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Abstract 

Oxygenic photosynthesis is the major producer of both oxygen and organic compounds on earth 

and takes place in plants, green algae and cyanobacteria. The thylakoid membranes are the site of 

the photosynthetic light reactions that involve the concerted action of four major protein 

complexes known as photosystem II (PSII), cytochrome b6f complex, ATP synthase and 

photosystem I (PSI). The function of PSII is of particular interest as it performs the light–driven 

water splitting reaction driving the photosynthetic electron transport. My thesis addressed 

different aspects of PSII assembly and the functions of its low molecular weight PSII subunits 

PsbX and PsbW. 

Photosynthesis in green algae and higher plants is controlled by the nucleus. Many 

proteins of nuclear origin participate in the regulation of the efficient assembly of the 

photosynthetic protein complexes. In this investigation we have identified one of these nuclear 

encoded auxiliary proteins of photosystem II, REP27, which participates in the assembly of the 

D1 reaction center protein and repair of photodamaged PSII in the green algae Chlamydomonas 

reinhardtii. 

Interestingly, PSII is specially enriched in Low Molecular Weight (LMW) subunits that 

have masses less than 10kDa. These proteins account for more than the half of the PSII subunits. 

Several questions remains poorly understood regarding the LMW: Which is their evolutionary 

origin? What function do they perform in the protein complex? Where are they located in the 

protein structure? In this investigation the functions of two of these LMW subunits (PsbX and 

PsbW) have been studied using antisense inhibition and T-DNA knockout mutant plants in 

Arabidopsis thaliana.  

Deficiency of the PsbX protein leads to impaired accumulation and functionality of PSII. 

Characterization of PsbW knock-out plants show that PsbW participates in stabilization of the 

macro-organization of PSII and the peripheral antenna (Light Harvesting Complex, LHCII) in the 

grana stacks of the chloroplast, also known as PSII-LHCII supercomplexes. 
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PREFACE 

Back in the year 2003, began a journey that is finally concluded with the release of the 

printed version of this thesis. From sunny Spain to snowy Sweden, through vibrant 

California, this scientific journey has explored different aspects of photosynthesis, with 

almost all compartments of the chloroplast taking part in the present investigation. 

Starting with the Lumen compartment of the thylakoid membranes, where several 

proteins (TL29 and PrxQ) were characterized as part of an exam job (work not presented 

in this thesis) and continuing with a shift towards the thylakoid membranes, where 

several of the abundant poorly characterized “Low Molecular Weight” (LMW) subunits 

(PsbX, and PsbW) of Photosystem II (PSII) where studied as a major topic for the present 

thesis. To end up, with an outwardly move towards the Stroma compartment, the PSII 

auxiliary protein REP27 was functionally characterized in green algae, and further 

compared with LPA1, its ortholog of higher plants, as part of an exchange program 

between Umeå University and UC Berkeley in which I participated. 

 

 As a general trend, the functional characterization for all these projects began 

with the creation of mutants for the desired target protein in either one of the two 

different photosynthetic models used; the multicellular higher plant “Arabidopsis 

thaliana” and the green unicellular algae “Chlamydomonas reinhardtii”. Mutation was 

created by means of DNA insertion mutaganesis, or by antisense inhibition. The mutant 

generation was further characterized with a vast variety of molecular DNA/RNA, 

biochemical and biophysical techniques, where the diversity of the approaches performed 

give credit to the complicated nature of such an assignment. My own interest as the 

driving force and the invaluable help of many people around these projects, are 

responsible for the fruitful progress towards a better understanding of the different 

subjects studied within this thesis. 
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INTRODUCTION 

 

Introduction to Photosynthesis 

Photosynthesis is the process whereby plants, algae and prokaryotes, directly use light to 

synthesize organic compounds. This process supports most autotrophic producers of 

organic material as well as the heterotrophic consumers and provides biomass, food and 

fossil fuels. It is also responsible for the generation of the oxygenic atmosphere, which 

supplies the oxygen required for respiratory activity of many cellular organisms.  

 

Photosynthesis is a biological oxidation-reduction process that encompasses a complex 

series of reactions that involve (i) light absorption, (ii) energy conversion, (iii) electron 

transfer, which produce O2, ATP and NADPH (iiii) and a multistep enzymatic conversion 

of CO2 and H2O into carbohydrates. Depending of the nature of the initial electron donor, 

photosynthesis can be oxygenic and an-oxygenic. The former uses water as electron 

donor while the latter uses other compounds than water.  

        ☼ 

                                                   (hv)   

CO2 + 2H2O  (CH2O) + O2 + H2O 

 

These complex reactions, in photosynthetic eukaryotes (plant and green algae) take place 

in a specialized organelle, the chloroplast, which is related to oxygenic cyanobacteria, 

and is thought to have arisen from an endosymbiotic association with a proto-eukaryotic 

cell. Interestingly, the chloroplast exhibits a complex structure that reflects the diverse 

reactions that takes place. The chloroplast is surrounded by a double membrane system, 

consisting of an outer and inner envelope that is connected with a complex internal 

membrane system known as thylakoids. The thylakoid membranes show an unusually 

high degree of organizational complexity, with a continuous network of non-appressed 

membranes (stroma thylakoid) interconnecting with the organized into appressed 

membranes, grana stacks. 
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Figure 1. Typical transmission electron micrograph of a chloroplast from mesophyll cells. 

 

Thylakoids are exposed to a surrounding medium, the chloroplast stroma and enclose an 

internal space known as the lumen. 

 

Overview of the Photosynthetic reactions 

The light reactions of the photosynthetic process encompasses light absorption, energy 

conversion, electron transport and takes places in the different protein complexes 

embedded in the thylakoid membranes. These reactions generate NADPH and a proton 

gradient across the membrane that ultimately drives ATP synthesis through a fourth 

protein complex, the ATP synthase. 

  

The electron transport pathway follows the model known as Z scheme. In that model, the 

two photosystems function in series and the oxidation of water is linked to both NADP
+
 

reduction and ADP photo-phosphorylation to ATP. Today we know that the Z-scheme 

remains as the model of non-cyclic photosynthetic electron transport, where several 

protein complexes are involved in a series of energetically downhill electron transfer 

reactions; i) Photosystem II, also known as light dependent water-plastoquinone 

oxidoreductase, ii) Cytochrome b/6f, also known as the plastoquinol-plastocyanin  
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Figure 2. The model shows the different photosynthetic protein complexes in the thylakoid membranes. 

The electron transport (e
−
), in blue, is arranged vectorially and generates NADPH and O2. Protons (H

+
), in 

red, translocates from the chloroplasts stroma (above the membrane) into the lumen (below the membrane) 

establishing a proton motive force that produces to ATP through the ATP synthase (Allen, 2002). 

 

oxidoreductase, iii) Photosystem I, also known as light dependent plastocyanin-

ferredoxin oxidoreductase, iiii) a Ferredoxin-NADP reductase oxidoreductase and iiiii) 

Proton-motive force (pmf)-driven ATP synthase. With the exception of the Ferredoxin-

NAPD reductase oxidoreductase, the protein complexes are embedded in the thylakoid 

membranes and they have a defined asymmetric arrangement across the thylakoid 

membrane bilayer in order to provide the necessary vectorial electron and proton 

transport across the bilayer (Allen, 2002). 

