolated from transformed E. Coli using the appropriate Qiagen column (Qiagen, 

Germany) using the protocol supplied with the columns. lOOug of lOmg/ml RNAase 

A was added to the preparation when the cells were initially resuspended in buffer

1. DNA was routinely redissolved in an appropriate amount of TE pH 8.0. (lOmM 

Tris-HCl pH 8.0, ImM EDTA.Na2  pH 8.0). Following isolation, plasmid DNA was 

routinely analyzed by restriction enzyme digestion as described in section 2.5.1.
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2.5.7. Size fractionation of DNA

The DNA was restricted with an appropriate enzyme and run on a 1% agarose gel 

0/N. Restricted DNA within the correct size range was isolated by electrophoresis 

onto DEAE-cellulose membranes as described in section 2.5.3.

2.5.8. Rapid Minipreps of C. reinhardtii total DNA.

Total C.reinhardtii DNA was prepared exactly according to the method of Rochaix 

et al, (1988). The DNA was resuspended in a final volume of 25wl of TE pH 8.0.

2.5.9. Isolation of C. reinhardtii cp DNA.

Cp DNA was extracted from the cell wall deficient C.reinhardtii mutant CW15- as 

described by O’Connor et al (1994).

The CW15- mutant was grown to early stationary phase (1 X 10̂  cells/ml) in two 

litres of TAP medium in constant light (SO/tliK^̂ t 25°C.

Total cellular DNA was prepared according to the method of Rochaix et al, (1988). 

Precipitated nucleic acids were centrifuged at 12,000g for 20 minutes (mins), washed 

in 70% ethanol, air dried and resuspended in 29ml of Tris EDTA pH 8.0 (lOmM 

Tris HCl, pH8.0, ImM EDTA) (TE).

41ml of sodium iodide (Nal) saturated TE pH 8.0, and 1.4ml of bis-benzamide (Bis- 

Benz) solution was added to the DNA solution, the mixture was then transferred to 

ultracentrifuge tubes and centrifuged at 140,000 g, 20°C for 48 hours (h) in a fixed 

angle rotor.

DNA bands were visualised by long-wave UV illumination and collected by
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puncturing the top of the tube with a needle and the extracting first the nuclear band 

(lower most band) and then the upper cp band using a 2 ml syringe fitted with an 18 

gauge needle.

The DNA was extracted three times with an equal volume of TE-saturated butan-2- 

ol to remove the Bis-Benz. The lower aqueous phase was diluted with an equal 

volume of TE and adjusted to 0.3M sodium acetate. The DNA was precipitated with 

two volumes of cold (-20°C) absolute ethanol, washed with -70% ethanol and air 

dried. The pellet was resuspended in 200wl of TE, pH 8.0. An aliquot was measured 

at 260nm to determine the yield and concentration. (Ajgo = 1 = 50wg DS DNA)

2.6. RNA techniques

In all RNA work, all plastic ware was first treated with 0.01% diethylpyrocarbonate, 

(DEPC) in SDDW and autoclaved. All glassware was autoclaved and baked at 

180°C. All buffers and solutions was made up with DEPC treated SDDW.

2.6.1 Extraction of total cellular RNA from C,reinhardtii

250 ml cultures of C. reinhardtii cells were grown up to between 2-4 x 10̂  cells/ml. 

Total cellular RNA was then extracted from the cells using the a modification of the 

method of Strohman et al, (1985). The cells were spun down at 7000g for 5 mins 

at 4°C and then resuspended in 10ml of extraction buffer ( 4.4 M Guaninidine HCl, 

250mM Na citrate. pH 7.0, 0.5% v/v sarcosyl, 0.76% v/v P-mercaptoethanol). C. 

reinhardtii cells with an intact cell wall were subjected to freeze thawing in liquid 

Nitrogen at least once. One tenth volume of 2M Na Acetate pH 4.0 was then added 

to the suspension. An equal volume of Phenol and one fifth volume of
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(1 4 '.0
chloroform/isoamyl alcohohwas added to the suspension which was then shaken 

vigorously and left on ice for 5 min. The mixture was then spun at 4°C for 20 min 

at 7000g. A further 1:1 Phenol/Chloroform extraction was then performed and then 

the RNA was precipitated with a equal volume of isopropanol which was incubated 

at -20°C 0/N. This was then spun down at 10,000g for 30 mins washed in 70% 

ethanol and resuspended in 5mM EDTA.

The total RNA yield was determined by the absorbance at 260 nm and by running 

aliquots on 1 % mini agarose gels.

2.6.2 Agarose Gel electrophoresis.

RNA was separated on 1% agarose gels containing formaldehyde adapted from the 

methods of Lehrach et al (1977), Goldberg (1980) and Seed (1982) as described in 

Sambrook et al, (1989). lug  of total RNA was loaded on the gel. RNA samples to 

be run were added to a sterile eppendorf in a total of 7wl to this was added 3m1 of 

10 X MOPs buffer (0.4M MOPS, lOOmM Na acetate, lOmM EDTA.Na2 pH 8.0) 

7.5m1 of formaldehyde and 15wl of formamide in 30wl total reaction volume. The 

samples were incubated at 65°C for 15 mins. 12wl Loading buffer (0.01% 

bromophenol blue 20% Ficoll) and Iwl of 1 mg/ml ETBR was then added to the 

samples which were than loaded onto the gel which was run at 40V for 16-18h. The 

buffer was constantly circulated. Visualisation and photography of the gel was as 

described in section 2.5.2.
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2.7. Filter Hybridisation of nucleic acids.

2.7.1. Southern blotting.

The method used was that modified from the method of Southern (1975) as 

described in Sambrook et al, (1989). The DNA was transferred to Hybond -N 

(Amersham International) nylon membrane and the DNA fixed to the membrane 

exactly as described in the Amersham International protocol.

2.7.2. Northern blotting.

The RNA gels were soaked for 3 X 20 min in DEPC treated water and then for 45 

min in 20 x SSC. The RNA was transferred to nitrocellulose filters (Amersham 

International). In preparation, the nitrocellulose filters were first soaked in distilled 

water and then for 30 mins in 20 x SSC. The transfer of RNA to the nitrocellulose 

filters was carried out exactly as described in Sambrook et al, (1989).

2.7.3. Radiolabclling of DNA probes.

End labelling of short, single stranded (SS) oligonucleotide probes was performed 

by phosphorylation with bacteriophage T4 polynucleotide kinase using y-^^-P*as 

described in Sambrook et al, (1989). Al F a t  3000 c l

To prepare larger ^^P-radiolabelled probes from larger double stranded, (DS) DNA 

a modification of the method of Feinbeirg and Vogelstein (1984) was used. Initially, 

the DNA fragment to be radiolabelled was mixed with SDDW to a final volume of 

16wl and 5u\ of 5 X oligolabelling buffer. (OLB) (0.24M Tris-Cl pH 8.0, 25mM 

MgCU, 50mM B-mercaptoethanol, 0.1 mM dATP, 0.1 mM dTTP, 0.1 mM dGTP,
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0.1 mM dCTP, IM HEPES-NaOH buffer pH 6.6, 54 units/ml

hexadeoxyribonucleotides). This mixture was boiled in a water bath for 5 mins to 

denature the DNA and then immediately cooled on ice, Iẑ l of 10 mg/ml bovine 

serum albumin, 2.5 ul of a-^‘P dCTP and 0.5 id of 5 units/wl DNA polymerase I 

Klenow fragment was sequentially added to the mixture. The preparation was 

incubated at Room Temperature (RT) for 4-5 hr. Cv/mmof)

For both methods unincorporated nucleotides were separated from the probe by 

Nuctrap columns (Stratagene) using the technique outlined in the protocol.

2.7.4. Hybridisation of labelled DNA to Southern and Northern blots.

Prehybridisation and hybridisation o f Southern blots were carried out as described 

in the Amersham International protocol for use with Hybond N filters. For end 

labelled oligonucleotide probes prehybridisation was carried out in sealed bags or 

in a hybaid oven using sealed tubes for 3-4 h at 50°C in 10-15ml o f aqueous 

prehybridisation buffer (6 X SSC, 5X Denhardts solution, 0.5% (w/v) SDS, lOmM 

EDTA and lOOug/ml salmon sperm DNA). For hybridisation this solution was 

replaced with fresh prehybridisation solution containing the radiolabelled probe and 

incubated 0 /N  at 50°C. Following hybridisation the blot were washed in 1 X SSC, 

0.1% SDS, for 3 X 20 mins at RT.

For oligolabelled DNA fragments prehybridisation was carried out for 3-4 h at 

either 42°C in formaldehyde prehybridisation buffer (50% formamide, 5X SSPE, 5X 

Denhardts reagent, 0.1% SDS 1 OOug/ml denatured salmon sperm DNA) or at 65®C 

in aqueous prehybridisation buffer (6 X SSC, 5 X Denhardts reagent 0.1% SDS,
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ImM EDTA, 1 OOug/ml salmon sperm DNA). Following prehybridisation the 

radiolabelled probe was denatured by boiling for 5 mins and then added to fresh 

prehybridisation mixture which was then added to the blot. The blot was then 

incubated 0/N at the prehybridisation temperature. The filters were washed for 20 

mins at RT in 1 x SSC, 1% SDS and then three times at 65^C in 0.1 X SSC, 0.1% 

SDS. The blots were covered in Saranwrap and autoradiographed for 24 -72 h at - 

80®C using Fuji X-ray film in the presence of intensifying screens. For RNA filters, 

only oligolabelled DNA was used as a radiolabelled probe. Prehybridisation and 

hybridisation of radiolabelled probes to RNA filters was performed exactly as 

described for DNA filters.

2.8. Propagation of bacteriophage M13mpl9 and preparation of DNA.

2.8.1 Plating M13mpl9

Competent XL 1-blue cells were transfected with M13mpl9 as described in 

Sambrook et al, (1989). XL 1-blue cells transfected with M13mpl9 phage were 

maintained on H-plates (1% bactotryptone, 0.8% NaCl, 1.2% agar) containing 3ml 

of H-top agar. (1% bactotryptone, 0.8% NaCl, 0.8% agar).

2.8.2. Preparation of M13mpl9 DNA

One blue plaque was picked from the M13mpl9 transformation and added to 2ml 

of 100 fold diluted XL 1-blue 0/N culture. This was then grown for 5hr with rapid 

shaking at 37°C. The cells were then centrifuged for 5 min in a microfuge (MSB). 

The pellet containing the replicative form (RF) form of the phage was stored at -
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20°C or double stranded (DS) RF M13mpl9 DNA was prepared using the 

"miniprep" method described in section 2.5.6. The supernatant containing the single 

stranded (SS) form of the phage was either stored at -4°C, used to infect further 

cultures, or SS DNA was prepared as described in Sambrook et al, (1989) For large 

scale preparation of XL 1-blue transfected with M13mpl9, 1ml of supernatant 

containing SS phage and 5ml of fresh XL 1-blue 0/N culture was added to 500ml 

of LB medium and grown for 5h at 37°C with rapid shaking. This was then used to 

obtain a large scale preparation of the RF form of M13mpl9 DNA using a Qiagen 

midi colunrn (Qiagen, Germany) following the procedure described in the Qiagen 

protocol. For RF M13mpl9, the DNA was finally dissolved in standard TE buffer 

pHS.O. For SS DNA, the final pellet was resuspended in 30wl TE pH 7.5 (lOmM 

Tris-HCl pH 7.5, O.lmM EDTA.Naj pHS.O). A rough estimation of the yields were 

achieved by running a tenth of the DNA on a 1% agarose gel as described in section

2.5.2.

2.8.3. Creation of M13mpl9 recombinants.

The procedure for the creation of M13mpl9 recombinants is described in section

2.5.4.

2.9. Identification of M13mpl9 recombinants.

2.9.1. Plaque assays of M13mpl9.

Prior to the plaque lifts the plates were incubated for 1 h at 4°C to harden the top 

agar. Plaque lifts were performed using Hybond-N nylon filters (82mm) (Amersham
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International) according to a modified method of Benton and Davis (1977) as 

described in Sambrook et al, (1989). The filters were then air dried for 30 mins and 

baked for 2 h at 80®C.

Following baking the filters were then washed for 1 h at RT in wash solution (2 X 

SSC, 5mM EDTA, 0.5% SDS).

The filters were then prehybridized and hybridized in the presence of an 

oligonucleotide probe as described in section 2.7.4.

2.9.2. Second and third screenings of plaque positives.

The positive plaques revealed from the plaque lifts were picked and placed in a 2ml 

of a 100 X dilution of an XLl blue 0/N culture. These were then grown for 5h and 

then spun for 5 min in a microfuge (MSB). The supernatant was then diluted 10, 

100, or 1000 fold with LB medium and lOOwl was added to lOOwl of an XLl blue 

O/N culture. To this was added 3ml of H-top agar, 50ul, of 5-bromo-4-chloro-3- 

indoyl-p-D galactoside (X-Gal) and 10 ul of isopropyl-thio-P-galactoside (IPTG). 

This mixture was then plated onto H-plates and left 0/N at 37°C. Plaque lifts were 

then performed as described in section 2.9.1. The whole process was then again 

repeated in a third round of screening. Pure positives were then placed in 2ml LB 

containing 0.2ml of 0/N XLl blue and incubated with rapid shaking for 5h at 37°C. 

The pellet containing the RF form of the phage was then separated from the 

supernatant containing the SS phage.

2.9.3. Cross hybridisation of SS M13mpl9 Clones.

In order to confirm the orientations of the M13mpl9 clones, a cross hybridisation
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reaction was performed.

2u\ of clone X was mixed with 2 ul of clone Y (or 2u\ of SDDW as a control), 

5.5wl of SDDW and 0.5wl of 5M NaCl. The reaction was incubated for 30 mins at 

60°C and run on a 1% agarose as described in section 2.5.2. Two clones which 

contain complimentary sequence would be retarded on the gel compared to the 

control.

2.10. Sequence analysis of DNA.

2.10.1 Sequence analysis of M13mpl9 DNA

The method of DNA sequencing was carried out using the dideoxy chain termination 

method of Sanger et al ,(1977).

Approximately 0.5-lwg of the SS M13mpl9 DNA in a total volume of 7m1 TE pH 

7.5 (lOmM Tris, O.lmM EDTA) was used for sequencing exactly as described in 

the Sequenase II (USB) instruction booklet and using the kit components and 

^̂ S- dATP radiolabelled nucleotide. The sequencing reactions were run on a 

acrylamide sequencing gel at 40V as described in Sambrook et al, (1989)

2.10.2. Sequence analysis of DS plasmid DNA.

The DS DNA template was prepared for sequencing by alkaline denaturing. 5wg of 

DNA template was combined with 2u\ 2M NaOH and made up to 20wl with SDDW. 

The DNA was incubated at 6 8 °C for 20 mins. The DNA was then precipitated by 

the addition of -20°C ethanol and lOwl 4M ammonium acetate, pH 5.4, incubated at 

RT for 10 mins and then recovered by centrifuging in a microfuge for 10 mins. The
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pellet was washed with 70% ethanol, air dried and either used directly in sequencing 

reactions as described in section 2.10.1 or stored at -20°C.

2.11. Primer extension analysis.

A primer extension reaction was carried out using the Promega AMV reverse 

transcriptase primer extension system. 1 Opmol of the complementary oligonucleotide 

probe was used in the primer labelling reaction. 5wg of total cellular RNA was used 

in the primer extension reaction. The primer extension product was run on an 

acrylamide sequencing gel and compared against a sequencing ladder generated 

using the same oligonucleotide as described in section 2 .1 0 .1 .