 

Briefly, a description of the whole photosynthetic process starts with the initiation of 

light, where pigments (chlorophylls a and b) of the light harvesting complexes capture 

light energy and transfer it to P680, a special chlorophyll molecule in the PSII reaction 

center. P680 is excited and donates an electron to the primary acceptor, pheophytin 
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(Pheo) forming the pair P680
+
 Pheo

-
. This primary charge separation produces a strong 

oxidant (P680
+
), the Pheo

-
 then passes an electron to a bound plastoquinone molecule QA, 

a relative stable reductant, which in turn transfers to a second plastoquinone, QB, yielding 

the semiquinone QB
-
. On the donor side P680

+
 is reduced in nanoseconds by redox active 

tyrosine (YZ) at position 161 in the D1 protein. Yz
+
 is then reduced by a four atom 

manganese cluster (Mn4Ca) which extracts electrons from water and the latter is split into 

molecular oxygen and protons. Another charge separation, transfers a second electron 

from the P680 to QA, producing P680
+
 QA

-
, which is subsequently transferred to QB

-
 to 

produce a fully reduced QB
2-

. 

 

This molecule takes up two protons from the stromal side of the membrane yielding 

plastoquinol PQH2. According to this model under physiological conditions, QA is 

capable only of single electron reduction to the semiquinone level, whereas the QB can 

switch between three states: the fully oxidized quinone QB, the semiquinone QB
-
 and the 

fully reduced quinol QB
-2

. After accepting two protons, the fully reduced plastoquinol 

(PQH2) is released from PSII and diffuses into the membrane lipid bilayer to function as 

a mobile electron carrier. Then QB site on the reaction center is filled with another 

plastoquinone (PQ) from the pool of quinone molecules diffusing freely in the 

membrane. The formed strong oxidant P680
+
 takes another electron from the Mn4Ca 

cluster through the YZ to recover the reduced state.  

 

The oxidation of water requires the extraction of four electrons (2H2O  O2 + 4H
+
 + 4e

-
) 

and every charge separation extracts only one electron at a time. In order to avoid single 

electron transfers that would create highly energetic toxic oxidizing intermediates, nature 

designed a charge storage apparatus in which four electrons are taken in one step. The S-

state model explains this process and postulates a light driven charge accumulation 

mechanism by which the oxygen–evolving machinery of PSII progresses through five 

successive states of increasing oxidation, S0 to S4, in which S4 is a strong oxidant capable 

of oxidizing a water molecule. Each charge separation event in the P680
+
, that ultimately 

oxidizes the charge accumulator advances it to the next S-state and increases its charge 
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by +1. The only state from which O2 is evolved is S4. In dark adapted chloroplasts the 

charge accumulation is predominantly in the S1 state (Andersson and Styring, 1991). 

 

The electron carrier PQH2 is oxidized to PQ and the lumenal soluble copper containing 

protein plastocyanin (PC) is reduced by the Cyt b6/f protein complex. This protein 

complex contains three electron carriers, Cytochrome f, the Rieske Fe-S protein and the b 

type Cytochrome b6 and this electron transfer reaction is accompanied with the 

translocation of protons across the bilayer membrane. An unusual mechanism, the Q 

cycle, allows the translocation of two protons per each electron transferred to 

plastocyanin, thus facilitating the proton gradient that drives ATP synthesis. 

   

PQH2 + 2 PCox + 2H
+

stroma  PQ + 2 PCred + 4H
+

lumen 

 

When PSI is excited by light the chlorophyll a P700 is excited and transfers one electron 

to A0, a chlorophyll a acceptor molecule. Electrons are further transferred to a series of 

iron sulphur clusters (FeS) that finally reduce the terminal electron acceptor of the Fe-S 

soluble protein ferredoxin, on the stromal side of the membrane. Ferredoxin is a strong 

reductant (-0.4V) which is capable of reducing NADP+ through ferredoxin NADP+ 

reductase (FNR) to NADPH in the stroma (Allen, 2002). 

   

In addition to O2 and NADPH, the non-cyclic electron transfer reactions are coupled to 

the synthesis of ATP. The proton gradient formed across the thylakoid membrane by 

acidification of the lumen compartment during the electron transfer reactions is used as 

energy source for the ATP synthase. This enzyme is composed of two portions, one 

intrinsic to the membrane, involved in transporting protons through the membrane, and 

the other, extrinsic, is involved in the conversion of ADP and Pi to ATP. The 

stoichiometry of ATP synthesis implies that four H
+
 are required per ATP molecule. The 

synthesis of ATP is believed to involve complicated conformational changes in the ATP 

synthase, driven by the movement of protons through the enzyme. 
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In addition, the chloroplast can also synthesize ATP in a mechanism independent of PSII 

where only PSI is involved. This is the cyclic pathway and it generates a proton gradient 

that can be used for the synthesis of ATP, but does not yield O2 or NADPH (Allen, 

2002). 

 

Evolutionary development of the photochemical reaction centres 

The evolution of photosynthesis begins with the evolution of photochemical reaction 

centers, which are membrane embedded protein complexes, responsible for light-

harvesting and electron transport. All available evidence suggests that the earliest 

photosynthetic organisms were an-oxygenic and that oxygen–evolving photosynthesis is 

a more recent development. An-oxygenic photosynthetic bacteria with representatives 

from five different phyla, posses either reaction centre 1 (RC1) or reaction centre 2 

(RC2), whereas the only oxygen–evolving prokaryotic phylum, Cyanobacteria, has both 

reaction centers (Olson and Blankenship, 2004). 

 

Photosynthetic reaction centers are generally divided into two groups, according to the 

identity of the last electron acceptor: Type I (RC1) with a Fe-S cluster as the last acceptor 

like in PSI, the RC of green sulfur bacteria (phyla Chlorobi) and heliobacteria 

(Firmicutes) and type II (RC2) with a mobile quinone as the last acceptor, like in PSII 

and the RC of purple and green filamentous bacteria (phyla proteobacteria and 

Chloroflexi respectively). Several models have been proposed for the evolutionary path 

for the presence of two types of reaction centers in oxygenic cyanobacteria, however the 

most accepted is the “Selective-loss model” (Mulkidjanian et al. 2006), which suggest 

that both reaction centers were developed from a common putative precursor, 

(protocyanobacterium) and that subsequent loss of one of the reaction centers during 

evolution would give rise to the existing single reaction centre types in an-oxygenic 

photosynthetic bacteria, while cyanobacteria would retain both reaction centres. Before 

the ability of water splitting evolved the ancestral protocyanobacterium would probably 

express one RC at a time, depending on the demands, with the help of a regulatory 

switch. They could also have disseminated parts of their photosynthetic apparatus to  
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Figure 3. Suggested evolutionary pathway of photosynthetic bacteria from a common putative 

precursor, the protocyanobacterium (Allen and Martin, 2007). 

 

 

other bacteria as part of lateral (horizontal) gene transfer (LGT). A mutation in the switch 

would lead to the simultaneous expression of both reaction centers and provide the right 

environmental setting and time, leading to the emergence of oxygenic cyanobacterium 

(Allen and Martin, 2007 and Nelson and Ben-Shem, 2005). 

 

Oxygenic Photosynthesis and the evolutionary development of the 

protein composition of PSII 

The evolutionary transition from an-oxygenic to oxygenic photosynthesis required 

specific changes to take place before oxygenic photosynthesis could work, including an 

alteration in the energetics of pigments (substitution of Bchl-a to Bchl-g to chlorophyll 

a), redox reactions where quinones could become firmly bound, adjustments to the 

environment of the electron transfer components and an increase in size of the intrinsic 

antenna. In addition to these changes the most complicated changes were the genesis of 

the oxygen evolution complex (PSII) from the proposed primordial reaction center and 

the development of the ability to protect against the oxygen generated in that complex 

(Nelson and Ben-Shem, 2005). 
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Molecular oxygen was accumulated in the atmosphere due to the water-splitting 

capability of cyanobacteria, however the estimation of the oxygen emergence and 

accumulation is an ongoing debate where its origin would fall between 3.4 to 2.4 billion 

years ago. Whereas it took more than 1 billion years to reach the atmospheric 

environment that current organisms experience. The eukaryotes started to evolve about 

1.5 billions years ago (Allen and Martin, 2007).  