2.12. Site directed mutagenesis of DNA using PCR.

Site directed mutants were obtained by a two step PCR process.

Three primers were designed as described in chapter 4. Primer 1 was a 3’ outside 

primer complimentary to cp DNA approximately 400 bases upstream of the site 

where the mutation was to be introduced. Primer 2 was the 3’ mutagenic primer 

containing a novel restriction site. Primer 3 was the 5’ outside primer complimentary 

to DNA approximately 350 bases downstream of the mutagenic site. For all PCR 

reactions, the template was linearized by restriction enzyme digestion as described 

in section 2.5.1 prior to use. PCR was carried out using Vent DNA polymerase 

(New England Biolabs, NEB) and the buffer supplied. For all PCR reactions it was 

found that the addition of 4wl lOOmM MgSO^ gave optimal results. All PCR 

reactions were carried out in a final volume of lOOwl. PCR reactions were overlayed 

with lOOwl of mineral oil. The first PCR reaction contained 10 u\ of lOX vent

82



reaction buffer (NEB) a final concentration of 4wM primer 1 and 4wM primer 2, 

200wM dNTP’s, 4mM MgSO^, approximately 0.5wg template DNA and Iwl Vent 

DNA polymerase (2 units/wl). An initial denaturing time of 4 mins at 94°C was used 

followed by 10 cycles of 1 min denaturing at 94°C, 1 min annealing at 50°C and 1 

min extending at 74°C. A final extending time of 4 mins at 74°C completed the 

reaction. The annealing temperature of 50°C was 10°C below the melting 

temperature (T*̂ ) of the mutagenic primer taking into account mismatches. The 

mineral oil was extracted with 200m1 chloroform. The whole PCR reaction was then 

run on a 1% agarose gel. The 400 base pair (bp) PCR product was recovered from 

the gel and purified by Geneclean as described in section 2.5.3. The second PCR 

reaction contained lOwl of lOX vent reaction buffer (NEB) a final concentration of 

4wM primer 3, 200wM dNTP’s, 2mM MgSO^, approximately 0.5wg template DNA, 

80% of the gene clean PCR product as the 3’ primer and Iwl Vent DNA polymerase 

(2 units/wl). The PCR conditions used were as described above except that the 

annealing temperature was 45°C and 15 cycles of PCR were used. The mineral oil 

was extracted and the 800 bp PCR product was gel purified as described in section

2.5.3. A final PCR reaction was performed. This contained the gene cleaned 800 bp 

PCR product as the template (0.2wg as estimated by agarose gel electrophoresis), 

4wM 3’ outside primer 1, 4wM 5’ outside primer 3, lOwl of lOX vent reaction buffer 

(NEB), 200wM dNTP’s, 2mM MgSO^, approximately 0.5wg template DNA and Iwl 

Vent DNA polymerase (2 units/wl). The PCR conditions were exactly as described 

for the first PCR reaction. The final 800 bp product was gene cleaned as described 

in section 2.5.3.
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2.13. Transforming the cp genome of C.reinhardtii by the biolistic technique.

A 25ml TAP flask was inoculated with a loopful of freshly streaked C. reinhardtii 

strain CCI021. This culture was grown to early stationary phase. 1ml of the 

stationary culture was then used to inoculate a further 25ml tap flask. This culture 

was then again grown to stationary phase. 1 ml aliquots of this culture was then 

added to freshly poured TAP plates and spread evenly using a flame sterile spreader. 

The plates were left O/N at 24®C in dim light ( 8  wE)

Before shooting and in between subsequent shootings the gun apparatus was 

thoroughly swabbed with ethanol. All macroprojectiles and stopping plates used 

were also soaked in ethanol.

60mg of tungsten M-10 was vortexed vigorously with 1ml 100% ethanol and then 

left to soak for 15 mins. The tungsten was then pelleted by pulse centrifugation in 

a microfuge. The ethanol was decanted and the tungsten was washed three times in 

SDDW and then brought to a final volume of 1ml with sterile 50% glycerol. 25wl 

of the tungsten suspension was then aliquoted into a fresh ependorf, to this was 

added with continuous vortexing 2.5wl of DNA (1 mg/ml), 25wl of freshly prepared, 

sterile filtered CaCf and finally lOul of 0.1 M spermidine. The mixture was vortexed 

during additions of the solutions and for several mins after. The particles were 

pelleted by pulse centrifugation and 5Owl of the supernatant was removed. 2 wl of the 

remaining suspension was loaded onto the centre of a macroprojectile loaded into 

the barrel of the gun and fired onto the plates of C.reinhardtii.

The plates were then left 0/N at 24°C in dim light ( 8  wE). The cells were then
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scraped of the TAP plates using a sterile razor blade and dissolved in 1ml of TAP 

which was then added to 3ml of TAP top agar (TAP, 0.8% agar) and then plated 

onto TAP plates containing spectinomycin at 100 wg/ml.

2.14. Segregation of the cp genome to obtain homoplastic colonies.

The TAP plates were left for 10 days to two weeks at 24 °C in dim light at 8  wE. 

The plates were then examined for colonies under a dissecting microscope at x40 

magnification for the presence of colonies of transformed C. reinhardtii cells. When 

the colonies were large enough, between 6  and 8  of them were picked using sterile 

cocktail sticks and then plated out onto fresh TAP plates containing spectinomycin 

(lOOwg/ml). The plates were incubates at 24°C in dim light (8 wE) for one week and 

then a loopful was picked and placed into 25ml TAP liquid containing 

spectinomycim (25wg/ml) and grown to stationary phase. lOOwl of the stationary 

phase culture was then placed in 10ml of TAP, lOwl of this was then plated onto 

fresh TAP plates containing spectinomycin and left for 10 days - two weeks until 

the appearance of single colonies. These colonies were then taken through two 

further rounds of cloning. Southern blot analysis was performed on the cells to 

ensure the mutants were homoplastic.

Once it was ensured that the cells were homoplastic the mutants were maintained 

on TAP plates containing lOOwg/ml spectinomycin but were routinely grown up in 

TAP liquid culture containing no antibiotics.

2.15. Growth studies C. reinhardtii transformants

A loopful of freshly streaked C. reinhardtii cells were inoculated into 25ml TAP and
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grown to stationary phase. The cells were then counted using the haemocytometer 

as described in section 2.4 and an aliquot of these cells was then transferred to 

250ml cultures of TM and 250ml cultures of TAP in a final cell concentration of 1 

X 10̂  cells/ml. These were then grown under light intensities of 8 wE and 50wE for 

5 days and cell growth (if any) was observed. The final cell concentration of the 

cells was obtained. 5wl of the stationary TAP cultures was also plated onto TAP 

plates and TM plates with and without spectinomycin (lOOwg/ml) and growth if any 

was observed.

2.16, Fluorescence analysis

A loopful of freshly streaked cells were placed onto the centre of freshly poured 

50mm TAP plates and incubated for 3 days at 24°C at 8 wE. The cells were then 

analyzed using the Plant Efficiency Analyzer (Hansatech).

A light intensity of 50% maximum was used with an illumination time of 15 

seconds. illowtiwaUd a t  a  \AJav/ l̂ûdcjtVi

2.17. Chlorophyll Assays

Chlorophyll assays were performed on whole cells and thylakoid membranes, 

according to the method of Amon et al, (1949)

2.18. Preparation of cells for EFR analysis

A 250ml TAP culture of C. reinhardtii cells was then grown to early stationary 

phase. The cells were then pelleted at 7000g for 5 mins, washed twice in TE buffer,

86



(20mM Tris-HCl pH 8.0, 5mM EDTA.Na? pH 8.0) and resuspended in a minimal 

volume of TE. A chlorophyll assay was performed on 25wl of the cells. A 1ml 

syringe and a cannula (Portex, 0/D 0.63mm, length 30cm) was used to transfer 

0.3ml of cells to an EPR tube ( C grade ) which were then dark adapted for 30 mins 

and frozen slowly in liquid nitrogen under a green light.

2.19 Preparation of C.reinhardtii thylakoid membranes.

The method used to obtain photosynthetic membranes from C. reinhardtii was a 

combined modified method of Diner and Wollman, (1980) and Shim et al, (1990). 

Throughout the extraction procedure every step was taken to ensure that the cells 

and membranes were exposed to minimum light and were kept at 4°C

A 250ml C. reinhardtii TAP culture which was grown to early stationary phase. The 

whole 250 ml culture was then used to inoculate 8 L of TAP medium which was 

then grown to stationary phase with constant aeration through Millipore filters (pore 

size 0 .2 2 wm) and constant stirring.

For the WT and Site directed mutant of C. reinhardtii cells were grown at light 

intensity of 8 wE for the initial culture and 50 mE for the 8 L cultures. For the null 

mutants and WT control growth the cells were grown at light intensity of 8 wE for 

the initial culture and 25 wE for the 8 L cultures.

The 8 L cultures were condensed to IL of cells with a Millipore pump with a 0.22 

micron membrane. The speed setting of between 4-7 was used. The IL cultures were 

then pelleted at 5000g for 5 mins at 4°C, washed once in HSM buffer (20mM Hepes 

0.35M Sucrose 2mM MgCl2 ) and then resuspended to a chlorophyll concentration
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of 1 mg/ml and passed once through a french press at 40001b/in^ .̂ The broken cells 

were then spun at 50,000g for 30 mins at 4°C, The pellet was resuspended in 2.2M 

sucrose buffer (2.2M sucrose pH 7.5 5mM Hepes lOmM EDTA) to give a final 

sucrose concentration of 1.8M sucrose, overlaid with 0.5M sucrose buffer (5mM 

Hepes pH 7.5 0.5M sucrose) and spun for 2 h at 100,000g. This step has the effect 

of removing all unbound divalent ions in particular manganese which aids analysis 

of the cells by EPR. The photosynthetic membranes which float at the interface of 

the two sucrose buffers were collected and washed once in thylakoid buffer A (0.4M 

Sucrose 20mM Hepes 5mM MgCl2 ) and finally resuspended in a minimal volume 

of thylakoid buffer. Chlorophyll assays were then performed on 25wl of the 

membranes and 0.3ml of the membranes were used to make EPR samples were 

made as described in section 2.18. The remainder of the membranes were frozen in 

liquid nitrogen.

2.20. EPR analysis of C. reinhardtii cells and membranes

EPR analysis was performed using an Jeol REIX spectrometer with Oxford 

Instrument liquid helium cryostat.

2.21. Oxygen Evolution analysis.

Oxygen evolution studies were performed on cells and membranes using a Clark 

type electrode. 50wg total chlorophyll in 3ml of resuspending medium, (20mM MES, 

15mM NaCl, 5mM MgClj pH6.3) was used. The electron acceptors used were 

DMBQ (final concentration ImM) and ferricyanide (final concentration ImM). 

Oxygen evolution was recorded for one min prior to and for one min under



saturating light conditions against an 1 0 0 % standard of oxygenated distilled water.

2.22. Western Analysis

Membranes prepared in section 2.19 were used for western analysis. SDS 

polyacrylamide gels were prepared according to a modified protocol of Laemmli 

(1970) with a 15% acrylamide resolving gel and 6 % acrylamide stacking gel. 

Samples containing lOwg of chlorophyll were loaded. The gels were run at 35mA 

for 3 h or for 6 mA for 16 to 18 h. After electrophoresis, the gels were soaked in 

Towbin buffer (20% methanol, 25mM Tris, 192mM glycine pH.8.3) and 

electroblotted onto Towbin soaked nitrocellulose membranes. Antibody detection 

was carried out according to the method of Leary et al, (1983).
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Chapter 3. Results: The characterisation of the psbM gene in C. 

reinhardtii.

3.1. Introduction

Prior to the initiation of these thesis, the psbW gene had not been isolated, sequenced 

or mapped onto the cp genome of C.reinhardtii. In order to investigate the function 

of the PSII-H protein by a reverse genetics approach in C. reinhardtii, whereby the 

gene is disrupted or modified and the phenotype of the mutant plant analyzed, the 

psbYi gene had first to be characterized.

In higher plants, psbYi is part of an operon that also encodes the psbB gene, psh^  

gene petB gene and petD gene. On the opposite DNA strand in the spacer region 

between psbB and psbW there is an ORF of approximately 43 amino acids 

(depending on the species), the psbH gene product which has been shown to co- 

segregate with PSII (Ikeuchi et al, 1989). Just downstream of psbB is a conserved 

ORF of approximately 35 amino acids (depending on the species). The organisation 

of the genes, their transcription pattern and to some extent their sequence has been 

extensively studied in, the liverwort, Marchantia polymorphia (Ohyama et al 1986), 

in pea (Lehmbeck et al, 1989), in maize (Rock et al, 1987; Barkan, 1988.), and in 

spinach (Westhoff, 1985; Westhoff et al, 1986; Westhoff and Herrmann, 1988.) The 

organisation of the genes within the operon is the same for all species as shovm in 

figure 17. The psbB operon is particularly intriguing because the gene encodes 

subunits of two functionally distinct complexes, PSII and the cyt b6 f  complex. 

Northern analysis has revealed the presence of a large number of RNA transcripts 

including a large RNA species of approximately 6  kb. Sequence analysis and Ŝ
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psbB and one termination site downstream of petD. Therefore the existence of

multiple transcripts arise from RNA processing and not multiple transcription 

initiation/ termination. The processing of the primary transcript yields two 

monocistronic RNA species of 1.9 kb and 420 bp and a bicistronic

RNA of 1.5 kb (petB and peiD). The two cytochrome b6 f genes of the operon are 

split and contain class II self splicing introns. The operon is transcribed at different 

rates in the organelle. The accumulation of the two complexes are affected 

differentially by light induced greening of etioplasts, subunit 4 (petB) and cyt b6  

(petD) accumulate in etiolated plants whilst psbB and psbK are only detectable 

following greening. The transcript for the psbl^ gene has also been shown to 

accumulate in the light. This has led Kohchi et al (1988) to suggest that it may be 

involved in the light control of the operon acting as a light induced terminator 

forming DS RNA structures with the primary transcript of the psbB operon. A 

nuclear factor has been isolated which interacts with the 3’ end of the operon in 

spinach (Schuster and Gruissem, 1992). The accumulation of this nuclear factor has 

been shown to be enhanced during light dependant cp development. In the 

prokaryotic cyanobacteria this operon is not conserved. In synechocystis, the psbH 

gene is associated with psb^  and two other genes which code for components of the 

cyt b6  complex, in the psbH-psbH-petC-petA cluster (Mayes and Barber 1991). The 

psbB gene is situated elsewhere on the genome as are the petB and petD genes 

although these are closely linked and co-transcribed. In the prochlorophyte 

Prochlorothrix hollandica the gene arrangement resembles that of cyanobacteria, 

however they have one additional feature which suggests co-ordinated regulation of 

the unlinked genes. A 93 bp region of absolute conservation occurs upstream of the

91



psbW gene and the pe/BD genes, near the site of transcription initiation in each gene 

set.\This conserved element may indicate an alternative to the higher plant operon 

for achieving co-regulation of the psbW and petET> genes in the prochlorophyte. This 

element is not present however upstream from psbB. The psbB gene and the petB 

and petD genes have been mapped on the cp genome of C. reinhardtii. (Buschlen, 

1991). The petB and petD genes are continuous, not adjacent and not located next 

to the psbB gene. However, the ORF situated downstream of psbB in higher plants 

is also conserved in C reinhardtii, (Monod et al, 1992). Monod et al (1994) have 

recently constructed a mutant of C.reinhardtii in which the ORF present just 

downstream from psbB has been disrupted by the insertion of an aadK cassette. 