 

One the most relevant changes the type II RC2 experienced during the transition from an-

oxygenic to oxygenic photosynthesis was its remarkable increase in complexity at the 

protein level, from only three or four subunits in the an-oxygenic RC to possibly more 

than 25 in PSII. This increase in protein complexity was probably a response to the 

production of highly toxic oxygen and these new proteins served to protect and repair the 

photosynthetic apparatus from the harmful effects of oxygen. The apparent homology of 

some of the proteins in PSII suggests that ancient duplication plays a central role in the 

development of the complex (Raymond and Blankenship, 2004). 

 

These homologies include the examples of the D1 and D2 reaction center core proteins 

and the CP43 and CP47 core antenna proteins. In addition, PsbE and PsbF, the two 

subunits comprising Cyt b559, show homology to each other, suggesting that a 

homodimeric cytochrome preceded the heterodimeric one. Other potential homologies 

that appear to be statistically significant include similarities of PsbV with the N-terminal 

part of D1 and of PsbT with PsbI. Even further duplication occurred in eukaryotes, for 

instance the PsbY gene experienced a putative intragene duplication upon transfer from 

the plastome to the nuclear genome, meaning that one transcript translates for two twin 

subunits (PsbY-1 and PsbY-2, with 70% identity) (Mant and Robinson, 1998). Apart 

from these relations, most of the proteins that make up the photosynthetic apparatus bear 

no relation to any other proteins from any source and the vast majority belong to the low 

molecular weight family (<10kDa) (Raymond and Blankenship, 2004). 
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Biogenesis of the thylakoid membrane photosynthetic protein 

complexes.  

 

 “Nucleus to Chloroplast” – How do they Cross-talk? 

All photosynthetic protein complexes present in thylakoid membranes encompass 

subunits that are encoded by the genomes of two organelles in eukaryotes, namely the 

nucleus and the chloroplast. So, there must be some kind of cross-talk between the 

different organelles in order to regulate photosynthetic gene expression. If we look at the 

genome size, clearly the polyploid genome of the chloroplast (with more than 10000 

copies of the plastome) overrules the diploid nuclear genome in number (Eberhard et al., 

2002). That implies that, there must be a regulation, but how does it work? How is the 

massive chloroplast genome regulating its gene expression?  

 

It has been shown (Barkan and Goldschmidt-Clermont, 2000, Monde et al., 2000) that the 

amount of mRNA accumulation was controlled by limiting the amount of nuclear 

encoded factors, which are involved in the maturation of these chloroplast mRNA 

transcripts and protection of them against degradation. In that way chloroplasts differ 

from their prokaryotic ancestors that control gene expression at the transcription level, by 

developing a major regulatory step in gene expression at the level of translational and 

post translational modification. The origins of these factors governing translation in the 

chloroplast are mostly nuclear encoded and are grouped into “M and T”-factors. The 

former are involved in the maturation and stabilization of the transcripts, the latter are 

required for its translation. Both types of translational factors are suggested to bind to the 

5’ UTR of their chloroplast mRNA target and carry out two-step selection of to be 

translated transcripts. A population of the chloroplastic mRNA is stabilized by the M-

factors and stored in a non translatable form whereas the other part is selected by the T-

factors for effective translation (Choquet and Wollman, 2002). 

 

Assembly dependent of Control by epistasy of synthesis (CES) 

It has been shown that the transcripts coding for the subunits of the same thylakoid 

membrane photosynthetic protein complex demonstrate some order in their translation, 



 15 

designated as “control by epistasy of synthesis” (CES). Thus, CES subunits are those 

whose rate of translation depends upon the presence of their assembly partners. The latter 

are referred to as “dominant subunits”. All the photosynthetic protein complexes, PSI, 

PSII, Cyt b6f and ATP synthase contain at least one CES subunit (Choquet and Vallon, 

2000). CES proteins showed an auto-regulatory control of translation initiation mediated 

by unassembled protein. The underlaying mechanism is unknown but it seems that the 

protein, if unassembled, inhibits the translation of its own messenger (Choquet and 

Vallon, 2000). Noticeably, not only the assembly follows a stepwise process, but there is 

also evidence that the expression of chloroplast encoded PSII subunits is a sequential 

process, too (Bennoun et al, 1986). 

 

CES cascade in PSII - Assembly of PSII 

Three different types of assembly mechanism can be distinguished for PSII complexes 

depending on the developmental state of the plastids. The first concerns the biogenesis of 

thylakoid membranes and their membrane complexes during the transition from etioplast 

to chloroplast, the second concerns the novo biogenesis of PSII in light and the third is 

related to the specific repair of PSII upon light-induced damage. In contrast to green 

algae, the plastids of higher plants require exposure to light for the development of 

functional chloroplasts and for the synthesis of chlorophyll (in higher plants, 

protochlorophyllide oxidoreductase (POR) which catalyzes the last step in the 

chlorophyll synthesis requires light for its activation (Heyes and Hunter, 2005). 

 

PSII assembly upon etioplast to chloroplast transition is a stepwise process, in which the 

level of accumulation of PSII subcomplexes increases with the number of their 

constitutive subunits. The presence of Cyt b559, which accumulates in the membranes in 

absence of other PSII subunits, is a prerequisite (Morais et al., 1998). It interacts at a very 

early step with the reaction center subunit D2, to form a precomplex (45-200 kDa) 

detected in etioplasts (Müller and Eichacker, 1999). It has been proposed that the 
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Figure 4. PSII assembly steps elucidated by pulse-labelling, immunostaining and MS from Rokka et al., 

(2005). 

 

precomplex serves as a receptor for the assembly of D1, with the precomplex (D1-D2-

Cyt b559 and very likely several others unidentified LMW subunits) already binding all 

cofactors needed for light induced charge separation (Namba, et al. 1987). 

 

In subsequent steps the core antenna subunits CP47 binds (forming the precomplex PSII 

(-CP43) and then CP43 is recruited forming the PSII core complex, allowing the further 

binding of the extrinsic subunits PsbO, PsbP and PsbQ. Further dimerisation of the 

protein complexes, facilitated by LMW subunits and by the attachment of the LHCII 

assembly, leads to the formation of so called LHCII-PSII supercomplexes, which 

preferentially accumulate in the grana stacks forming semicrystalline domais (Dekker and 

Boekema, 2005). 

 

A third mechanism deals with the maintenance of the already assembled PSII complex.  

Photochemistry leads to inevitable photooxidative damage of the PSII cores (specifically 

of D1) even at low light intensities. Furthermore high light may lead to an unbalance 

between the two processes of photodamage and repair (Baroli and Melis, 1998). This 

unbalance leads to a decrease in PSII activity or photoinhibition. An elegant repair 
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mechanism has evolved to deal with this situation. The main target of the photoinhibitory 

damage is the D1 subunit, which is selectively degraded and replaced by a new copy by 

incorporation in the preexisting complexes (Baena-Gonzalez and Aro, 2002). This 

elaborate PSII repair process was reported to only take place in the light (Aro et al., 

1994). Notably, the D1 synthesis upon repair is regulated at the level of translation 

elongation, but not at the level of translation initiation which suggests that D1 repair is 

not a CES process (Baena-Gonzalez and Aro, 2002). 

 

 

AIM OF THIS THESIS 

The general objectives of this thesis are: 

I. Characterization of the PSII auxiliary REP27 protein in green algae and the 

comparison of the orthologs REP27/LPA1 in the assembly - repair of PSII 

 

II. Functional characterization of the PSII LMW subunits; PsbX, PsbW of higher 

plants and in a broader perspective to study the role of the LMWs in the chloroplast. 
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THE REP27/LPA1 ORTHOLOGS  

REP27 is a protein with a molecular mass of 50 kDa that we propose to participates in the 

turnover and repair of photodamaged PSII. The mutant line was isolated through random 

DNA insertional mutagenesis in the green alga Chlamydomonas reinhardti and it was 

found to be defective in phototrophic growth, although they greened in presence of 

acetate (heterotrophic growth). PSII activity was seriously impaired. It displayed residual 

oxygen evolution rates when the cells were grown under low light conditions, however 

under moderate and high light PSII activity was abolished. A defective repair mechanism 

after photodamage was suggested. 

 

We were able to identify the gene mutated by cloning the flanking regions of the inserted 

DNA. Alignment analyses through BlastP allowed us to identify its ortholog in higher 

plants as the LPA1 protein. Both proteins, REP27 as well as LPA1, contain two -helices 

that span the thylakoid membrane and conserved tetratricopeptide repeat domains that 

have been shown to mediate protein–protein interactions and assembly of 
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Figure 5. Phenotype of A. thaliana wild type and lpa1 knock out plants grown at 100 µmol photons m
-2

 s
-1

 

in short day conditions. A, plants are 6 weeks old. B,  plants are 15 weeks old. C, change of the maximum 

PSII quantum yield FV/FM  during development of WT and lpa1 knock out plants. 

 

WT lpa1

lpa1WTA

B
WT lpa1

lpa1WTA

B

 

0 10 20 30 40 50 60 70 80
0.0

0.2

0.4

0.6

0.8

 

 

F
V

 /
 F

M

Time (days)

 WT

 Lpa1



 19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Time course of the maximum PSII quantum yield, FV/FM. A, leaves of Arabidopsis thaliana WT 

and lpa1 knock out exposed to 800 µmol m
-2

 s
-1

 and recovered at 15 µmol m
-2

 s
-1

 in the presence (plain) or 

absence (open) of lincomycin. B, Chlamydomonas reinhardtii WT (CC503) and rep27 mutant exposed to 

50 µmol m
-2

 s
-1

 and recovered at 15 µmol m
-2

 s
-1

 in the presence (plain) or absence (open) of lincomycin. C, 

Chlamydomonas reinhardtii WT (CC503) and REP27 mutant exposed to 500 µmol m
-2

 s
-1

 and recovered at 

15 µmol m
-2

 s
-1

 in the presence (plain) or absence (open) of lincomycin.  

 

multi-protein complexes (Goebl and Yanagida, 1991). In Arabidopsis, LPA1-less plants 

exhibited a defective PSII activity and retarded growth (see figure 5) (Peng et al., 2006). 

Biochemical analyses indicated the amount of PSII to be decreased by 75% and the 

mutant showed increased photosensitivity. However, thermoluminiscence (TL) as well as 

flash oxygen evolution measurements demonstrated that the 25% PSII were assembled 

functionally (Peng et al., 2006). It was shown that LPA1 protein interacted with D1 but 

not D2 and thus proposed to be required for efficient PSII assembly. 
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Figure 7: Inmunoblot analysis of thylakoid membranes isolated from Chlamydomonas reinhardtii WT 

(CC503) and rep27 mutant grown at 100 µmol m
-2

 s
-1

. A, Steady-state level of PSII subunits determined by 

the intensity of the  antibody cross-reaction in the immuno blots using specific polyclonal antibodies 

generated against ATP synthase, CP43, CP47, D1, D2, Rep27, Rubisco, respectively. B, Steady-state level 

of phosphorylated thylakoid membrane proteins determined by the intensity of the antibody cross-reaction 

in the immunoblots with a global phosphothreonine antibody from Cell Signaling Technology. 

 

In order to achieve better understanding regarding the biogenesis-assembly versus 

turnover–repair role for the REP27 LPA1 orthologs, a comparative analysis of two 

photosynthetic model systems was undertaken for the higher plant Arabidopsis thaliana 

and the green microalga Chlamydomonas reinhardtii (manuscript in preparation). 

 

We studied the structural and functional properties of PSII in mutants of Arabidopsis and 

Chlamydomonas. Samples were subjected to photoinhibition at a light intensity of 500 

μmol photons m
-2

 s
-1

 and, subsequently, allowed to recover under low irradiance (15 

μmol photons m
-2

 s
-1

). This experiment was conducted either in the presence or absence 

of the chloroplast protein biosynthesis inhibitor lincomycin. 

 

The changes of the residual PSII primary photochemistry observed during 

photoinhibition and the subsequent residual recovery indicated that both mutants are 

deficient in the PSII repair process.  
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Figure 8. Inmunoblot analysis of 8 weeks old Arabidopsis thaliana WT and lpa1 mutant plants grown at 

100 µmol m
-2

 s
-1

 in short day condition. A, Steady-state level of PSII subunits determined by the intensity 

of the antibody cross-reaction in the immunoblots with specific polyclonal antibodies generated against 

ATP synthase, CP43, CP47, D1, D2, PsbW, respectively. B, Steady-state level of phosphorylated thylakoid 

membrane proteins determined by the intensity of the antibody cross-reaction in the immuno blots with a 

global phosphothreonine antibody from Cell Signaling Technology. 

 

Our results (manuscript in preparation) suggested an important chaperone role for the 

LPA1/REP27 protein in the D1 turnover process as well as de novo biogenesis/assembly 

of PSII. We further propose that a residual amount of functional PSII observed in the 

mutants is due to a redundant nonspecific assembly of PSII, most likely driven by other 

auxiliary proteins, which seem conserved in both plants and green algae. 
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THE LOW MOLECULAR WEIGHT (LMW) SUBUNITS OF 

PSII IN THE CHLOROPLAST 

 

The structural organization of Photosystem II, in both cyanobacteria and the chloroplast, 

is the dimer (Boekema et al., 1995). This is remarkable because the peripheral antenna 

systems connected to them are very different, extrinsic or intrinsic, respectively. Current 

knowledge regarding the localization of the LMWs inside the PSII dimer is based on the 

cyanobacterial X-ray crystal structure at 3Å resolution (Loll et al., 2005). According to 

these data each PSII monomer core complex has a total of 36 trans-membrane -helixes 

(TMHs), the majority of these contribute to the four large subunits of PSII, PsbA (D1), 

PsbB (CP43), PsbC (CP47) and PsbD (D2), in total 22 TMHs. The remaining TMHs 

belong to the abundant LMW proteins (<10 kDa) namely: PsbE, PsbF, PsbH, PsbI, PsbJ, 

PsbK, PsbL, PsbM, PsbN, PsbT, PsbX, PsbY and PsbZ, the latter contributing with two 

TMH. Notably, all but three of these TMH have been assigned in the latest crystal model 

(Muh et al., 2008). Recent studies combining mutagenesis and crystallography in 

cyanobacteria (Kawakami et al., 2007) led to the additional assignment of X2 to be the 

PsbY protein, and our studies in Arabidopsis (paper II) attempted to assign the X1 to be 

the PsbX protein. However, the third unassigned helix is still unclear. This helix could 

well suit the PsbN subunit; however its assignment as a PSII intrinsic component has 

been controversial and thus remains unknown (Kashino et al., 2002). In addition, the 

higher plant chloroplast contains three LMW proteins that are not present in 

cyanobacteria, namely PsbR, PsbTn and PsbW. Only two of them, PsbW and PsbR are 

membrane integrated subunits, while the third one, PsbTn, is soluble and present in the 

thylakoid lumen (Kapazoglou et al, 1995). 

Appart from PsbE and PsbF that participate in the coordination of a haem group, forming 

the so called Cyt b559, the LMW proteins seem not to be involved in binding of 

chlorophylls or any other cofactor such as pheophytin, quinone, iron or the Mn4Ca 

cluster. However, recently the binding of carotene molecules has been proposed for 

some of them (Muh et al., 2008). The evolutional source of the LMWs is enigmatic and 
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they appear to have evolved during the transition from an-oxygenic to oxygenic 

photosynthesis driven by gene duplication (Raymond and Blankenship, 2004). 