Western blot analysis suggests that the ORF is part of the PSII complex. The 

deletion mutant of this ORF, YCF8 , showed a loss of photosynthetic function when 

cells were subjected to stress conditions such as high light or reduction of protein 

synthesis. A nuclear mutant which is unable to stably accumulate the psbB transcript 

in C  reinhardtii has been described by Sieburth et al (1991) and Monod et al, 

(1992). It is possible that these mutants, independently isolated, contain the same 

nuclear lesion.

This chapter reports the isolation and characterisation of the cp gene psb\i from C. 

reinhardtii which encodes the 9.3 kDa phosphoprotein component of photosystem 

II.

This involved the development of a novel method for the isolation of cp DNA for 

C  reinhardtii, (O’Connor et al, 1994).
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3.2. Isolation of cp DNA

The original isolation of cp DNA from C. reinhardtii was by Sager and Ishida 

(1963), who prepared an AT-rich DNA fraction from isolated cp’s. There are 

however, major difficulties in obtaining high yields of intact cp’s from C.reinhardtii. 

As a consequence, cp DNA is routinely isolated by the separation of the various 

DNA fractions of the cell by density gradient centrifugation: the AT-rich cp DNA 

banding at a lower density than the GC-rich nuclear DNA, with mitochondrial and 

nuclear rDNA banding at intermediate densities (Harris, 1989). Rochaix et al (1988) 

have described a procedure for the separation of C.reinhardtii DNA on a caesium 

chloride (CsCl) gradients in the presence or absence of EtBr. However, the 

separation of the various DNA species is rather poor. More recently Herrin and 

Worley (1990) have shown that the substitution of EtBr with bisbenzamide (Hoechst 

33258), a dye that binds preferentially to AT-rich DNA sequences (Manuelidis, 

1977), significantly improves the separation of bands on CsCl gradients. Grant et al 

(1980) have described an alternative approach whereby DNA complexed with EtBr 

is banded on Nal gradients. This also gives improved resolution of the AT-rich and 

GC-rich DNA fractions (Anet and Strayer, 1969).

A combination of these two procedures, whereby the cellular DNA is complexed 

with bis-benzamide and banded on NAI gradients was used to obtain C reinhardtii 

cp DNA.

Fig 5. shows a comparison of two Nal gradients loaded with an equal quantity of 

nucleic acids from C. reinhardtii and banded in the presence of either EtBr or 

bisbenzamide. It is clear that the use of bisbenzamide yields superior separation of 

the different DNA species and also gives enhanced fluorescence of the cp DNA
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band. The yield of cp DNA (-150 mg/L of cells) is close to the theoretical 

maximum of 164mg [assuming that 1 x 10̂ ° cells each contain 80 copies of a 198 

kbp cp genome (Harris 1989)]. The recovered cp DNA is relatively free from 

protein contamination (abs ^̂ °/2 go =18-1.9). It is readily cleaved by a variety of 

restriction enzymes (Fig. 6 ) and is suitable for Southern blotting and cloning. 

Southern blot analysis of cp and nuclear fractions using a 5.5 kb mitochondrial DNA 

probe reveals that in this method mitochondrial DNA segregates with cp DNA (Fig.

7).

The separation of different DNA species from on Nal gradients in the presence of 

bisbenzamide yields significant improvements in band separation as compared with 

other combinations of salts and dyes and allows the easy recovery of the cp DNA 

fraction. (O’Connor g/ a/,1993).

3.3. Localization of the psb^  gene

The psbYi gene was mapped onto the physical map of the C.reinhardtii cp genome 

using a synthetic oligonucleotide probe derived from the N-terminal sequence of 

C.reinhardtii psb}\ (Dedner et al, 1988).

ATGTSKAKPSKVNSDFQEPGLVTPLGTLLRPLNSEAGKVLPG 

and taking into account the restricted codon usage of C. reinhardtii cp genes. The 

probe is a 2 0  base degenerate oligonucleotide

5’-A (%)ACC(^/JGGTTC(Vc)TG(''/JAA(^/g)TC-3’

representing the non-coding strand of psbH and corresponding to the peptide
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Figure 5: Isolation of cp DNA: Comparison of the separation of C. reinhardtii chloroplast 
DNA (upper band) and nuclear band (lower band) in Nal gradients in the presence of A. 
Ethidium bromide (EtBr) or B. Bis-benzamide (Bis-B).
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1 4 .9  ►

8 - 8 ^
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Figure 6 : Restriction analysis of C reinhardtii cp DNA. CP DNA digested with restriction 
enzymes. LI: Bam\i\, L2: EcoRI, L3 HindilV. L4: Pstl and electrophoresed on a 0.8% 
agarose gel. Units are in kb’s.
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Figure 7: Southern analysis of C. reinhardtii DNA fractions: CP and Nuclear DNA fractions 
probed with a 5.5 kb mitochondrial DNA fragment. LI: uncut nuclear DNA, L2: uncut cp 
DNA, L3: Eco RI cut cp DNA, L4 Hincüll cut cp DNA, L5: Bglil cut cp DNA, L6 : Pst\ 
cut cp DNA, L7: BamWl cut cp DNA.
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sequence DFQEPGL. Southern blot analysis of cp DNA digested with various 

restriction enzymes and hybridized with the radiolabelled degenerate oligonucleotide 

is shown in figures 8  and 9. The psbYi gene maps to a 4.4 kb Eco R1 fragment and 

a 3.5 kb Eco Rl/P^/I fragment. Using the detailed C. reinhardtii cp restriction map 

(Harris, 1989), the psbYi gene was thus provisionally located on the 4.4 kb Eco RI 

fragment, Eco 19. Further mapping within this fragment had been previously 

performed by Monod et al, (1992) which confirmed the location of the psbH  gene 

on the Eco 19 fragment within a 2.1 kb Eco BUHinc II fragment. (Figures 8  and 9).

3.4. The PsbH gene sequence.

Within the 4.4 kb Eco 19 fragment the psbYi gene was mapped to an 0.68 kb Dral 

fragment (fig 9). Cp DNA Dral fragments of between 0.5 and 1.0 kb were 

recovered from an agarose gel and "shotgun" cloned into M13mpl9. These clones 

were screened with

the psbU. degenerate oligonucleotide probe. Two positives were obtained and 

designated mpl9 DH A and B. Hybridisation studies on SS M13MP19 recombinants 

revealed that the two inserts were complimentary and thus contained opposite 

strands of DNA. Both clones were sequenced. The sequencing strategy employed 

is shown in figure 10. It reveals the entire coding sequence of psbYi and in addition 

upstream and downstream non coding regions. The nucleotide sequence of psbH 

together with its translation in amino acid sequence is shown in figure 11. The psbH 

gene consists of an uninterrupted ORF encoding a polypeptide of 8 8  amino acids. 

Codon usage matches that found for other C  reinhardtii cp genes: namely, a bias 

for A or T in the third position of the codon. A putative "-35""-10" promoter
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Figure 8 : Localization of the psbH gene I. Cp DNA digested with various restriction 
enzymes and probed with the psbH degenerate oligonucleotide probe described in the text. 
A LI: BamHl, L2: EcoRl, L3: Pstl. B. LI: EcoRl, L2: Pstl, L3: Bgll, L4: EcoRl + Pstl, 
L5: EcoKl +
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Figure 9. Localization of the psbH gene II. Cp DNA digested with various restriction 
enzymes and probed with the psbH degenerate oligonucleotide probe described in the text. 
A EcoRL digests. LI: EcoRL alone, L2: with Dral, L3: with EcoRW, L4: with Hindi, L5: 
with Hindlll, L6 : with PvwII, L7: with Sau 3A, L8 : with Xba I, B. Pstl digests. LI: Pstl 
alone, L2: with Dral, L3: with EcoRV, L4: with Hindi, L5: with Hindlll, L6 : with P vmII, 
L7: with Sau 3A, L8 : with Xba I.

100



sequence of TGGACG-24 bases-TATAAT is located 130 bases upstream of the start 

of translation. The deduced protein sequence of residues 2-43 matches exactly with 

the determined N-terminal sequence which demonstrates that: (i) the n- 

formylmethionine is removed from the mature protein (ii) the protein is not 

synthesized with a cleavable N-terminal presequence as is the case with the cp 

encoded cytochrome f apoprotein. The predicted molecular mass of PSII-H is 9.3 

kDa which is higher than the 8  kDa determined by SDS-polyacylamide gel 

electrophoresis (PAGE) and probably reflects the anomalous migration of membrane 

proteins in SDS-PAGE. Figure 12 is a hydropathy plot of the deduced protein 

sequence using the method of Kyte and Doolittle (1982). This shows one 

hydrophobic domain which corresponds to the membrane spanning a-helical region 

of

PSII-H.

3.5. Sequence alignments of the PSII-H proteins

The sequence alingment of the PSII-H protein from C reinhardtii with other PSII-H 

polypeptides shows a certain degree of conservation particularly among key amino- 

acids (figure 13). The second threonine residue T2, thought to be the 

phosphorylation site is present in all species and furthermore it proceeds a region 

of basic amino acids. The exception is cyanobacterial PSII-H which has a truncated 

protein and is not thought to be phosphorylated. The sequence alignment does reveal 

some divergence in the PSII-H sequence compared with the other sequences. There 

is an eleven amino-acid insert at the N-terminus of the C. reinhardtii protein which 

was revealed by N-terminus sequencing (Dedner et al, 1988) and confirmed by our
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û

 IpsbH

1 : Universal primer (GTAAAACGACGGCCAGT)
2: N-Term. primer (AG/AACCA/TGGTTCT/CTGA/GAAA/GTC) 
3. Internal primer (TCGATTATGGCAACAGG)

Figure 10: Sequencing the psbH gene. A. Sequence strategy for the 0.68 kb Dral 
fragment containing the psbH gene. Primer 1 (PI) is the universal primer 

with the Dral non coding strand as template. P2 is the universal primer with 
the Dral  coding strand as template, P3. is the degenerate oligonucleotide probe 
described in the text, P4. is an intemal primer derived from initial 
sequencing. P5 is the universal primer with the Dral non coding strand 

Nhel/Xbal subclone as template. B. The base composition of sequencing 
primers.
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100
AAAGCTGGCA GTTCTGAAGG GGAAAAGGGA CTGCCTACTG CGGTCCTAGG TAÀATACATT TTTATGCAAT TTATTTCTTG TGCTAGTAGG TTTCTATACT

2 0 0
CACAAGAAGC AACCCCTTGA CGAGAGAACG TTATCCTCAG AGTATTTATA ATCCTGAGAG GGAATGCACT GAAGAATATT TTCCTTATTT TTTACAGAAA 

* - 3 5 '  ' - 1 0 *  AA

GTAAATAAAA TAGCGCTAAT AACGCTTAAT TCATTTAATC AATT ATG GCA ACA GGA ACT TCT AAA GOT AAA CCA TCA AAA GTA AAT TCA
m a [ ^ g t s k a k p s k v n s

3 00  . . . .  . . .

GAC TTC CAA GAA CCT GGT TTA GT T  ACA CCA TTA GGT ACT TTA TTA CGT CCA CTT AAC TCA GAA GCA GGT AAA GTA TTA CCA
D F Q E P G L V T P L G T L L R P L N S E A G K V L P

400  . .  . . .

GGC TGG GGT ACA ACT GT T TTA ATG GCT GTA TTT ATC CTT TTA TTT GCA GCA TTC TTA TTA ATC ATT TTA GAA AT T TAC AAC
G W G T T V L M A V F I L L F A A F L L I I L E I Y N

500  . . .

AGT TCT TTA ATT TTA GAT GAC GTT TCT ATG AGT TGG GAA ACT TTA GCT AAA GTT TCT TAA TTTTATTTA ACACAAACAT AAAATATAAA
S S L I  L D D V S M S W E T L A K V S *

60 0  . . .  . 

ACTGTTTGTT AAGGCTAGCT GCTAAGTCTT CTTTTCGCTA AGGTAAACTA AGCAACTCAA CCATATTTAT ATTCGGCAGT GGCACCGCCA CTCGACTGGC 
N h e l

680

CTTCCGTTAA GATAAACGCG TTAATAGCTC ACTTTTCTTT

Figure 11. The nucleotide sequence of the Dral fragment. The coding strand is 
presented together with the deduced amino-acid sequence. The phosphorylated 
threonine is boxed. A putative ”-35”, ”-10” promoter sequence is underlined.
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Figure 12: The hydropathy profile for the PSII-H protein. Determined 
by the method of Kyte and Doolittle, (1982) using an interval of six 
amino-acids. The transmembrane a- helical region is indicated.
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Figure 13: .

SEQ U E N C E  ALIGNM ENT OF PSB H  GENE PRODUCTS

P S B H  CHLRE

P SB H $H O R V U
PSBH $M A R PO
PSB H $O E N H O
P S B H $O R Y S A
P S B H $ S P I O L
P S B H $ S Y N V U
P S B H $ S Y N Y 3
P SB H $T O B A C
PSBH $W H EA T
P S B H S E C C E R
P R L P S B H G l

A R E A S OF 
HOMOLOGY

1 1 0  2 0  3 0  4 0
ÀTGT SKAKPSKVNSDFQEPGLVTPLGTLLRPLNSEAGKVLPGW G

ATQ TV ED SSK PR PK R
A TQ IID D TPK TK G K K
ATQ TAEESSRARPK K
ATQ TV ED SSR PG PR Q
A T Q T V E SSSR S R P K P

ARR
AQR

A TQ T V E N SSR SG PR R
ATQ TV ED SSK PR PK R
ATQ TV ED SSK PR PK R

GQK

A T q t  -  s +  

*

+

TGAGSLLKPLNSEYGKVAPGWG
SG IG DILK PLNSEYG K VAPG W G
TGLGGLLKPLNSEYGKVAPGWG
TRVGNLLKPLNSEYGKVAPGWG
TTVGALLKPLNSKYGKVAPRWG
TW LG DILRPLNSEYG K V
TR LG D ILR PLN SEY G K W PG W G
TAVGDLLKPLNSEYGKVAPGWG
TGAGSLLKPLNSEYGKVAPGW G
TGAGSLLKPLNSEYGKVAPGW G
TA LSN FLK PFN SN A G K W PG W G

t  g  L + P I N S  GKV PgWG

5 0  6 0  7 0  8 0
P S B H  CHLRE T T V L M À V F IL L F A A F L L IIL E IY N S S L IL D D V S M S W E T L A K V S

PSB H $H O R V U
PSBH $M A R PO
PSBH $O EN H O
P S B H $O R Y S A
P S B H $ S P I O L
P S B H $ S Y N Y 3
PSB H $T O B A C
PSBH $W H EAT
P SB H SE C C E R
P R L P S B H G l

T T P F M G V A M A L F A IF L S IIL E IY N S S IL L D G IL T N
T T PL M G IM M A L FA V FL W IL E L Y N SSV L L D G V SV SW
T T P L M G L A M A L F A V F L SIIL E IY N SS V L L D G ISM N
T T PFM G V A M A L F A V F L SIIL E IY N SSV L L D G IL M N
T T P L M G V A M À L F À V F L SIIL E IY N SSV L L D G ISM N
T T PV M G V F M A L F L V F L L IIL Q IY N SSL IL E G F SV D W A G
T T P L M G V A M À L F À V F L SIIL E IY N SSV L L D G ISM N
T T P F M G V A M A L F A IF L S IIL E IY N S S V L L D G IL T N
T T P F M G V A M A L F A IF L S IIL E IY N S S V L L D G IL T N
T T P L M G L F M G L L F V F L L IIL Q IY N ST IV L D A FSV N V G G

TT \M  \ \  L f  F L  i l L  iY N S s  L - g

TM

* =  PH O SPH O R Y LA TIO N  S I T E S
TM =  P R E D IC T E D  TRANSMEMBRANE SPA N  
-  =  N E G A T IV E  CHARGE
+  =  P O S I T I V E  CHARGE

KEY TO SEQ U EN C ES : -
CHLRE -  CHLAMYDOMONAS; HORVU -  BA R L E Y ; MARPO -  LIV ER W O R T; 
OENHO -  E V E N IN G  P R IM R O SE ; ORYSA -  R I C E ;  S P IO L  -  S P IN A C H ;  
SYNVU -  SYNECHOCOCCUS V U L C A N U S; SY N Y 3 -  S Y N E C H O C Y ST IS  S P ;  
TOBAC -  TOBACCO; WHEAT; SEC C ER  -  R Y E ; PRL -  PROCHLOROTHRIX
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data. This and the slight C-terminai extension accounts for the larger size of the C. 

reinhardtii protein compared to PSII-H proteins of other species. Sequence 

conservation between C  reinhardtii PSII and corresponding proteins from other 

species is particularly high in the predicted transmembrane region, although there 

is a proline to valine change in this domain. This proline is conserved in all other 

sequences.