In this thesis, I present the results of the analyses performed in the higher plant 

Arabidopsis thaliana for the nuclear encoded LMW proteins PsbX and PsbW. Two 

different approaches were applied for these studies. Whereas antisense inhibition was 

performed for PsbX, knock out plants were identified and studied for the PsbW subunit. 

The major findings obtained in these studies can be summarized as follows; 

I. Antisense inhibition of the PsbX protein affects PSII integrity in the higher plant 

Arabidopsis thaliana (in Paper II) 

II. PsbW knock-out plants reveal changes in the stability of the macro-organization of 

PSII-LHCII supercomplexes in arabidopsis (Paper III)  

I have combined the analyses presented in this thesis for the PsbW and PsbX subunits 

and included some unpublished results with respect to PsbY knock-out plants. These 

results are compared with current published data on studies performed for others low 

molecular weight proteins of Photosystem II. The goal of this approach was to get insight 

into principal functions of the LMW subunits in the PSII complex of the chloroplast. 

 

PsbE and PsbF – the Cyt b559 

The chloroplast encoded genes psbE and psbF encode for two proteins with molecular 

mass of 9 kDa and 4kDa, respectively. Together they form a cross-shaped heterodimer 

binding one haem group. Mutants have been described in Chlamydomonas (Morais et al., 

1998) and tobacco (Swiatek et al., 2003) and clearly reflected an essential role for the Cyt 

b559 as neither phototrophic growth nor PSII activity was observed in them. When 

present as in the wild type, Cyt b559 is probably involved in a slow electron transfer 

reaction important for photoprotection. The structure implies that the haem group might 

be involved in non-radiative charge recombination between the singly reduced QB
-
 and 

P680
+
 to prevent excessive photodamage (Tracewell and Brudvig, 2003). Cyt b559 

constitutes an essential component for efficient PSII assembly. 
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PsbH 

In Arabidopis thaliana, the PsbH subunit is a 7.7 kDa protein, product of the plastome 

psbH gene. The protein undergoes reversible phosphorylation at the N-terminal stroma-

exposed extension. Disruption of psbH in Chlamydomonas, did not affect the translation 

and thylakoid insertion of other PSII subunits. However, PSII proteins did not accumulate 

indicating an important role of the PsbH protein in the assembly of PSII (Summer et al., 

1997). The latter was confirmed by disruption of the psbH gene in the same organism 

(O'Connor et al., 1998) where the absence of PsbH caused a PSII deficient phenotype as 

observed by the lack of variable fluorescence and depleted Q and B band measured by 

thermoluminescence. No mutant has been reported in higher plants so far. 

 

PsbI 

The PsbI is a plastid-encoded 4.1 kDa protein, which was found to be tightly associated 

to the PSII RC (Ikeuchi and Inoue, 1988). Mutants for PsbI have been reported in  

Chlamydomonas (Kunstner et al., 1995). They were found not affected in the assembly of 

functional PSII. However, they were more light sensitive than the wild type and the 

amount of Photosystem II complex and oxygen evolving activity was severely reduced to 

10-20% of wild type levels. The same mutant in tobacco plants (Schwenkert et al., 2006) 

exhibited phototrophic growth, but was photosensitive to high light. PSII was particularly 

affected, with a lower FV/FM value of 0.7 and reduced amounts of PSII core subunits 

(about 50% decreased). They observed that the PsbI subunit is required for the stability 

but not for the assembly of PSII macro-organization (e.g. PSII dimer and PSII-LHCII 

supercomplexes) and thermoluminescence analyses resolved a downshifted temperature 

emission peak for the Q band, but not for the B band. This suggests that PsbI is required 

for the assembly of a fully functional QA binding site. PSII core phosphorylation (D1/D2 

and CP43) was markedly decreased. In contrast to the observed for wild type, the LHCII 

phosphorylation was increased during dark adaptation.  
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PsbJ 

The 4.1 kDa PsbJ protein is encoded by the plastidic psbJ gene that is part of the 

psbEFLJ operon. Several mutants have been created in tobacco plants by homoplastomic 

approach (Regel et al., 2001), (Hager et al., 2002), (Swiatek et al., 2003). All different 

PsbJ-deficient mutants were found unable to grow phototrophically. Young leaves 

maintained a residual PSII activity whereas old ones photo-bleached rapidly, indicating 

hypersensitivity to light. The amount of PSII subunits detected in the mutant thylakoids 

were greatly decreased (about 25% of the wild type levels), however, the severe protein 

loss did not hinder PSII assembly, and the mutant maintained a residual PSII macro-

organization. The electron flow within the PsbJ-less PSII complex is deregulated and 

characterized by a slower oxidation of the primary electron acceptor quinone QA
- 

via 

forward electron flow and a faster reduction of the oxidized S states. TL analyses resulted 

in a downshifted B band, while the emission maximum of the Q band was up shifted by 

about 4 degrees. The amount of recombining pairs was much decreased, as judged by the 

TL intensity. It was concluded that the forward electron flow from QA
-
 to plastoquinone 

and backward electron flow to oxidized Mn cluster of the donor side were deregulated, 

thereby affecting the efficiency of PSII electron flow following charge separation (Ohad 

et al., 2004). 

 

PsbK 

The 4.3 kDa protein is encoded in the chloroplast by the plastome gene psbK. Three 

proline residues are conserved in the primary structure of PsbK of the cyanobacterium 

Synechocystis sp. PCC 6803 and Arabidopsis thaliana which break the TMH and give the 

lumenal located N-terminal part of PsbK a characteristic hook-like shape. This hook 

provides binding for Ca
2+

, which is 38Å apart from the Ca
2+

 of the Mn4Ca-cluster (Muh 

et al. 2008). A Chlamydomonas deletion mutant of PsbK (Takahashi et al., 1994) resulted 

in a severe decrease of the PSII protein amounts (less than 10% of wild type levels), the 

mutant was unable to perform photototrophically growth and no PSII activity was 

detected. 

 

 



 26 

PsbL 

The 4.3 kDa PsbL protein is encoded by the plastome psbL gene that is part of the 

psbEFLJ operon. The subunit was early proposed to have a role in the maintenance of the 

dimeric organization of PSII in spinach (Zheleva et al., 1998). The PsbL protein was 

deleted in tobacco using the homoplastomic approach and the analyses of these plants 

revealed an inability to perform phototrophic growth with residual PSII activity in young 

leaves (20-30%). Furthermore PSII macro-organization was altered as judged by a lack of 

PSII dimer or LHCII-PSII supercomplexes presence and by an increased amount of 

monomers (Swiatek et al., 2003). Ohad and coworkers (Ohad et al., 2004) characterized 

these plants using chlorophyll fluorescence and TL analyses. These plants exhibited a 

lower decay of the fluorescence upon reoxidation of QA
-
 and higher oxidation of P700 

and markedly B band was not present while the Q band peaked at similar emission 

temperatures of 14-15º. This indicates an alteration on the directional forward electron 

flow of PSII to the plastoquinone. They concluded that the PsbL subunit prevents 

reduction of PSII by back electron flow from plastoquinol, thus protecting from 

photoinactivation. 

 

PsbM 

The 3.7 kDa PsbM protein is encoded by the psbM gene in the plastome. Mutants have 

been characterized in tobacco (Umate et al., 2007) without exhibiting a phenotype. Plants 

were able to grow photoautotrophically, they contained similar amounts of PSII subunits 

indicating that biogenesis and assembly of PSII was not severely affected, although 

slightly reduced levels of LHCII-PSII supercomplexes were observed by Blue Native–

Polyacrylamide gel electrophoresis (BN-PAGE) and sucrose gradients. Plants displayed a 

lower FV/FM of 0.78 and oxygen evolution rates were decreased about 50%. A lower 

phosphorylation extent of D1/D2 and higher phosphorylation of LHCII in darkness was 

measured. The accumulation of reduced plastoquinone in the dark and a limited PSII-

mediated electron transport in the light were used to explain this effect. PsbM was 

suggested to be primarily involved in the interaction of the redox components important 

for forward and backward electron transport of Photosystem II. 
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PsbN 

The 4.5 kDa PsbN protein is encoded in the plastome by the psbN gene. The protein has 

been suggested not to be an intrinsic PSII component, since biochemical studies failed to 

detect it in the complex. Due to the high homology of the N-terminal region to PsbTc, the 

protein had been miss-assigned (Kashino et al., 2002). No mutant studies have been 

performed in Chlamydomonas or higher plants so far. 

 

PsbR 

The PsbR protein is absent in cyanobacteria. With a molecular mass of 12.8 to 14.6 kDa 

PsbR is imported into the chloroplast and processed into a 10 kDa peptide in the 

thylakoid membrane. Antisense-mutants have been reported in transgenic potato 

(Stockhaus et al., 1990) and T-DNA knock out mutants in Arabidopsis thaliana (Suorsa 

et al., 2006). Both mutant lines grew phototrophically and no changes were observed in 

maximum quantum yield of PSII. However, decrease rates of oxygen evolution (70%-

55% rates of the wild type rates were observed when plants were grown under normal 

and low light respectively. These studies suggest that PsbR, like many of the other 

extrinsic proteins, enhances oxygen evolution, and may have a role in maintaining a 

proper ion environment for PSII function. Interestingly, the lack of PsbR resulted in a 

specific post-transcriptional reduction in PsbQ and PsbP, with nearly undetectable levels 

under low-light conditions, suggesting that PsbR is important for PsbP docking and/or 

that the presence of PsbR is required for stable assembly of PsbP and PsbQ (Suorsa et al., 

2006). Thermoluminescence resolved slightly more stable Q and B bands for the PsbR 

knock out samples as compared to the wild type. The thylakoid membranes steady state 

extent of phosphorylation displayed poor LHCII or D1 signal in the mutant 

(Allahverdiyeva et al., 2007). 

 

PsbTc 

The 3.8 kDa protein PsbTc is encoded in the plastome by the psbTc, also known as ycf8, 

gene. Mutants have been studied in Chlamydomonas (Monod et al., 1994) and tobacco 

(Umate et al., 2008) and the protein was found to be required for maintaining optimal 

PSII activity under light stress conditions. Chlamydomonas mutants showed a decreased 
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FV/FM of 0.53 versus 0.75 of the wild type and decreased oxygen evolution rates and 

high-light photosensitivity. Tobacco knock-out plants had a lower FV/FM of 0.65 to 0.71 

versus 0.82 for the wild type. Plants grew phototrophically, and the amounts of PSII 

subunits were similar to the wild type. However, PSII-dependent electron transport and 

stability of LHCII-PSII supercomplexes was significantly impaired, while the amount of 

dimer was reduced. Plant photosensitivity was moderately increased and recovery from 

photoinhhibition was delayed, with a faster degradation of D1 in PsbTc-less under high 

light (Umate et al., 2008). Thermoluminiscence emission measurement revealed 

alterations of midpoint potentials of primary/secondary plastoquinone of PSII interaction. 

Interestingly only traces of CP43 and no D1/D2 proteins were found to be 

phosphorylated, presumably due structural changes in of PSII in the absence of PsbTc. 

Strikingly, LHCII was found more phosphorylated in dark adapted consistent with its 

association with PSI, indicating an increased pool of reduced PQ in the dark (Umate et 

al., 2008). 

 

PsbTn 

The PsbTn protein has not been found in cyanobacteria. The PsbTn gene is found in the 

nucleus of green algae and higher plants and encodes a protein of 11kDa that is imported 

to the chloroplast and processed into an apparent hydrophilic 5 kDa (Kapazoglou et al. 

1995). The bipartite presequence characteristic of lumenal proteins indicates lumenal 

localization. The function is unknown and mutants have not been reported yet (Shi and 

Schroder, 2004).   

 

PsbW  

The 6.1 kDa PsbW subunit, which is absent in cyanobacteria, is encoded by the nuclear 

PsbW gene. In paper III, we have investigated T-DNA knock out plants that exhibited 

photoautotrophic growth. Spectroscopic analyses resolved a slight decrease in FV/FM of 

0.78 in comparison to 0.81 for the wild type, in agreement with previous studies in an 

antisense line (Shi et al., 2000). PSII protein amounts were found similar to the wild type. 

Charge separation (QA reduction) and quantum yield ( PSII) was found unaltered and 

oxygen evolution rates were 15%-30% decreased in the mutant. Measurements of 
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thermoluminiscence revealed an up shifted Q band for the mutant (16.6ºC) in comparison 

to the wild type (12.5ºC), whereas B band emission peak temperature was similar, 

although the amount of recombining pairs were decreased in the mutant. LHCII-PSII 

macro-organization was altered as measured in vivo by CD spectrometry and in vitro by 

BN-PAGE analyses that displayed a clear loss of LHCII-PSII supercomplexes in 

comparison to the wild type. The extent of phosphorylation was decreased for the LHCII 

and PSII core phosphorylation was abolished in darkness and severely decreased upon 

light. The ability to perform state transitions was reduced and electron microscopy 

showed that the mutant exhibited unstable and disorganized LHCII-PSII semi-crystalline 

domains in the paired grana membrane fragments in comparison to the wild type. Hence, 

we propose that the subunit participates in the stabilization of PSII–LHCII macro-

organization in the grana stacks. We suggest that the C-terminus stromal exposed peptide 

of the PsbW containing five consecutive negatively charged residues (Irrgang et al., 

1995), may participate in protein-protein that facilitate this interactions within the grana 

stacks thylakoids membranes.  

 

PsbX  

The PsbX is a 4.2 kDa PSII subunit, present in cyanobacteria, algae and higher plants. In 

contrast to cyanobacteria, the PsbX gene was transferred from the plastome to the nuclear 

genome. In paper II, we generated transgenic plants by means of antisense inhibition 

against the PsbX transcripts in Arabidopsis thaliana. We obtained several independent 

transgenic lines with efficient inhibition of the protein amounts of  less than 10% ,with 

similar properties such as; phenotype, lower FV/FM and lower oxygen evolution rates. 

 

Our analyses showed that the photothrophic growth was similar to the wild type, in terms 

of biomass and floral time. Interestingly, antisense plants exhibited impairment in the 

electron transport with lower PSII efficiency ( PSII) and lower maximum quantum yield 

of PSII (FV/FM) of 0.74 against 0.81 of the wild type. The amount of functional PSII as 

measured by oxygen evolution rates decreased about 30-40% and a lower accumulation 

of PSII core proteins (about 60% remaining) was also observed. Interestingly the loss of 

the PsbX subunit did not affect the ability of PSII to assemble. However, in the PsbX 
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antisense plants the stability of PSII was affected, and the extent of PSII core 

phosphorylation was reduced. By contrast to the wild type, LHCII of PsbX antisense 

plants showed a higher extent of phosphorylation in dark-adapted thylakoids than in the 

exposed to growth light ones. In conclusion, the PsbX protein is required for an efficient 

accumulation of PSII complexes, and upon its deficiency PSII functionally is impaired 

(paper II). 