3.6. Location and orientation of the psb^\ gene within the 4.4 kb Eco 19 

fragment.

The unique Nhe\ site revealed during sequencing and situated 43 bases downstream

of the gene was then used to locate and orientate the Dra\ fragment within Eco 19

by restriction enzyme digests and Southern analysis (figure 14) of plasmid P-72

(this plasmid comprises Eco 19 in the vector pUC8 and was a gift from E.H Harris)^rjl cPfWA.

The gene sits on a 1.5 kb Nhei fragment, this fragment is reduced in size by 0.3 kb

by double digestion with

HincW, the site of which had already been deduced on the Eco 19 fragment, hence 

the location and orientation of the psbW gene could be deduced. The start o f the 

psbW gene lies approximately 3.2 kb downstream of the end of the p sb ^  gene and 

is transcribed from the same DNA strand. The precise position of psbB  on the cp 

genome had been previously mapped by Monod et al, (1992) who also revealed that 

the highly conserved orf found downstream of p sb^  in higher plants is also 

conserved in C.reinhardtii. An oligonucleotide probe specific to psbN  was also 

constructed.
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5 -TCACCGTGTTCTTC( JAA(% )GG(% )TCACG-3 '

Preliminary data on the mapping of psbN gene (Fig 15) reveals that it lies on the 

same Eco KVHincW fragment as psbH. PsbW lies on a 1.6 kb Xba\ fragment whose 

size is not reduced by digestion with Eco RI or Pst\, P sb^  lies on a 2.8 kb
p W i c l o L J  Vrt>

Xbal/Eco RI fragment, and a 1.9 kb Xbal/Pstl fragment. PsbN  A lie on a 0.5 kb 

Xbal/HincU  fragment, upstream of PsbH although it is not yet known on which 

strand the gene lies. A detailed restriction map of the 4.4 kb Eco 19 fragment and the 

position and orientation of the various genes is shown in figure 16. The location of 

psbH  downstream of psbB  is similar to the situation in higher plants (Figure 17), 

although the plant genes are more tightly linked with a psbB-psbH  intergenic 

distance of approximately 0.6 kb. As in higher plants these genes are separated by 

a small ORF and psbN, the latter, in higher plants being on the opposite strand. It 

therefore appears that the organisation of these four genes has been retained in C. 

reinhardtii but with the modification that the spacer region between ;?j6B-0RF and 

psbN-psbH  has significantly increased.

3.7. Expression of the psbH  gene.

Northern blots of total C. reinhardtii RNA probed with the 0.68 kb Dral fragment 

containing the ENTIRE psbH  gene are shown in figure 18a The results reveal two 

transcripts of 0.5 and 0.8 kb in size. Northern blots of total C. reinhardtii RNA 

probed with the 0.9 Eco RI/P5 /I fragment containing the 3’ coding region of psbB  

is showTi in figure 18b. A single transcript of 2.3 kb was detected which was shown 

by Monod et al (1992) to correspond to the psbB  transcript. A nuclear mutant
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Figure 14: Final mapping of the psbU. gene. Cp DNA digested with various restriction 
enzymes and probed with the psbW degenerate oligonucleotide probe described in the text. 
LI: Nhe\, L2 Hindi, L3 Hindi + Nhel, L5: Hindi +Xbal, L5: Hindi + Hindlll.
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Figure 15: Localisation of the psbN gene. Cp DNA digested with various restriction 
enzymes and probed with the psbN oligonucleotide probe described in the text. A EcoRI 
digests. LI: EcoRl alone, L2: with Drah L3: with EcoRY, L4: with Hindi, L5: with 
Hindlll, L6 : with F*vwII, L7: with Sau 3A, L8 : with Xba I, B. Pstl digests. LI: Pstl alone, 
L2: with Dral, L3: with EcoRV, L4: with Hindi, L5: with Hindlll, L6 : with EvwII, L7: 
with Sau 3A, L8 : with Xba I.
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Figure 16. Restriction map of the 4.4 kb Eco RI cp DNA fragment, Eco 19. The position and orientation of the psbH 
gene relative to other genes is shown. The location of the psbN gene is also shown.
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Figure 17. Comparison of the psbH gene cluster in higher plants and C. reinhardtii. 
A. The arrangement of genes in the cp psbB  operon of higher plants. B. The 
arrangement of genes in the C. reinhardtii psbB  gene cluster.
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222E.31a defective in the accumulation of stable psbB transcripts has been described 

by Monod et al (1992). Total RNA from this mutant was blotted and probed with 

the psbR gene (fig 18a) and the psbB gene (fig 18b). In this mutant the transcripts 

which hybridize to the psbB  probe are absent in addition to psbB transcripts. This 

indicates that the same nuclear factor regulates the stability of both psbB and psbB 

transcripts.

The precise location of the 5’ end of the psbB transcripts revealed by northern 

analysis was mapped by primer extension analysis. The degenerate oligonucleotide 

described above which was used to localize the gene was also employed to generate 

the primer extension products. The size of the products were determined using a 

sequencing ladder generated using the same oligonucleotide as a sequencing primer. 

This reveals two 5’ ends of approximately equal abundance separated by one base, 

(fig 19). The position of these 5’ ends are 52 and 53 bases upstream of the start 

codon. As mentioned above a putative promoter sequence is found upstream of 

psbB. However, the 5’ ends of the transcripts are too far from this sequence to 

represent transcription start points. In addition the span of twenty four bases between 

the -35 and -10 elements of the sequence is outside the consensus (17-21 bases) for 

cp promoters. Therefore the sequence probably does not represent a true 

transcription start site and the mapped 5’ end of the gene result from processing of 

a larger transcript. Processing sites are less specific than transcription start sites, 

which would account for a doublet in the primer extension analysis.

Figure 20 shows longer exposure northern blots of total WT C. reinhardtii RNA 

probed with the 0.68 kb Dral fragment encompassing the psbB gene (fig 20a) and
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Figure 18. Northern blet analysis of the psbH gene I. Total RNA (5wg/lane) isolated from 
WT C.reinhardtii and mutant 222E.31a A. Blots probed with the specific 0.68 kb 
Dral fragment. B. Blots probed with the psbB specific 0.9 kb Eco^/Pstl fragment.
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a

Figure 19. Primer extension analysis of the psbR gene. The psbR degenerate 
oligonucleotide probe radiolabelled at the 5’ end was used to generate the products. 
Extended products are arrowed. The sequence ladder was generated using the same 
oligonucleotide primer.
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Figure 20. Northern blot analysis of the psbH gene II. Total WT C. reinhardtii RNA 
(12wg/lane) was probed with A. the 0.68 kb psbH probe and B. the 2.1 kb Eco RL/Hindi 
probe specific to psbH and psbH. Blots were exposed to X-ray film for a minimum of 72 
hrs to reveal low abundance transcripts.
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the 2.1 kb Eco RI/ Hindi fragment encompassing the psbW and psbH genes (Fig 

20b). In addition to the 0.5 and 0.9 kb psblH transcripts, a number of low abundance 

transcripts are seen. Both figures reveal transcripts of 1.5 kb and 5.5 kb in length. 

In addition the psbYUpsbH blot reveals transcripts 2.3 and 4.3 kb. The largest 

transcript of 5.5 kb would encompass both psbB and psbH genes.

3.8. Discussion

The psbH gene has been sequenced and characterized in C. reinhardtii. The gene is 

located 3.2 kb downstream of psbB and is transcribed from the same strand. The 

psbH gene has been mapped to a 0.5 kb HinclVXbal fragment between psbH and 

the conserved ORF (ORF 31) downstream of psbB mapped by Monod et al, (1992). 

The psbB operon in higher plants is intriguing because the genes encode subunits 

of two functionally distinct photosynthetic complexes. In C. reinhardtii however, 

where the relative position of most of the genes involved in photosynthetic functions 

are quite different from higher plants ,the operon is not completely conserved, the 

petB and petD genes are located elsewhere on the genome, (Lemaire 1986, 

Buschlen, 1991). However these results indicate that the sequential order of psbB, 

0RF31, psbH and psbH in C. reinhardtii is identical to that of higher plants. In the 

cyanobacteria, Synechocystis 6803, the psbB operon is not present, instead psbH and 

psbH are closely clustered to but not co-transcribed with the petC and petA  genes 

(Mayes et al ,1993). The organisation between psbH and psbH on opposite strands 

is however conserved in Synechocystis 6803 and petB and petD, although elsewhere 

on the genome are co-transcribed. In the prochlorophytes which morphologically 

appear to bridge the gap between cyanobacteria and higher plants, there also appears
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to be a relationship between psb\{ and the petBT> genes. P. hollandica genes have 

a cyanobacterial organisation with petB and petT) linked and co-transcribed but psbW 

and psbB elsewhere on the genome.

However, there is a suggestion of co-ordinate expression of psbB and psbB in P. 

hollandica: a 93 bp perfect repeat sequence precedes the two cistrons. The function 

of the repeat sequence is not known, but transcripts for both psbB and psbB  begin 

in close proximity to the element. Sequence homology searches reveal that the psbB 

gene does not share any upstream elements with the petB or petD genes, suggesting 

that the putative regulatory link between psbB and petBD in P. hollandica is not 

shared in C.reinhardtii.

DNA sequencing of the psbB gene reveals an uninterrupted ORF of 8 8  codons, the 

start of which codes for the published N-terminal amino-acid sequence of the C. 

reinhardtii phosphoprotein and was therefore confirmed as the psbB  gene. 

Conserved in C. reinhardtii and higher plant sequences is the second residue, a 

threonine, thought to be the phosphorylated residue. N-terminal sequencing by 

Dedner et al, (1988) in C. reinhardtii revealed that almost all the phosphate label 

was found on this residue. The C. reinhardtii psbB gene product shows some 

sequence divergence with higher plant, namely an 11 amino acid insert at the N- 

terminus of the protein and a short C-terminus extension which accounts for the 

higher MW of the C. reinhardtii protein compared to that of higher plants. In 

addition there is a proline to valine change in the putative transmembrane section 

designated by broken lines. This proline is conserved in all other sequences. A 

proline residue in this position would be expected to kink the a-helix in the 

membrane and thus effect the overall tertiary structure.
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The data presented in this chapter reveals that the transcription of psbYi and psb^ 

are linked and they may be co-transcribed. A nuclear mutant of C.reinhardtii, 

222E.31a was shown by Monod et al, (1992) to be lacking the psbB transcript of

2.3 kb present in WT C.reinhardtii. The two transcripts of 0.5 and 0.9 kb which 

hybridize specifically to the psbYi probe were also absent in this mutant which 

indicates a nuclear factor is required for the stable expression of both genes. The 

stable expression of many cp encoded photosynthetic polypeptides has been shown 

to require nuclear factors in C.reinhardtii and higher plants. This is discussed in the 

introduction and it is thought that nuclear factors act primarily at a post 

transcriptional level. The nuclear factor could act independently on two separate 

psbB and psbH transcripts or alternatively it could act on a single primary transcript 

containing both genes. The results presented in this chapter indicate the latter could 

be the case. Primer extension analysis, reveals no transcription start site upstream 

of psbR but instead a processing site. Longer exposure northern analysis reveals a 

number of low abundance RNA species, the largest of which, 5.5 kb in size would 

encompass both psbB and PsbB.

Following these findings, Johnson and Schmidt, (1993) presented data which 

included the entire sequence of the 3.5 Eco RI/PM fragment. The psbB sequence 

is identical to the one presented in this chapter and serves to confirm the deduced 

protein sequence. The psbH gene was located 600 bases upstream of psbB and was 

shown to be transcribed from the opposite strand, as is the case in higher plants. 

Northern blot analysis using a psbH specific probe revealed two transcripts of 1.2 

and 1.5 kb, significantly larger than the transcripts of higher plants. A 1.5 kb 

transcript was also apparent in northern blot analysis presented here (fig 20). The
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1.1 kb transcript may be masked by the large 0.9 kb psbYi transcript. The increased 

intergenic distances between the C.reinhardtii psb genes as compared with higher 

plants genes confirmed by the sequence data of Johnson and Schmidt, (1993). There 

is a region of approximately 2 kb between ORF 31 and psbH in C.reinhardtii and 

psbR and psbH are also situated further apart. As a result, the size of the psbB 

cluster in C.reinhardtii resembles the size of the psbB operon in higher plants, 

despite the absence of the pet genes. It is not yet known whether any other genes 

are transcribed in this cluster. Monod et al, (1992) reported a transcript of 1.3 kb, 

specific to the 1.6 kb HincWPstl fragment. The northern data of Johnson and 

Schmidt, (1993) reveal the presence of discreet transcripts specific to psbH of sizes 

0.5 kb, 0.6 kb and 0.9 kb. The data presented here reveals only two transcripts of 

0.5 kb and 0.9 kb although it is quite probable that the two smaller transcripts were 

unresolved in the northern analysis. Studies on the mutant isolated by Sieburth et al 

(1991) revealed that it also failed to accumulate psbH message (Johnson and 

Schmidt, 1993) which correlates with the data presented here that a nuclear factor 

is required for the stable expression of psbH. Detailed northern analysis and 3’ 

nuclease protection revealed that processing of the transcripts occurred primarily at 

their 3’ end. Primer extension analysis by Johnson and Schmidt, (1993) revealed two 

primer extension products 52 and 53 bases upstream of the start codon as also 

shown by the data presented here. However a number of lower abundance primer 

extension products were also detected in particular a transcript that starts at base -78 

from the transcription start site 15 bases downstream from the putative promoter 

region. The higher MW transcripts revealed in this chapter were not found by 

Johnson and Schmidt, (1993) previous studies by Monod et al, (1992) also failed to
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reveal the low abundance 5.5 kb transcript revealed here. The possibility remains 

therefore that the transcripts seen in the longer exposure Northern blot do not 

represent true psbW transcripts and that the transcription of psbW and psbB occur 

separately. Attempts by Johnson and Schmidt, (1993) to cap the psbVi transcripts 

were not successful.
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Chapter 4. Results: Creation of psbM mutants in C. reinhardtii

4.1. Introduction

This chapter describes the construction of a series of psbYi mutants of C reinhardtii, 

in which the gene has either been entirely disrupted or the phosphorylation site of 

the protein has been modified. The disruption mutants were obtained using the aadK 

gene cassette, which confers resistance to the cp protein synthesis inhibitors 

spectinomycin and streptomycin (Goldschmidt-Clermont, 1991). This cassette 

contains the coding region of the E.coli aadh gene fused to the C reinhardtii cp 

atpA promoter region and rbcL 3’ region.