PsbY    

The PsbY is a well conserved protein of PSII, located in the proximity of the Cyt b559 

(Kawakami et al., 2007). The gene probably experienced a duplication upon transfer from 

the plastome to the nuclear genome, so at the price of one transcript two subunits with an 

identity of about 70% are produced (Mant and Robinson, 1998). Recent results, of a 

manuscript in preparation, from studies of PsbY knock out Arabidopsis plants, showed 

that under normal growth conditions mutant plants exhibited phototrophic growth, with 

no drastic differences in biomass and flowering time. Fluorometric analyses did not show 

any significant difference in terms of maximum quantum yield of PSII (FV/FM). However 

PSII functionality was slightly impaired by 15% lower oxygen evolution rates of 

thylakoid membranes in the mutant. PSII macro-organization was not significantly 

affected as observed by stable formation of PSII-LHCII supercomplexes by BN-PAGE 

analyses of thylakoid membranes and PSII enriched fractions (BBY), suggesting that the 

PsbY is not essential for assembly and stabilization of PSII macro-organization in the 

grana membranes (manuscript in preparation) 

 

PsbZ  

The 6.5 kDa PsbZ protein is encoded by the plastome psbZ , also knows as ycf9 or orf62, 

gene. The Arabidopsis protein has been predicted to have two transmembrane spans, with 

very short N- and C-termini located on the stromal side of the thylakoid membrane. 

Several mutants have been reported in Chlamydomonas (Swiatek et al., 2001) and 

tobacco (Ruf et al., 2000, Swiatek et al., 2001, Baena-Gonzalez et al., 2001). 

 

Although the mutants are able to perfom photoautotrophic growth and have oxygen 

evolution rates comparables to the wild type, the tobacco plants developed pale leaves 
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when growing heterotrophically and under dim light. Hence, their growth rates were 

severely retarded, exhibiting a dwarf phenotype. The PsbZ protein has been shown to be 

involved in the interaction LHCII with PSII core. In particular, PSII-LHCII 

supercomplexes could not be isolated from PsbZ-less tobacco plants. Interestingly the 

content of the minor antenna subunit CP26 and to a lesser extent CP29, were altered 

substantially under most growth conditions in the tobacco mutant and in 

Chlamydomonas. The extent of core phosphorylation (CP43, D1 and D2) was severely 

decreased under dark adaptation and low light and increased upon growth light and high 

light.  

 

SUMMARY AND CONCLUSIONS   

LPA1/REP27 

LPA1/REP27 

The results presented in this thesis, show that the orthologs LPA1 and REP27 participate 

in the biogenesis/assembly but possibly also in the turnover repair of PSII cores. The 

characterization of the rep27 mutant in paper I showed that photosynthetic properties 

were severely altered. There were clear changes with respect to the content of PSII core 

subunits, and PSII was found to be very light sensitive. We were able to map the insertion 

site and thus describe that the affected gene was the ortholog Lpa1 gene of Arabidopsis 

thaliana. One indication for its involvement in turnover and repair rather than de novo 

assembly was the western-blots analyses that resulted in a clear decreased of the PSII 

core subunit D1 protein, while D2, CP47 and PsbO did not show such dramatic changes. 

This result pointed to that only D1 but not the D2 protein was affected and thus the 

REP27 participate in the turnover rather than assembly. However, the comparison 

analyses between the plant mutant lpa1 and the  
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Figure 9. Schematic arrangement of cofactors in the PSII complex. Shown is the membrane-intrinsic part of 

one PSIIcc monomer viewed from the cytoplasmic side. Transmembrane α-helices (TMHs) are represented 

as circles, The main subunits are highlighted as follows: reaction centre subunits D1 (PsbA, yellow) and D2 

(PsbD, orange), antenna subunits CP43 (PsbC, magenta) and CP47 (PsbB, red), and the α- (PsbE) and β-

chain (PsbF) of cytochrome b559 (green and cyan, respectively). Low molecular mass subunits are colored 

grey. Unassigned TMHs (X1), X2 (PsbY) (Kawakami et al., 2007), X3 (PsbX, Paper II).The QB diffusion 

cavity is indicated by a dotted line. (Modified from Muh et al., 2008) . The different locations that the 

LMWs are grouped are presented in the model as discontinues circles. 

green algae rep27 showed that the levels for others PSII core subunits were decreased in 

rep27 (figures 7 and 8), thus both proteins seems to participate in the assembly of D1, 

even though a role in repair process could not be ruled out either. In addition, for the 

observed residual level content in PSII core proteins in these mutants may be 

accumulated in the thylakoid membranes due to involvement of other unknown PSII 

auxiliary proteins.     

X

Y

X
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LMW PROTEINS  

The PSII model based on the latest cyanobacterial crystal structure (Loll et al., 2005) and 

review by (Muh et al., 2008), points towards that most of the LMWs are arranged around 

the central part of the PSII core complex (Fig,9). However, they can be grouped into 

several subtypes of regions; i) the interface between the PSII dimer (subunits PsbT and 

PsbM), ii) closely located to the TMH of the D1 and D2 subunits in close proximity to 

the ChlZD1 (PsbI) and the ChlZD2 (PsbX and PsbH), iii) the surroundings of the QB 

cavity (subunits PsbF and PsbE (Cyt b559), PsbY (possibly 2 TMH in the chloroplast), 

PsbJ, PsbK and X1), iv) the outmost of the core subunits (the 2 TMH of PsbZ and PsbY), 

and v) close to the interface of the PSII monomer but in proximity to QA binding site 

(PsbL). 

 

With respect to the LMW subunits that are not present in cyanobacteria, the localization 

remains very uncertain as it is mainly based on biochemical analyses, and 

characterization of various mutants. Some recent data suggest that PsbTn (Manuscript in 

preparation) and PsbR (Suorsa et al., 2006) are interacting with the oxygen evolving side 

of the PSII complex. The PsbW, paper III, seems to participate in stabilization of PSII-

LHCII supercomplexes and the protein is probably sandwiched between LHCII trimers, 

interconnecting several PSII-LHCII supercomplexes. An interesting possible location for 

the PsbW is the additional small helix (identified as X) in the proximity at the S-trimer 

and CP26 of the PSII-LHCII supercomplex model proposed by (Dekker and Boekema, 

2005). 
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Figure 10. Schematic arrangement of the C2S2M2 supercomplex model, where the putative location for the 

PsbW is indicated (modified from Dekker et al. (2005) 

 

As discussed earlier, the LMW subunits account for more than half the number of protein 

components of PSII, and their evolutionary origin is suggested to be related to the 

transition of an-oxygenic photosynthesis to oxygenic photosynthesis, seemingly 

necessary in order to cope with and optimize the functionality of a toxic, oxygen evolving 

machinery (Raymond and Blankenship, 2004). These facts are interesting in a way that 

one can ask the following question, why are so many small proteins needed? This has 

been a long standing question in the scientific community since the discovery of these 

small proteins. Today, we can approach a constructive answer to that question, which is 

possible mainly due to the analyses in specific mutants for each of the LMWs. Nearly all 

the LMW proteins have been characterized from their specific mutants in prokaryotes  

and at least in one or two of the different eukaryote models; green algae 

(Chlamydomonas) or higher plants (tobacco, Arabidopsis, and potato) (Shi and Schroder, 

2004). The summary presented here is only based on recent data obtained for specific 

 

PsbWPsbW



 35 

LMW subunit mutants of photosynthetic eukaryotes. For an overview and summary of 

properties of each LMWs mutant, see Table 1.   

 

The characterization of each LMW specific mutant revealed that their function was not 

uniform and that they were found to range from essential components to non-essential 

components. Hence, the latter are likely to act in the fine tuning of PSII structure and 

function. Depending of this the LMWs are separated in different groups. 

 

For instance PsbE and PsbF (Cyt b559) have been shown to be essential components of 

PSII (Morais et al., 1998), (Swiatek et al., 2003) as the loss of one of them leads to 

unassembled PSII. Hence, they play an indispensable role in the biogenesis-assembly of 

PSII. Also mutants for the LMW subunits PsbL (Swiatek et al., 2003), PsbJ (Regel et al., 

2001, Hager et al., 2002 and Ohad et al., 2004), PsbH (Summer et al., 1997 and O'Connor 

et al., 1998) and PsbK (Takahashi et al., 1994), exhibited a drastic decrease in the 

amounts of PSII core subunits (exhibiting less than 30% the levels of the wild type) and 

residual oxygen evolving rates that are accompanied with absence of phototrophic 

growth. With the exception of PsbL and PsbH, which are located in the proximity of the 

QA binding site, and in the proximity of ChlzD2 respectively, all the others are grouped in 

the surroundings of the QB cavity. For these subunits, it is possible that assembly 

commences, but PSII stability might be reduced and they then become prone to 

photodamage and degradation possibly due to the imbalance between the forward and 

backward electron reactions measured for the assembled PSII (see TL properties in Table 

1). 

 

Several other LMW mutants are able to grow phototrophically, although the amount of 

assembled PSII is decreased, ranging from 30% to 60% the levels of the wild type and 

also exhibit decreased oxygen evolution rates ranging between  20%  to 70%. This group 

includes PsbI (Kunstner et al., 1995 and Schwenkert et al., 2006) and PsbX (Garcia-

Cerdan et al., 2009). These subunits are located in the proximity to the ChlZD1 (PsbI) and 

the ChlZD2 (PsbX) and might be important for the stability of the complex, and for the 

accumulation of functional PSII. 
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A third group are the LMW mutants that accumulate nearly wild type amounts of PSII 

core subunits and have PSII oxygen evolving rates that exceed the 50% of the wild type 

rates. These subunits are PsbTc (Umate et al., 2008), PsbM (Umate et al., 2007), PsbY 

(manuscript in elaboration), PsbZ (Ruf et al., 2000,  Swiatek et al., 2001 and Baena-

Gonzalez et al., 2001), PsbR (Suorsa et al., 2006) and PsbW (Shi et al., 2000 and paper 

III). These mutants exhibit altered formation of PSII-LHCII supercomplexes when 

studied by BN-PAGE. This effect may be related to its location, for instance PsbM and 

PsbTc proteins are located in the PSII dimer interface, thus in their loss the stability of 

the PSII dimerization is affected. The PsbZ protein has been shown to interact with the 

LHCII assembly through the minor antenna subunit CP26, in the same way the mutant 

indeed demonstrated absence of PSII-LHCII supercomplexes. The knock out plants for 

the PsbW also showed a drastic decreased in such PSII-LHCII supercomplexes and we 

proposed that the PsbW protein participates in the stabilization of the PSII-LHCII 

supercomplexes in the grana membranes. An interesting exception is the loss of PsbY, in 

which analyses of knock outs showed that PSII-LHCII supercomplexes are not alterered 

drastically. Unfortunately, this aspect has not yet been addressed for the PsbR knock out 

plants. 

 

A second observation in common to these groups of LMW mutants, deals with the extent 

of phosphorylation that is normally changed mutants in comparison to wild type (Table 

1). LHCII phosphorylation and de-phosphorylation has been shown to be related to the 

redox state of the PQ pool and participates in the regulation of the distribution of 

excitation energy between PSII and PSI (Rochaix, 2007). In the LMWs, LHCII 

phosphorylation appears to be reduced and many of the LMW proteins showed a higher 

phosphorylation extent in dark adaptation than under growth light in contrast to the wild 

type. Umate and coworkers (Umate et al., 2008) showed that this is due to an inefficient 

oxidation of the PQ pool in the mutants through  QB that occurs in darkness in an oxygen 

dependent manner as observed in studies in wild type samples.  

 



 37 

Furthermore, many LMW mutants displayed severe decreased extent in the 

phosphorylation of the PSII core subunits (CP43, D1/D2 and PsbH). The lack of 

phosphorylation may be explained either by physiological consequences, where the lower 

amount of PSII may be reflected by a lower extent of phosphorylation, or by structural 

consequences, where the lack of PSII-LHCII supercomplexes stability may be necessary 

for the efficient core phosphorylation. Yet, the relevance of the decreased 

phosphorylation of core subunits is controversial and not fully understood. 

 

These effects observed in the analyses of LMW mutants from prokaryotes are similar to 

the observed in eukaryotes, however to a lesser extent. Whereas mutation slows down 

phototrophic growth for many LMW mutants in prokaryotes, with the exception of PsbE, 

PsbF and PsbL that they are not able to grow phototrophically (Shi and Schröder, 2004), 

the effects are more prominent in the LMW mutants of the chloroplast and still these 

differ between green algae and higher plants. 

 

For instance the minimum content of PSII required for phototrophic growth differs 

between prokaryotes, green algae and higher plants. Mutants of PsbK are able of 

phototrophic growth in cyanobacteria but not in green algae (Takahashi et al., 1994). In 

Chlamydomonas, PsbK-less mutants PSII core protein content is about 10 % the level of 

the wild type, which is not enough for phototrophic growth. Instead PsbI-less mutants in 

Chlamydomonas (Kunstner et al., 1995) showed reduced amounts, varying between 10 to 

20%, of PSII core subunits and showed phototrophic growth in dim light. These 

observations suggest that the threshold level of PSII in Chlamydomonas for growth on 

minimal medium is more than 10% the levels of wild type. As for higher plants the 

minimum content of PSII core subunits for phototrophic growth in dim light was 

observed when exceeding the  40% the level of the wild type, and mutants with less than 

25% PSII core content, did not grow phototrophically.  

 

For instance the tobacco PsbI knock out mutant (Schwenkert et al., 2006) exhibit 

phototrophic growth and PSII core content is about 50% of the wild type. Whereas the 

PsbL-less (Swiatek et al., 2003) and PsbJ-less tobacco mutants, (Regel et al., 2001, Hager 
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et al., 2002 and Ohad et al., 2004), do not exhibit phototrophic growth and  PSII content 

are about 20-30 % of wild type levels.  

 

These results are consistent with the analyses of the PSII auxiliary orthologs lpa1 knock 

out in Arabidopsis (Peng et al., 2006) and rep27 in Chlamydomonas mutants (paper I). 

Interestingly, while the former exhibits a retarded phototrophic growth the later is not 

able to do so. And if we look to the PSII core content in Lpa1 knock out are about 40%, 

while in Chlamydomonas Rep27 mutant PSII core protein amounts are less than 10%. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Proposed model of a Flexible PSII. 

”Flexible PSII” are formation of semycrystalline arrays of PSII in the grana membranes, 

capable of experienced regulatory possibilities for proper photosynthetic performance 

such as efficient state transition, turnover-repair, participate in photoprotection and 

antenna quality. In the left-hand we indicate the LMWs and the level in which they 

participate and are necessary in order to achive a proper flexible PSII 
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FUTURE PERSPECTIVES 

 

There are still many open questions with respect to the low molecular weight proteins: 

 

I. Why does especially PSII have so many LMW proteins? 

 Why the majority of the LMW are so conserved? Why not a few LMWs rather  

 than so many? 

 Why do the LMW proteins not have any known counterparts in other organism 

 i.e. non-photosynthetic organisms? 

 How could such small proteins have so drastic effects on the large PSII complex? 

 

II.  In paper III, PsbW has been shown to participate in the stabilization of the PSII-

 LHCII supercomplexes. However, how this small protein may achieve this 

 stabilization is unknown? In order to address that,  the complementation of PsbW 

 knock out plants with the wild type PsbW gene and the site mutated for these 

 residues negatively charged in the  C-terminus of the peptide, which is exposed in 

 the stromal side, may uncover the contribution of the negative charges to the 

 protein functionality with regards to PSII macroorganization.  

 

III. Study the functional role in photoprotection of the Cyt b559. Is there any other 

 subunit participating in this? Perhaps the closest neighbor, the PsbY subunit, may 

 participate in such a function. 
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