The chimeric aadK product is synthesized in C. reinhardtii and was the first foreign 

protein to be stably expressed in the cp. The aadA cassette in combination with the 

particle gun allowed targeted gene disruption of cp genes in C. reinhardtii for the 

first time. This approach was first employed by Takahashi et al, (1991) to 

investigate the function of a component of PSI; an iron sulphur protein encoded by 

the cp gene psaC. The cassette was inserted into the cloned psaC gene at a unique 

restriction site (The plasmid also contained sequence flanking the gene, 

approximately 1  kb either side, to ensure homologous recombination into the cp 

genome). The whole construct was fired into wild type cells and transformants were 

isolated by selecting for spectinomycin resistant colonies. Southern blot analysis of 

transformant cells showed that the disrupted version of psaC had replaced the wild 

type version, and these transformants were found to be defective in photosystem I 

function, indicating that expression of the functional gene is required for assembly
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of photo system I. More elegant experiments were performed where they introduced 

site directed changes into the cloned gene, one of the cysteine ligands which binds 

an iron sulphur cluster was changed to serine. The antibiotic resistance marker was 

cloned into cp sequence adjacent to the gene. Transformed cells were selected and 

the resulting phenotype analyzed.

Targeted gene disruption using the aadK cassette to study gene function has since 

been carried out by Takahashi et al, (1994) to study the function of the psbK, gene 

in C.reinhardtii and by Monod et al, (1994) to study the function of ORF 31 in C. 

reinhardtii. The approach first described by Takahashi et al, (1991) was used here 

to obtain 2 disruption mutants of psbH in which the aadA. cassette had been placed 

in both orientations using a unique BstXl restriction site within the gene. A 

C.reinhardtii mutant was also created where the aadA. cassette had been placed 

downstream of the psbH gene. This latter construct was used as a template for SDM. 

The technique of oligonucleotide-directed mutagenesis makes it possible to generate 

site specific mutations in any cloned DNA segment of interest. This powerful 

method permits the detailed study of structure function relationships in protein by 

manipulating the sequence of DNA coding regions. Several methods have been 

developed for carrying out site specific mutagenesis. In general, each of these 

involves the hybridisation of a mis-matched oligonucleotide to a region of single 

stranded target DNA. Earlier experiments involved the use of single stranded vectors 

such as Ml 3 or phagemids to generate single stranded DNA. Various Strand 

selection methods such as those described by Kunkel, (1985) and Nakayme and 

Eckstein (1986) have been adopted to suppress the growth of non-mutant phages,
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thereby increasing the efficiency of mutation. However, even in such methods there 

is still a high degree of parental contamination and a high incidence of partial 

second mutant strand synthesis. As a result, mutant yields are still relatively low.

An alternative method for oligonucleotide directed mutagenesis is by PCR. Although 

simple in concept, PCR requires complex interactions between template, primers, 

deoxynucleoside triphosphates, and DNA polymerases to effectively achieve targeted 

amplification. Primer design in conjunction with changes in the concentrations of 

reaction components and thermal cycling parameters provides a versatility available 

in no other molecular technique. Mis-matches between primer-template duplexes are 

tolerated under appropriate conditions and therefore point mutations and desired 

restriction sites can be directly introduced into the primers. With the advent of 

PCR, site-directed mutagenesis has been greatly simplified. There are several 

advantages of generating a mutation with mis-matched primers by PCR. First PCR 

provides substantial flexibility in the types of mutations that can be introduced. For 

example, single-base substitutions, deletions and insertions of different sizes can all 

be easily generated with one or two rounds of PCR. Second, the mutation(s) of 

interest located in the PCR product can be cloned into any desirable vector by a 

single cloning step. Third almost all the clones harbour the expected mutation. The 

location of the mutated base(s) in the primers depends on the nature of the desired 

mutation.

To introduce single-base substitutions and insertions at a location with a unique 

restriction enzyme site nearby, only two primers are needed (fig 21a). A mismatch 

mutagenesis primer (PI) with the desired mutation sequence and restriction enzyme
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sequence (site X) is paired with another primer (P2) with the second restriction 

enzyme site (site Y) for PCR. The mismatches should be placed in the middle of a 

24-36 base oligonucleotide. The PCR product can be digested with enzymes X and 

Y and cloned into a suitable vector. For generating mutations in a sequence that 

does not contain a convenient restriction enzyme site nearby, either blunt ended 

cloning of a PCR product has to be employed, if possible, or more efficiently two 

sets of primers are needed for two rounds of PCR (fig 21b). Primer 1 (PI), 

containing restriction site X, paired with mutagenesis primer P2 and mutagenesis 

primer 3 (complementary to primer P2) paired with primer 4 (P4), containing 

restriction site Y. The paired primers are used in two separate PCR reactions in the 

first round of PCR. Following the first round of PCR, a small aliquot (Vjo to V5 0) of 

the two gel purified PCR products are mixed and amplified in the presence of 

primers 1 and 4. This second PCR product will have overlapping sequences at the 

"mutagenized end". The PCR product from the second round of amplification is 

used as cloning. The lengths of the primers used in these experiments depends on 

the G/C content of the sequence and the type of desired mutation. In general 12-14 

bases of perfect complementary sequence (t„~40°C) at the 3’ terminus are sufficient 

for a primer to be annealed and extended, particularly if it is not especially A-T rich. 

The annealing temperature can also be controlled to achieve an efficient 

amplification. If the nucleotide sequence of the mutated fragment is important for 

further analysis, the location of primer 2 in figure la and primer pair P1/P4 in figure 

lb should be as close to the mutagenesis primer(s) to minimize the number of 

nucleotides to be confirmed by sequencing. The conditions to minimize the 

incorporation of mis-matches by Tag DNA polymerase should be observed. Other
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Figure 21. Oligonucleotide directed mutagenesis using PCR. A. One step PCR with PI 
containing both the site directed change and restriction site X. B. Two step PCR with 
two complementary mutagenic primers each paired to corresponding outside primers 
containing unique restriction sites.
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proofreading DNA polymerases such as those from Thermococcus litoralis (Vent) 

and Pyococcus furiosis (Pfu) can be used as alternative enzymes for PCR. Studies 

by Lundberg et al, (1991) found that the proof reading activity of Pfu resulted in 

PCR products containing less than 10% of the mutations that are obtained from 

similar amplifications performed with Taq DNA polymerase. However one should 

bear in mind that the proofreading activity of these enzymes also degrade primers, 

single stranded PCR products and template; therefore, their use may require careful 

optimisation. A further problem with the thermostable polymerases is that PCR 

amplification becomes inefficient or non-existent if the length of the target span 

exceeds 5-6 kb. However studies by Barnes, (1994) have shown that an N-terminal 

deletion mutant of Taq DNA polymerase, Klentaql, combined with a very low level 

of Pfu (640:1) was capable of amplifying up to 35 kb from Ing of DNA template. 

Furthermore, the fidelity of the product amplified using the above polymerase 

mixture at least matched that obtained for pfu polymerase alone. The previous 

length limitation for PCR amplification is postulated to have been caused by low 

efficiency of the extension at the sites of incorporation of mis-matched base pairs.

4.2. Creation of the psbH null mutants.

The psbYi null mutant constructs with the aadA cassette inserted in both orientations 

within the gene are shown in figure 22a and 22b. The aadh cassette cloned into the 

vector PUC19 was a gift from Dr. M Goldschmidt-Clermont. The aadA was excised 

from this vector by digestion with EcoRV and Smal. The 4.4 kb EcoPl fragment 

containing the psbYi gene was digested at a unique BstXl site within the psbTi gene. 

This was then blunt ended with mung bean nuclease and the aadA cassette was
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cloned into this site. The 4.4kb fragment Eco 19 was also digested at a unique Mlu\ 

site downstream of the psbYi gene. This was blunt ended by mung bean nuclease 

digestion and the same blunt excised aadA cassette was cloned into this site in the 

fragment in both orientations. The final constructs are shown in figures 22c and 22d. 

The constructs ^bst.aaA, ipbst.adQ, and pmlu.aaB were used to transform the cp 

genome of a wild type C. reinhardtii strain CCI021. The transformants were 

selected for growth on plates containing TAP medium and spectinomycin and 

streptomycin. Each C. reinhardtii cell has approximately 80 copies of the cp genome 

per cell and so following the initial transformation, only a fraction of these will 

contain the mutant gene. The transformed cells are then taken through three rounds 

of cloning, whereby the transformants are grown in TAP cultures containing 

spectinomycin, plated out onto TAP plates containing spectinomycin and isolated as 

single colonies. This was repeated three times to obtain pure lines and to allow 

segregation of the cp genome. Figure 23 shows Southern blot analysis of total DNA 

isolated from transformants and digested with EcoRI following the first round of 

cloning. The blot was probed with the 0.68 kb Dral fragment specific to the psbH 

gene. The restriction enzyme EcoRI has no sites within the aadA fragment cloned 

into the cp DNA and so an increase of 1.95 kb EcoRL fragment should be seen for 

transformants. £coRI fragments of both 4.4 kb and 6.4 kb are evident in the 

transformants revealing that both wild type and mutant genes are present in all the 

transformants to varying degrees. The transformants were then taken through two 

further rounds of cloning.
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Figure 22. Construction of psbH  insertion and downstream mutants. A. The aadA  
cassette was inserted into an unique BsîXl site within psbH  in the opposite orientation 
as the gene. B. The aadA  cassette was inserted into an unique BjrXI site within psbH 
in the same orientation as the gene. C. The aadA  cassette was inserted into an unique 
Mlul site downstream of psbH in the opposite orientation as the gene. D. The aadA  
cassette was inserted into an unique Mlul site downstream of psbW  in the same 
orientation as the gene.
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Figure 23. Initial Southern blot analysis of total DNA isolated from C. reinhardtii 
transformants . Cells had been taken through one round of cloning. All DNA was restricted 
with £coRI. Blots were probed with the psbW specific 0.68 kb Dral fragment. Each lane 
represents DNA isolated from separate transformants.
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4.3. Creation of the site directed mutant of psbM.

A SDM of the psb)A gene was created in which the second residue of the protein, 

the phosphothreonine was changed from a threonine to an alanine. An novel Pstl 

restriction site was also created within the site directed changes, (shown below in 

italics).

ATG OCA ACA GOA - ATG GCT GCA GGA 

M A T G  M A A G

The alanine is uncharged and is of a similar size to the threonine but contains no 

hydroxy side chain and hence cannot be phosphorylated. The construct Vmlu.adQ 

was used as a template for SDM. The SDM was generated using PCR. As there was 

no useful restriction sites near the site where the mutation was to be introduced into 

the gene, a two step PCR approach was used which is a modified and simplified 

version of that shown in figure 2 1 b.

A 5’ outside primer was made approximately 400 bases upstream of the psbH codon 

for the phosphothreonine, 50 bases downstream of the 5’ end of the primer is a Pad  

site unique to the whole construct (PI). A 3 ’ outside primer was made spanning the 

5’ end of the aadK cassette, approximately 30 bases upstream of the primer within 

the aadA cassette is a Notl site, unique to the whole construct (P2). A mutagenesis 

primer was made containing the two base substitutions depicted above. Figure 24a 

shows the base composition of the three primers and figure 24b shows their position 

within the construct, with relevant restriction sites depicted. The 6.4 kb EcoRI
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fragment digested from the vector was used as a template for PCR. The first round 

of PCR used PI and the mutagenesis primer to create a 400 bp PCR product 

containing the restriction site Pad and the two base substitutions. This PCR product 

is used as a primer in the second reaction with P3. The final 800 bp PCR product 

contains both unique restriction sites and the base substitutions. Both the PCR 

product and the original construct Vmlu.adQ were then digested with Pad  and Notl, 

the 800 bp non-mutagenized fragment was removed from the vector and the digested 

PCR product was cloned into the vector. The sequence of the entire PCR product 

was determined (fig 25a) within the vector and was found to contain no base 

alterations other than those deliberately introduced into the fragment. Figure 26b 

shows sequence from the cloned PCR product, including sequence from the altered 

5’ terminal of the gene and the same sequence from DNA obtained from wild type 

C. reinhardtii. In both cases, the sequence was obtained using the degenerate 

oligonucleotide primer deduced from N-terminal sequence, the two altered bases 

resulting in a threonine to alanine substitution and the creation of a new Pstl site are 

highlighted by arrows. The site directed construct psbH.Tl.A  was used to transform 

the cp genome of WT CCI021 and homoplasmic mutants were obtained as 

described above.

4.4. Southern analysis of the C.reinhardtii psbH mutants.

Figure 26 shows Southern analysis of the transformants in which the aadA cassette 

had been inserted downstream of the psbYl gene (p^ôH.DW.O) after the third and 

final round of cloning. The blot was probed with the 0.68 kb Dral fragment specific 

to the psbm gene (figure 26 a and b). The lanes for DNA digested with EcoRl are
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P a d
psbH

Notl aadA

* ►
P2 P1

P3

P a d Notl

B PI CACCGCGGTGGAGCTCGGTACC 
P2 GAAGTTCCTGCAGCCATAATTG 
P3 GAGAAAGAATAACTTACTTCGT

Figure 24. Creation of the psbU  SDM by PCR. A. PCR strategy employed to 
generate the 800 bp product containing the site directed change. B. The base 
composition of the primers used for PCR site directed mutagenesis.
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Figure 25. Sequence analysis of the psbH  PCR product. A. Sequence strategy for the 
800 bp PCR product. PI is the 5' outside primer, P2 is the 3' outside primer, P3 is the 
psbH  degenerate oligonucleotide probe, P4 is the mutagenic primer. B. DNA sequence 
from i. WT and ii. T2A mutant C. reinhardtii. The sequence ladder was generated using 
the degenerate oligonucleotide probe and shows the base alterations in the T2A mutant.
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shown in figure 26a, as with previous blots an increase in size from 4.4 kb to 6.4 

kb are seen for the mutants due to the presence of the aadk cassette within the cp 

DNA. The lanes for DNA digested with Pstl are shown in figure 26b. Previous 

Southern analysis in chapter 1 revealed that the psbH gene lies on a 13.3 kb Pstl 

fragment, and the start of the psbH gene is 2.3 kb downstream of a Pstl site. The 

aadA cassette also contains a Pstl site 1.4 kb downstream from the EcoRW cloning 

site, therefore Southern analysis of DNA from mutants digested with Pstl will 

enable the exact mapping of the genes and confirm the aadA cassette is placed in 

the correct location with respect to psbH. For the p j 6 H.DW.O mutant, bands of 3.2 

kb and a larger band of 12.1 kb can be seen for total DNA digested with Pstl and 

probed with the psbH gene. This confirms that the aadA cassette has been placed 

in the Mlul site in the 4.4kb Eco 19 fragment and is in the opposite orientation with 

respect to psbH. (figure 29a)

Figure 26c shows southern blot analysis of total DNA isolated from the 

transformants in which the aadA cassette had been placed downstream of psbH in 

the opposite orientation (p.s6 H.DW.O) after the third and final round of cloning and 

digested with £coRI. The blot was probed with an 1.9 kb EcoRHSmal fragment 

specific to the aadA cassette. This probe contains not only coding region of the 

E.coli aadA gene, but also DNA from the C. reinhardtii cp atpA promoter region 

and rbcL 3’ region. In WT lanes a single band of 6.2 kb is seen, but in lanes which 

contain the transformants, an additional band of 6.4 kb corresponding to the 4.4kb 

Eco 19 fragment containing the aadA cassette.

Figure 27 shows Southern analysis of the psbH null mutants and psbH T2A mutant
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after the third and final round of cloning. The blot was probed with the 0.68 kb 

Dral fragment specific to the psbH gene. The lanes for DNA digested with Æ̂coRJ 

are shown in figure 27a, and the transformants all show an increase in band size 

from 4.4kb to 6.4kb due to the presence of the aadA cassette within the cp DNA. 

The DNA isolated from p^ôH.nullS transformant 3 does not show an increase in the 

EcoBl fragment from 4.4kb to 6.4kb although it is resistant to spectinomycin 

therefore it seems this mutant is a spontaneous mutation. It is like the WT in all 

respects except that it contains alterations in its ribosomal DNA which render it 

resistant to the antibiotic. It was noted through all rounds of cloning that this mutant 

grew well in TAP medium containing spectinomycin, it grew very poorly in TAP 

medium containing both spectinomycin and streptomycin. The lanes for DNA 

digested with Pstl are shown in figure 27b. For the transformants where the aadA 

cassette has been placed into the psbH gene at the BstXl site in the opposite 

orientation (pj6 H.nullO mutants) a Pstl fragment of 2.8 kb and a much larger 

fragment corresponding to the 12.5 kb fragment is evident which confirms that the 

aadA cassette has been placed into the correct site (figure 29b). For the 

transformants where the aadA cassette has been placed into the psbH gene at the 

BstXl site in the same orientation (psbH.nullS mutants) a Pstl fragment of 3.8 kb 

and a much larger fragment corresponding to the 11.5 kb fragment is evident which 

confirms that the aadA cassette has been placed into the correct site (figure 29c). 

For the SDM psbH.TlA, the 3.2 kb fragment observed in Southern analysis of the 

p j 6 H.DW.O mutant has been digested further to 0.9 kb and 2.3 kb fragments which 

confirms the presence of an additional Pstl site in this mutant and also therefore the 

threonine to alanine mutation (figure 29d).
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Figure 26. Final Southern analysis of the p j 6 H.DW.O mutants. A. Total DNA digested with 
EcoRI and probed with the 0.68 kb psbW probe. LI. WT DNA, L2-4 p^^H.DW.O DNA 
isolated from separate transformants, L5. WT DNA. B. Total DNA digested with Pstl and 
probed with the 0.68 kb psbH probe. LI. WT DNA, L2-4 psôH.DW.O DNA isolated from 
separate transformants, L5. WT DNA. C. Total DNA was digested with £coRI and probed 
with the aadA probe. LI. WT DNA, L2-4 p^ôH.DW.O DNA isolated from separate 
transformants, L5. WT DNA.
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Figure 27. Final Southern analysis of the /?5 6 H.null mutants and the psbH T2A mutant I. 
Blots were probed with the 0.68 kb psbU probe. A. Total DNA was digested with EcoRI. 
LI. WT DNA L2-4, ;?j6 H.null.O DNA isolated from separate transformants, L5-8. 
/ 7 5 ^H.null.S DNA isolated from separate transformants, L9-10. psbH T2A mutants isolated 
from separate transformants. B. Total DNA was digested withP^rt, Ll-4. j^j-^H.null.S DNA 
isolated from separate transformants, L5. WT DNA, L6 -8 . p j 6 H.null.O DNA isolated from 
separate transformants, L9-10. psbH T2A mutants isolated from separate transformants.
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Figure 28. Final Southern analysis of the p j 6 H.null mutants and the psbH T2A mutant II. 
Total DNA was digested with EcoRl and probed with the aadA probe. LI WT DNA, L2-4 
/7 5 Z)H.null.O DNA isolated from separate transformants, L5-8. p^Z^H.null.S DNA isolated 
from separate transformants, L9-10. psbH T2A mutants isolated from separate 
transformants.
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Figure 29. Insertion of the aadâ cassette into the C .reinhardtii genome 
showing Pstl restriction sites. A.The psbH.DW.O  mutant. B. The pj^H.null.O 
mutant. C. The pjZ?H.null.S mutant. D. The psbU  T2A mutant.
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Figure 28 shows Southern blot analysis of total DNA isolated from psbYi null 

mutants and the SDM mutants after the third and final round of cloning and digested 

with EcoRI. The blot was probed with an 1.1 kb PstHNco fragment specific to the 

aadA cassette. This probe contains only coding region of the E.coli aadA gene. The 

C. reinhardtii cp atpA promoter region and rbcL 3’ region are not present and hence 

only transformants containing the aado. cassette will have bands when probed with 

this fragment of DNA. In all transformants, a band of 6.4kb is seen due to the 

presence of the aadA cassette within the cp DNA. This fragment is not present in 

WT cp DNA or in the spontaneous mutant mentioned earlier.

4.5. Northern analysis of the psbhl mutants.

Northern blots of total C. reinhardtii RNA probed with the 0.68 kb Dral fragment 

containing the total psbH gene is shown in figure 30. RNA extracted from CCI021 

WT C. reinhardtii and from a number of mutants was analyzed. For RNA isolated 

from WT (LI,) , three bands are evident of 0.5 kb, 0.6 kb and 0.9 kb. This correlates 

with the data presented by Johnson and Schmidt (1993) and suggests that in 

previous northern blots presented in chapter 1, the smaller 0.5 and 0.6 kb band are 

simply not resolved. RNA isolated from the nuclear mutant 222E.31a (L2.) discussed 

in chapter 1 again shows the absence of the psbYl transcripts, however a low 

abundance transcript of 1 . 2  kb is present which could represent the psb'H transcript 

discussed in chapter 1. Lanes ] and '^contain RNA isolated mutants which contain 

the aadA cassette within ORF 31 just downstream of psbB and were a gift from 

Professor J.D.Rochaix, Geneva. Lane ^  contains RNA isolated from a mutant in 

which the aadA cassette has been placed in the opposite orientation to psb"Q and
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0RF31 and therefore the LR sequence in the 3’rbcl within the aadA cassette which 

constitutes a C. reinhardtii processing site or transcription stop signal will not affect 

transcription downstream from 0RF31, Lane 4 contains RNA isolated from a mutant 

in which the aadA cassette has been placed in the same orientation to psb^  and 

ORF31 therefore the 3’ LR contained within the aadA cassette will affect 

transcription beyond the cassette. It has been observed ( C. Monod, Geneva - 

personal communication) that transcription beyond the 3’ LR within the aadA 

cassette does occur although at a much reduced rate. It can be seen that transcripts 

for psbW in the ORF31.opp mutant are unaffected but transcripts for psbYi in the 

0RF31.same mutants are greatly reduced. This lends further support to the 

possibility that psbH is co-transcribed with psb^ and ORF31 as the 3’ LR placed 

within 0RF31 greatly reduces transcription of psbQ. Lanes 5  and 6  contain RNA 

isolated from the /j^^H.DW.O mutant and the psbW.HA  mutant respectively, these 

mutants are alike in all respects except the psbH.TlA  mutant contains the base 

changes discussed above, hence it would be expected that both mutants give 

identical northern analysis patterns. It can be seen that in these mutants the 0.6 kb 

and the 0.9 kb transcripts are absent. The 0.5 kb transcript is present indicating that 

this transcript is spliced from the larger transcript somewhere between the Mlul site 

and the end of the psbR gene. It was expected that larger transcripts would be seen 

correlating to the psbR transcripts and the aadA cassette, these are not evident and 

it could be that the presence of the aadA cassette results in more rapid processing 

of the transcripts. A transcript size of 0.7 kb is seen in both lanes. Lanes 7  and 9 

contain RNA isolated from the mutants p j 6 H.nullO and p^èH.null.S respectively. 

In both cases all transcripts specific to psbYl are absent. In lane 7, a 0.35 kb
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Figure 30. Northern analysis o f the psbW mutants. L I. WT RNA (3.1wg), L2. 222E.31a 
RNA (3.7wg), L3. ORF31.opp RNA (3.9wg), L4. 0RF31.same RNA (3.8wg), L5. 
pj6H.DW .O RNA (4.6wg), L6.p5^H T2A RNA (5.5wg), L7. pj6H.null.O RNA (4.6wg), L8. 
/?5ÔH.null.S RNA (4.4wg).
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transcript is present and in lane a 0.45 kb transcript is present. As with the 

^ j 6 H.DW.O and pshYi.TlK mutants no larger transcripts, which would represent the 

psb\{ transcripts containing the aadA cassette are present. An identical northern blot 

probed with the 1.1 kb PstVNcol aadA fragment was also performed. No bands 

were observed in the mutants analyzed, including those which contained the aadA 

cassette.

4.6. Discussion.

The Southern analysis results discussed above prove that the aadA cassette has been 

introduced into the 4.4 Eco 19 fragment at the unique BstXi site to produce two 

mutants in which the psbYi gene coding sequence has been disrupted and in addition 

a mutant in which the aadA cassette has been introduced downstream of the psbYi 

gene at the unique Mlul site. This latter mutant provides a control in experiments 

which examine the phenotype of the psbH null mutants and psbH.TlA  mutant. 

Sequence analysis of the DNA containing the site directed change confirms the 

presence of an alanine codon in place of the wild type threonine and the 

incorporation of a Pstl site. Southern analysis of cells transformed with this DNA 

confirms that the cp DNA of C. reinhardtii now contains the new Pstl site and 

hence the site directed change. All mutants are resistant to the antibiotics 

streptomycin and spectinomycin suggesting they contain and correctly express the 

aadA cassette. WT cells are resistant to neither antibiotics. A clone was isolated 

which was found to be spectinomycin resistant but streptomycin sensitive. Southern 

analysis of this revealed that it did not contain the aadA cassette and this mutant 

represents a spontaneous mutation which contains alterations in the ribosomal RNA
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gene which renders it resistant to the antibiotic spectinomycin. Initial selection of 

transformants on TAP plates containing both spectinomycin and streptomycin should 

screen out such mutants in future.

Northern analysis of the psbR.TlA  mutant and the j!7 5 èH.DW.O mutant reveals that 

the insertion of the aadA cassette into the Mlul site results in loss of the two larger 

psbH transcripts although the smallest psbW transcript is still present. Northern 

analysis and nuclease protection experiments performes by Johnson and Schmidt 

(1993) revealed that processing of the three transcripts occurred primarily at the 3’ 

end. They found that only the two larger transcripts hybridized to an 0.9 kb 

NheVEcoKL fragment starting 50 bases downstream of the end of the psbW gene. 

Insertion of the aadA cassette into the Mlul site, situated approximately 0.1 kb 

downstream of the Nhel site, results in loss of the two larger transcripts. We can 

therefore conclude that processing of the 0.6 kb fragment to the 0.5 kb fragment 

occurs between Nhe\ and Mlu\ site. Processing of the 0.9 kb fragment to the 0.6 kb 

fragment occurs between the Nhe\ site and an AatW site, which is situated 

approximately 350 bp’s downstream from the end of the psbYi gene (Johnson and 

Schmidt, 1993). The two psbH null mutants show loss of all transcripts specific to 

psbW (figure 30). Northern analysis of mutants probed with the aadA cassette show 

no transcripts suggesting that the RNA from the cassette is rapidly processed. The 

two disruption mutants of ORF 31 contained altered amounts of RNA transcripts. 

The mutant in which the ORF had been replaced with the aadA cassette inserted in 

the same orientation as psbYi and hence psbYi was preceded by the 3’ I.R from the 

cassette contained greatly reduced amounts of psbR transcripts. These findings were
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confirmed by Monod et al, (1994) and therefore suggests that the psbYi and psbB 

are co-transcribed. Further northern analysis on other genes within the operon must 

be performed to ensure that their expression is not effected by the aadK cassette. It 

is possible that the expression of psb\^ might be effected by the insertion of the 

aadA cassette within the psbW gene since studies by Johnson and Schmidt (1993) 

suggest that the transcripts of the two genes overlap and have suggested a 

transcription start for psb^  20 bases downstream from the last codon of psbYi. The 

psbU. disruption mutant in which the cassette is placed in the opposite orientation 

to psbYi and therefore in the same orientation to psb'H, would in particular effect 

transcription of this gene as the gene is preceded by the 3’ I.R of the aadA cassette. 

The psbYi disruption mutant in which the cassette is placed in the same orientation 

to psbi^ and therefore in the opposite orientation to psbY\, may not effect 

transcription of psbY\, but this should be investigated. The psbYi disruption and 

upstream mutants are not thought to effect the transcription of the psbB and 0RF31 

genes. The mutant in which the aadA cassette has been placed in the same 

orientation as the psbYi gene will effectively prevent transcription downstream of the 

BstXi site and hence result in an early termination of the transcription of the operon. 

If the nuclear factor which has been shovm to be required for the stable transcription 

of the genes within the operon stabilizes the transcript by 3’ binding, this psbYi null 

mutant may also be deficient in the expression of psb^  and 0RF31. However, this 

is not thought to be the case, in experiments by Monod et al, (1994), both deletion 

mutants of 0RF31 showed equal amounts of the truncated psbQ transcript, 

regardless of the orientation of the aadA cassette.
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The presence of the smaller 0.5 kb psb\{ transcript for the SDM and the upstream 

mutant suggest that psbY{ is expressed in these mutants and the absence of all psbYi 

transcripts in the disruption mutant suggests that in these cases the gene is not 

expressed. However this should be confirmed by western analysis. Attempts at 

western analysis of the PSII-H protein in WT and mutant C. reinhardtii have as yet 

proved unsuccessful. This could be due to the gel resolving system used in these 

experiments, which was according to the method of Laemmli (1970) using a 15% 

resolving gel. It has been found that such a system has insufficient resolving power 

below 10 kDa. Modifications of this method using tris-tricine gels (Shagger and von 

Jagow, (1987) or urea Kadenbach et al, (1983) or urea/glycerol gels (Merle and 

Kadenbach, 1980) have all been shown to improve resolution in the 10 kDa region.

In order to be absolutely sure that the SDM mutant lacks the phosphorylation site 

a phosphorylation assay should be performed in which the loss of the 

phosphorylated band at 9 kDa in the SDM as compared to wild type would be 

shown. This is particularly important in light of a recent paper by Race and 

Gounaris (1993), who suggested that in the cyanobacterium Synechocystis 6803 the 

psbYi gene product is phosphorylated, despite the absence of the conserved 

threonine, T2, thought to be the phosphothreonine in higher plants. They suggested 

that the threonine in position 4 could be the phosphorylation site. This threonine is 

also conserved in C. reinhardtii (T23) and other eukaryotic photosynthetic 

organisms, (T16), with the exception of liverwort, where it has been replaced by a 

serine. It could represent an alternative phosphorylation site. End terminal
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sequencing by Dedner et al, (1986) revealed that almost all of the phosphate label 

was contained on T2, however it is possible that in the absence of this threonine the 

conserved threonine analogous to the putative cyanobacterial phosphothreonine could 

be phosphorylated.

If loss of T2 does result in a non-phosphorylatable psbU., a number of further site 

directed mutations could be performed, the threonine could be altered to a serine or 

a glutamate. The base changes and creation of new restriction sites are shovm below.

Thr - Ser

TT ATG GCA ACA GGA - GA ATG GCT TCT GGA 

M A T G  M A S G

The restriction site created, shown in italics is Xmnl

Thr - Glu

ATG GCA ACA GGA ACT - ATG GCA GAA GGT ACY 

M A T G T  M A g  G T

The restriction site created , shown in italics is Rsal.

Substitution of the threonine with a serine will provide information on the specificity 

of the kinase, whilst substitution of threonine with glutamate will produce a non-
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phosphorylatable protein but a protein with a constant negative charge which will 

resemble a phosphorylated psbW.
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Chapter 5. Results: Analysis of the psbH  mutants.

5.1. Introduction

The function of the PSII-H protein in PSII is undetermined. As discussed in chapter 

1 , studies have suggested phosphorylation of the protein may result in impaired 

electron transfer through PSII possibly as a protective role under photoinhibitory 

conditions.

Analysis of chi fluorescence is often used to observe photosynthetic events. More 

than 90% of absorbed light quanta are utilized by photosynthesis. A minor 

competing process of deactivation of excited pigments is the emission of chi a 

fluorescence. At room temperature, most fluorescence is emitted by chi a of 

photosystem II. The variable chi a fluorescence yield is related to the photochemical 

activity of photosystem II of the oxygen evolving organisms. The kinetics of the 

fluorescence rise from the minimal yield Fq to the maximal yield is a monitor 

of the accumulation of net reduced with time in both active (Qg containing) and 

inactive ( non-Qg containing) PSII centres. It is thought that most of the chi 

fluorescence in vivo (both at Fq and F^ levels) emanates in vivo from the antenna 

chi a molecules. The measurements of true Fq and that of the complete fluorescence 

transients from true Fg to F^ are useful in obtaining a kinetic picture of PSII activity. 

Fq is the instantaneous low fluorescence when photochemical efficiency is maximal; 

here the concentration of the electron acceptor is maximal. Measurement of Fg 

is difficult in instruments that use camera shutters. Most mechanical shutters have 

an opening time of one or more ms. Using a shutter less system (Plant Efficiency
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Analyzer, Hansetech, UK) that is capable of providing the first measured point at 

about 2 0  ws of time allows data accumulation over several orders of magnitude of 

time. In addition to F q and F^, a third fluorescence variable is Fy, the maximum 

variable fluorescence emission (Fy= F̂  ̂ - F q) .  Fy does not represent an independent 

fluorescence component; the term only describes the change in fluorescence 

emission between two defined states. The Fy/F^ ratio has become an important and 

easily measurable parameter of the physiological state of the photosynthetic 

apparatus in intact plant leaves. The Fy/F^ ratio was found to stay in a remarkably 

narrow range among leaves of many different species and ecotypes. Environmental 

stresses that effect PSII efficiency lead to characteristic decrease in Fy/F^ ratios. 

More specifically, the "dark decay "of variable fluorescence back to the F q state can 

be used to study electron transfer from Qa-Qb- this technique, approximately all 

of Qa (but not Qb or PQ) is reduced by means of high intensity single turnover 

flashes. In the following dark period, the decline of fluorescence is measured and 

reflects the reoxidation of Qa~. C Fo/' a  SCSL.

Recently the psbH gene has been deleted from the genome of the cyanobacteria 

Synechocystis 6803 (Mayes et al, 1993). Studies of the phenotype of the psbH null 

mutant suggested that in Synechocystis psbYi is not required for the assembly and 

function of PSII. Studies on the Synechocystis psb\i null mutant showed reduced 

photoautotrophic growth on solid media at 50-60 mE m'^s ' illumination, although the 

growth rate of the psbYi null mutants was improved when illuminated at lower light 

intensity, (5wE m'^s"'). In liquid cultures, the psbW null mutant grew 

photoautotrophically at approximately 30% of the wild type rate. Variable chi
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fluorescence (Fy/F^) was 33% lower for the psbR null mutant than for the WT, 

neither ratio was effected by the addition of DCMU but when hydroxylamine was 

added to DCMU treated cells the Fy/F̂  ̂ ratio for the null mutant was increased to 

approximately 85% of that observed for similarly treated WT cells. In addition, the 

rate of fluorescence rise increased by a factor of 3 in wild type cells when electron 

transfer was blocked between and Qg, by the addition of DCMU but in contrast 

the null mutant cells showed a fast fluorescence rise in the absence of DCMU which 

was not greatly increased by the electron inhibitor. Single flash fluorescence decay 

kinetics showed that although the fast component of the decay curve was slightly 

retarded in the null mutant as compared to WT, the slow component was greatly 

attenuated in the null mutant. These results indicate that the null mutant shows a 

decrease in the midpoint potential differences of the redox couples governing 

forward electron transport between and Qg sites and/or an altered occupancy of 

the Qg site resulting in an increased population of Q^-. Thermoluminescence data 

revealed that the peak position of the B band resulting from SjQg- recombination is 

shifted to lower temperatures by about 10-12°C. This situation resembles that 

observed in herbicide resistant mutants which have altered Qg sites. Oxygen 

evolution experiments revealed that oxygen evolution was almost identical for WT 

and psbY{ null mutant cells with no electron acceptors, but with the addition of 

electron accepters such as dimethyl-p-benzoquinone (DMBQ) which accepts 

electrons from Qg oxygen evolution almost halved for the null mutant although it 

increased by up to 70% for WT. In contrast, the addition of dichloro-p- 

benzoquinone (DCBQ), which accepts electrons from the Q^ site caused a 80% and 

30% increase in oxygen evolution in the wild type and mutant cells respectively.
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Flash induced oxygen evolution studies revealed that the null mutant showed an 

increased signal on the first two flashes, accompanied by a large degree of 

dampening in the whole sequence. The steady-state yield of flash induced oxygen 

evolution is comparable to that in the WT cells. The increased dampening of oxygen 

evolution from the null mutant indicates that it has a limited capacity for S-state 

turnovers in agreement with the thermoluminescence results. Mayes et al, (1993) 

concluded that substantial levels of PSII still assemble in deletion mutants of psbH 

and its role was therefore a regulatory one possibly by conformational changes that 

influence the structure of the Qg site of the D, protein.

However, this may not be the case in eukaryotic organisms, Zhang et al, (1993), 

described a similar paper, in which the psbY^ gene had been deleted from the 

genome of Synechocystis 6803. The psbK. null mutant did not have greatly altered 

PSII activity. The rate of growth of the mutant was slightly less compared with wild 

type and it showed correspondingly lower rates of electron transport. 

Thermoluminescence, oxygen flash yield and chi a fluorescence measurements did 

not detect any significant modification of the reaction of PS II. However disruption 

of the psbK gene in C. reinhardtii (Takahashi et al, 1994) resulted in mutants 

which are unable to grow autotrophically. Oxygen evolution and fluorescence 

induction experiments showed that the mutants were completely deficient in PSII 

activity. Western analysis of the mutants revealed that PSII accumulates to less than 

10% of the wild type level. It was concluded that psbK. is required for the stable 

assembly and function of the PSII complex in C. reinhardtii. Other differences 

between PSII from cyanobacteria and C. reinhardtii have been noted, for example
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loss of the psbO gene encoding the 33 kDa oxygen enhancer protein in 

cyanobacteria results in a mutant which still retains some photoautotrophic growth, 

whereas in C. reinhardtii, disruption of the same gene results in loss of 

photoautotrophic growth and rapid turnover of the PSII complex. It therefore seems 

that the requirement for structural integrity in C. reinhardtii PSII and hence possibly 

higher plants is more stringent.

This chapter describes the biochemical and biophysical analysis of the psbR null 

mutants, the p j 6 H.DW.O and the psbH T2A in C. reinhardtii.

5.2. Nutritional Requirements of the psbH  mutants

Figure 31 shows spot tests of the psbW C. reinhardtii mutants, WT C. reinhardtii and 

mutant of C. reinhardtii, B4, known to be deficient in PSI and therefore incapable 

of photoautotrophic growth. Spot tests were performed on TAP and TM plates with 

and without spectinomycin. All cell types grow well on TAP plates containing no 

antibiotic, and as expected only those cell types containing the aadA cassette grow 

well on TAP plates containing spectinomycin. Neither of the psb}H null mutants 

were able to sustain growth on TM plates as was the case for the B4 mutant. The 

mutant in which the aadA. cassette was inserted downstream (p^èH.DW.O) was able 

to maintain growth on TM plates with and without the antibiotic. The psbW T2A 

mutant was also able to sustain growth on both TM plates. It can be concluded from 

this that the psbR disruption mutants are not able to grow autotrophically on solid 

agar.

Neither psbU. null mutants were able to grow in liquid TM cultures at light
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Figure 31. Spot tests of the psbH C. reinhardtii mutants. A. Spot tests on TAP plates. B. 
Spot tests on TAP-spectinomycin plates (lOOwg/ml). C. Spot tests on TM plates. D. Spot 
tests on TM-spectinomycin plates (lOOwg/ml).
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Table 4. Growth studies on C. reinhardtii WT and psbH  mutants.

WT p^ôH.null.

0

/>5ÔH.null.

S

P5ÔH.DW

. 0

psbYi.Tl

A

TAP,

8 wE

1.8 X 10  ̂

cells/ml

6.2 X 10" 

cells/ml

2.1 X 10" 

cells/ml

1.8 X 10" 

cells/mt

TM, 8 wEmç 9.2 X 10" 

cells/ml.

No

growth

No

growth

8.7 X 10" 

cells/ml.

5.3 X 10" 

cells/ml

TAP,

50wE*v>5r*

7.2x10"

cells/ml

7.9 X 10" 

cells/ml

1.9 X 10" 

cells/ml

2.1 X 10"

cells/ml

TM,

50mE.<v»6"*

6 .6  X 10^

cells/ml

No

growth

No

growth

7.2 X 10" 

cells/ml

6.7 X 10" 

cells/ml

155



intensities of SwE^pr 50wB%{The addition of an equal volume of TAP media to the 

cultures resulted in a restoration of growth, 5 days after the initial inoculation. The 

growth rate of the psbYi null mutants in TAP media was substantially less than that 

for WT, they reached a final cell density of 6 - 8  X 10̂  cells/ml as opposed to 1-2 X 

10̂  cells/ml for WT. The / 7 5 ÔH.DW.O mutant grew as well as wild type in all light 

conditions tested as did the psbH T2A mutant. Table 4 shows the final cell density 

of WT and the two psbW mutants in TM and TAP under a variety of light 

conditions, it can be seen that approximately equal cell densities were reached for 

all cell types four days after inoculation. The psbW null mutants are therefore not 

able to sustain photoautotrophic gro'wth either in solid or liquid cultures. Insertion 

of the aadh cassette downstream of the psbYi gene or loss of the phosphorylation 

site does not affect growth under the conditions studied.

5.3. Fluorescence analysis of the psbH  mutants.

The psbW mutants were analyzed using a Plant Efficiency Analyzer (PEA). As 

outlined in the introduction, analysis of WT cells using this method should show an 

increase in fluorescence from Fq to and then a decline to the steady state terminal 

fluorescence. Mutants lacking in a functional PSII show no variable fluorescence 

and graphical analysis fluorescence values from such mutants obtained using the 

PEA show an initial sharp increase in fluorescence representing chi a antennae 

fluorescence and then a sharp levelling of the curve which shows no variable 

fluorescence. Figure 32 shows graphs of chi fluorescence obtained from WT C. 

reinhardtii and a variety of mutant C reinhardtii cells using the PEA. Curve A 

represents fluorescence from WT C. reinhardtii cells and shows the typical curve
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Figure 32. PEA fluorescence analysis of WT C  reinhardtii and the psbH  null mutant. Fluorescence induction was for 15s at 50% maximum 
light intensity. A. WT DNA. B. pj6H.DW .O mutant. C. 222E.3la mutant. D. pj6FI.null.O mutant. E. /?j6H.null.S mutant
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Figure 33. PEA fluorescence analysis of WT C. reinhardtii and psbW T2A null mutant. Fluorescence induction was for 15s at 50% maximum 
light intensity. A. WT DNA. B. p j 6 H.DW.O mutant. C. T2A mutant.



obtained from organisms which contain fully functional PSI and PSII. Curve B 

represents fluorescence from the p j 6 H.DW.O mutant and shows a curve comparable 

to that of WT cells. Curve C represents fluorescence data obtained from a C. 

reinhardtii mutant , 222E.31a, known to be lacking PSII. It can be seen that 

following the initial sharp rise in fluorescence, the curve sharply levels off to a 

straight line indicative of cells which are lacking in PSII. Curves D and E represents 

fluorescence data obtained frompsbW deletion mutants, j9 j 6 H.null.O andp^^H.null.S 

respectively. It can be seen that both curves resemble that of the PSII- mutant 222E. 

31a and are hence lacking in fully functional PSII. For curves A and B, the Fy/F^ 

ratio could be calculated. For WT cells, the ratio over five separate measurements 

was between 0 . 6  5 and 0 . 8 1  ^ for /)j6 H.DW.O mutants, the ratio was between 

0.71 and O.SQ It can therefore be concluded that insertion of the aadA cassette 

downstream of psbYi, does not affect the functional integrity of PSII as measured by 

the Fv/Fm ratios.

Figure 33 again shows chi fluorescence data obtained from WT cells (curve A) and 

/ 7 5 Z)H.DW. 0  mutant cells (curve B). In addition chi fluorescence data is shown from 

psbW T2A cells (curve C). The height and area under the curve is a great deal 

smaller than that for A and B, although this is likely to represent differences in 

plating efficiency. The calculated Fv/F^ ratio taken over 4 separate measurements 

was between 0.44 and 0.67 is somewhat smaller than that obtained for WT and 

may represent some response within PSII which will require further investigation.

5.4. Oxygen Evolution of the psbM mutants.

Oxygen evolution was measured in WT, psbYi null mutants and the psb}^ T2A
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mutant cells of C. reinhardtii. For both null mutants no oxygen evolution was 

recorded indicative of cells lacking PSII. Oxygen evolution was also measured in 

WT and psbR.TlA  mutant photosynthetic membranes. The values obtained are 

shown in table 5. For both cell types, the values obtained from whole cells is 

somewhat higher than those obtained photosynthetic membranes, which had been 

frozen in liquid nitrogen and thawed once. Such freeze-thawing has been shown to 

damage the electron donor side of PSII and reduced oxygen evolution rates are to 

be expected. In all samples, where both DMBQ and ferricyanide are present, the 

psbYi T2A shows a slight but consistent increase in oxygen evolution compared to 

WT cells, 10%-18% greater for cells and 10% greater for membranes. This enhanced 

oxygen evolution is not seen when only DMBQ is used as the electron acceptor 

when measuring oxygen evolution in whole cells.

5.5. Chlorophyll a/h ratios

The chi a/b ratios for WT C.reinhardtii are typically between 2.1 and 2.6. The chi 

a/b ratios for mutants of C.reinhardtii in which one photosystem has failed to 

assemble, are somewhat smaller, between 1.4 and 1.8. Both PSI and PSII contain 

only chi a, all chi b is contained in the LHC system, hence the absence of one 

photosystem would be expected to decrease the a/b ratio. Table 6  shows the a/b 

ratios in cells and photosynthetic membranes of WT C. reinhardtii and psbH 

mutants of C. reinhardtii and a C. reinhardtii mutant lacking PSI. For the WT cells 

and membranes the a/b ratios falls within the expected range of 2 .2 -2 . 6  as does the 

/>5 ÔH.DW. 0  mutant and the psbW T2A mutant. For both psbYi null mutant cells and 

for the pi'èH.null.O mutant membranes, the a/b ratio is somewhat smaller between
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Table 5. Oxygen evolution analysis of C. reinhardtii WT and psbYi mutants

Sample type Oxygen evolution wmol Oj/mg chl/h

WT cells 118

psb\{.T2A cells 140

WT photosynthetic membranes 69

psbW.TlA photosynthetic membranes 76

WT Cells * 141

psbW.TlA photosynthetic membranes* 134.6

other values electron acceptors DCBQ and potassium ferricyanide were used
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Table 6. Chi a/b ratios of C. reinhardtii WT and psbW  mutants.

Sample type Chlorophyll a/b ratio

WT cells 2.50

/ 7 5 />H.null.O cells 1.72

j9 .y6 H.null. S cells 1.75

psbU.TlA  cells 2.56

B4 cells 1.44

WT photosynthetic membranes 2.57

/ 7 5 6 H.null.O photosynthetic membranes 1.75

psbW.TlA photosynthetic membranes 2.61

B4 photosynthetic membranes 1.70
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1.72 and 1.75 suggesting that the mutant has reduced amounts of one Photosystem. 

For the mutant B4, the a/b ratio increases substantially from cells to membranes, this 

could represent loss of chi b from antennae complexes during the preparation which 

may be destabilized due to the absence of PSI. This does not seem to occur for the 

psbU. null mutants as a/b ratios appear stable, from cells to membranes.

5.6. EFR analysis of the psbM mutants.

EPR spectroscopy has been extensively used to study electron transport in the 

photosynthetic complexes of organisms. EPR monitors unpaired electrons directly 

and can therefore permit the individual study of paramagnetic electron carriers 

separately from the rest of the protein complex. The EPR signals originating from 

PSII have been well characterized in a number of photosynthetic species (for a 

review see Miller and Brudvig, 1994) and hence this technique can be used to 

monitor any changes within PSII.

Only one component of photosystem II is normally visible by EPR in photosynthetic 

membranes that have been allowed to dark adapt (at 273K). This is Yq+, the 

oxidized form of tyrosine D (Y^) which can donate electrons to p680+ but does not 

appear to participate directly in O2  evolution. The signal Ŷ H- produced by 

continuous illumination is extremely stable. Even after extensive dark adaption, the 

signal Yd+ can persist in up to 75% of PSII membranes and even though a larger 

fraction is rereduced in whole photosynthetic membranes, a significant amount 

persists. Yd+ can also be observed in dark adapted whole cells of C. reinhardtii and 

thus provides a simple probe for the presence of functional PSII. The EPR signal of 

Yd+ has a g value of g=2.0046, a linewidth of 1.9mT, and partially-resolved
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hyperfine peaks approximately 0.5mT apart. Upon illumination the signal is 

obscured by signal I, so called as it was the first report of a biological EPR signal. 

This signal has been identified with the primary electron donor of PSI, P700+. It has 

a g value of g=2.0026 and a width of 0.74mT. This signal is easily observed in C. 

reinhardtii whole cells and photosynthetic membranes, therefore analysis of psbH 

mutants in C. reinhardtii by EPR spectroscopy will give details not only of the state 

of PSII but PSI as well.

EPR spectroscopy was performed on cells from WT C. reinhardtii cells in addition 

to all the psbW mutants. Figure 34 shows EPR trace from WT C. reinhardtii (A), 

the mutant p j 6 H.null.S (B) and the PSI deficient mutant B4 (C). In all cases cells 

were dark adapted for 30 minutes prior to freezing in liquid nitrogen. EPR was 

performed at 12K temperatures. WT cells contain the characteristic signal from the 

Yd+. Upon illumination of the cells within the cavity at 12K, this PSII signal is 

obscured by the large P700+ signal from PSI. In figure 34b, it can be observed that 

EPR traces from the p j 6 H.null.S cells show that the Y^+ signal is absent, indicative 

of no PSII present in the sample. Upon illumination at 12K the P700+ signal is 

evident indicating that the null mutants contain functional PSI and that it is present 

in similar amounts to WT. Figure 34c shows an EPR trace of B4 cells, upon dark 

adaption the Y q+ signal can be observed, however upon illumination, no P700+ 

signal is seen, only an increase in the size of the Y^+ signal due to lack of PSI in 

the mutant. EPR traces obtained from whole cells of the mutants psbK T2A and 

/ 7 5 ÔH.DW.O showed identical traces to that of WT which confirms the presence of 

functional PSII within both mutant types cells. Figure 35 shows EPR traces obtained 

from photosynthetic membranes obtained from the p j 6 H.null.O mutant. It was
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Figure 34. EPR analysis of C. reinhardtii WT and psbW null mutant whole cells. 
Microwave power 50wW, modulation amplitude 0.2mT, temperature 12K. C. reinhardtii 
cells were dark adapted for 30 minutes prior to use. Dark traces were obtained, cells were 
then illuminated in cavity at 12K. A. WT cells. B. P^^H.null.S cells. C. B4 cells.
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Figure 35. EPR analysis of C. reinhardtii psbYi null mutant photosynthetic membranes. 
Microwave power SOwW, modulation amplitude 0.2mT, temperature 12K. Dark traces were 
obtained, membranes were then illuminated in cavity at 12K. A. EPR trace from 
psbU.nuW.O membranes showing dark and illuminated traces. B. EPR trace from 
pjbH.null.O membranes showing difference spectra (illuminated - dark) .
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Figure 36. EPR analysis of C. reinhardtii psbW.TlA. mutant photosynthetic membranes. 
Microwave power 50wW, modulation amplitude 0.2mT, temperature 12K. Dark traces were 
obtained, membranes were then illuminated in cavity at 12K.
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hoped that in more concentrated samples a number of other EPR signals could be 

obtained. The sample was dark adapted for 20 minutes prior to freezing in liquid 

nitrogen. EPR traces obtained the psbR null.O mutant is shown in figure 35a Even 

in the photosynthetic membrane prepaiations, no sign of PSII activity can be 

observed. P700+ is present in comparable amounts to WT, Figure 35b shows the 

EPR signal from P700+ alone obtained by subtracting the dark adapted baseline. 

Figure 36 shows EPR traces from photosynthetic membranes of the psbYi.TlA 

mutant. It can be seen that this mutant contains functional PSII. The Yd+ signal is 

identical to that obtained from WT. EPR traces from f j 6 HDW.O membranes give 

identical signals to WT and the psbR.TlA  mutant.

5.7. Discussion

The results presented in this chapter show that insertion of the aadA cassette into 

the psbR gene in either orientation leads to loss of photoautotrophic growth in C. 

reinhardtii cells. PEA fluorescence analysis, oxygen evolution and EPR analysis all 

reveal that the psbYi null mutants do not contain functional PSII. EPR analysis 

reveals that the psbYi null mutants do contain functional PSI and that it is present 

in amounts comparable to WT. It is possible that PSII has assembled but is simply 

not functional or as in the case of deletion of the psbK. gene in C. reinhardtii 

(Takahashi et al, 1994), loss of the protein leads to destabilization and/or non

assembly of the PSII complex and hence the mutant is completely lacking PSII. Chi 

a/b ratios do show an altered pigment content in the psbR null mutants possibly 

indicative of the lack of a photosystem. However this should be qualified by SDS- 

PAGE analysis of photosynthetic membranes from null mutant and WT C.
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reinhardtii, where bands corresponding to PSII proteins in WT C. reinhardtii would 

be lacking or greatly diminished in the psbW null mutants if the PSII reaction centre 

had failed to assemble. Alternatively quantitative western analysis could be 

performed where the amount of specific PSII proteins for example, D, or D? could 

be compared in WT and psbW photosynthetic membranes o f C. reinhardtii. As 

discussed in chapter 4, the insertion of the aadA  cassette into the psbH  gene may 

interfere with the expression of the psbH  gene especially in the mutant where the 

aadA cassette has been introduced into the gene in the same orientation as psbH 

null.O) and therefore these findings must be considered in this light. However 

if loss of the PSII-H protein does lead to loss of PSII function in C. reinhardtii, then 

the situation differs from that of cyanobacteria, where deletion o f the psbH  gene still 

results in the assembly of a functional PSII, (Mayes et al, 1993). This situation 

resembles that of the psbK  gene where deletion in C. reinhardtii, (Takahashi et al, 

1994), but not Synechocystis, (Zhang et al, (1993), results in complete loss of PSII 

function. It may be that in C. reinhardtii but not in Synechocystis, there is a 

requirement for the presence of the lesser PSII proteins such as psbH  and psbY^m  

order to achieve a functional PSII. The photosynthetic apparatus of C. reinhardtii 

resembles to a greater extent that of higher plants compared with cyanobacteria, and 

it could therefore be that in higher plants there is also an absolute requirement for 

the smaller PSII proteins mentioned above. It could mean that loss of PSII function 

in C. reinhardtii when the PSII-H protein is absent is due to the fact that the 

primary function of the protein is absolutely necessary for active PSII. However it 

is more likely that the protein has an additional stabilizing role on PSII and probably 

relates to a greater control over PSII assembly in C. reinhardtii . If this is the case
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deletion of the gene and subsequent loss of PSII function does not extend any 

information concerning the primary role of the PSII-H protein in PSII. It may 

therefore be useful to consider the information obtained from deletion of 

photosynthetic genes in Synechocystis, when attempting to assign specific functions 

to specific proteins. It could be that the PSII-H protein is required for optimization 

of electron transport between and Qg as indicated in deletion studies on the 

cyanobacterial PSII-H protein, but in C. reinhardtii, this function has a more 

important role in the production of an active PSII, or alternatively the protein plays 

an additional stabilizing role within PSII.

For site directed mutation studies on PSII proteins, C. reinhardtii, is a superior 

model organism to use as studies have shown its reaction centre more closely 

resembles that of higher plants. In cases such as the alteration of the phosphorylation 

site of the psbH gene which is presented here, results obtained in C. reinhardtii, can 

be better extrapolated to higher plants.

Analysis of the C. reinhardtii psbW.TlA mutant reveals that the mutant grows as 

well as wild type in the conditions studied. EPR analysis of PSII shows no alteration 

as compared to WT C. reinhardtii. The Fy/F^ ratio was somewhat smaller than that 

of WT, as measured by the PEA analyzer. Lower Fy/F^ ratios has been suggested 

to be indicative of environmental stress and may reflect a decreased efficiency of 

the PSII reaction centre in the mutant. In addition oxygen evolution studies showed 

the psbW T2A mutant had slightly higher values as compared to WT. However, it 

should be noted that for both procedures results varied quite significantly between 

separate samples of the same cell type

and therefore such results must be viewed with caution. Additional experiments are
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obviously required to determine the effect of altering the psbH phospho-threonine 

to an alanine in C. reinhardtii. Growth studies on the psbYi.TlA mutant showed no 

difference compared to WT C. reinhardtii under the conditions employed.

Further experiments in which the mutant is subjected to a variety of stress conditions 

(for example high light or low temperature) should be carried out to determine if 

these states have any effect on mutant growth. As discussed in the introduction, 

phosphorylation of the gene has been shown to lead to an attenuation of

electron flow through PSII as shown by an ATP induced decrease in oxygen 

evolution. (Horton and Lee, 1984, Hodges 1985, Packham, 1987 Harrison and Allen, 

1991) If the increased oxygen evolution values observed in the psbH.TlA  mutant 

are valid, then the ATP induced decrease in oxygen evolution should not occur in 

this mutant and this effect can be specifically assigned to the phosphorylation of the 

PSII-H protein. This decrease in oxygen evolution is thought to occur as a result of 

attenuation of electron flow through Qa/Qb- Studies by Hodges et al, (1987) on the 

dark decay of variable fluorescence back to Fq revealed that phosphorylation only 

affected the half life of the slow reoxidation phase of Qa-. They concluded that 

protein phosphorylation might alter the equilibrium between Qg and the 

plastoquinone pool. In the Synechocystis 6803 null mutant it was found that the slow 

component of the decay curve was greatly attenuated compared to WT. It seems 

therefore that the Synechocystis null mutant behaves in these studies like the 

phosphorylated protein. Kuhn et al, (1988) observed a selective loss of the PSII-H 

protein under high light treatment of spinach PSII particles. Giardii, (1993) also 

found that PSII-H was lost from spinach grana under photoinhibitory light. It could
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therefore be that the PSII-H protein does optimize electron transfer through QB and 

upon phosphorylation becomes dissacociated from PSII. If this is the case, the 

increased half life of the slow reoxidation phase should not occur in the psbH.TlA  

mutant and in addition, the loss of the protein under photoinhibitory light observed 

in previous studies should not occur.

In addition to fluorescence analysis EPR can be employed to observe electron 

transfer events between and Qg. Photoreduced is a semiquinone ion radical 

that interacts with the non haem iron to produce a 40mT wide signal at g=1.90 and 

1.64 or a narrower signal at 1.82 and 1.67. At lower pH, or in bicarbonate depleted 

samples, the narrower signal predominates. The width of the g=1.82 signal is altered 

by the addition of herbicides such as DCMU, possibly due to alterations in Qg 

binding. When PSII is illuminated at low temperatures to produce Fej+QA* and then 

annealed at temperatures near 273K to permit electron transfer to Qg, a slightly 

different signal ascribed to Fej+Qg- is observed. An alteration in the Q^ to Qg 

electron transfer events in the psbU. T2A mutant may be detected by EPR. However 

in order to observe such signals reasonably pure preparations of PSII membranes 

must be obtained, as in thylakoid membranes, these signals are obscured by PSI 

signals. Several methods exist for the preparation of PSII membranes in C. 

reinhardtii. The isolation of active oxygen evolving PSII has been described by 

Shim et al, (1991) and Bumann and Oesterhalt, (1994). In such preparations there 

is always a degree of PSI contamination, due the fact that the photosynthetic 

membranes of C reinhardtii do not show the same degree of stacking and therefore 

physical separation of PSI and PSII. Diner and Wollman, (1980) and de Vitry et al,
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(1991) describe the preparation of non-oxygen evolving core particles of C. 

reinhardtii which are relatively pure and can therefore be used for the study of a 

number of PSII signals by EPR. One problem with using such isolated preparations 

to study phosphorylation effects in PSII is that phosphorylation is a process which 

only occurs in intact membranes. Thus EPR studies on PSII isolated from WT 

Verses the psbW SDM of C. reinhardtii will only be capable of observing the 

secondary effect of loss of the phosphorylation site. That is the effect on PSII during 

growth of the cells and preparation of the membranes. The phosphorylation state of 

the WT psbVi gene will not be known in such studies. The psbK SDM in which the 

threonine has been altered to a glutamate and thus the protein contains a negative 

charge at this site will contain PSII resembling the phosphorylated protein. EPR 

studies on isolated PSII particles from this mutant, the threonine to alanine SDM 

and WT C. reinhardtii will provide direct information on the effect of 

phosphorylation of the psbYi gene in PSII.

Further analysis of the psbYi SDM using the techniques outlined above should 

provide conclusive information concerning the role of phosphorylation of the protein 

in PSII.
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