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ABSTRACT 
 
In photosynthesis, light energy is converted to chemical energy, which is consumed for 
carbon assimilation in the Calvin-Benson-Bassham (CBB) cycle. Intensive research 
has significantly advanced the understanding of how photosynthesis can survive in the 
ever-changing light conditions. However, precise details concerning the dynamic 
regulation of photosynthetic processes have remained elusive. The aim of my thesis 
was to specify some molecular mechanisms and interactions behind the regulation of 
photosynthetic reactions under environmental fluctuations.  

A genetic approach was employed, whereby Arabidopsis thaliana mutants deficient in 
specific photosynthetic protein components were subjected to adverse light conditions 
and assessed for functional deficiencies in the photosynthetic machinery. I examined 
three interconnected mechanisms: (i) auxiliary functions of PsbO1 and PsbO2 isoforms 
in the oxygen evolving complex of photosystem II (PSII), (ii) the regulatory function 
of PGR5 in photosynthetic electron transfer and (iii) the involvement of the Calcium 
Sensing Receptor CaS in photosynthetic performance. 

Analysis of photosynthetic properties in psbo1 and psbo2 mutants demonstrated that 
PSII is sensitive to light induced damage when PsbO2, rather than PsbO1, is present in 
the oxygen evolving complex. PsbO1 stabilizes PSII more efficiently compared to 
PsbO2 under light stress. However, PsbO2 shows a higher GTPase activity compared 
to PsbO1, and plants may partially compensate the lack of PsbO1 by increasing the rate 
of the PSII repair cycle. 

PGR5 proved vital in the protection of photosystem I (PSI) under fluctuating light 
conditions. Biophysical characterization of photosynthetic electron transfer reactions 
revealed that PGR5 regulates linear electron transfer by controlling proton motive 
force, which is crucial for the induction of the photoprotective non-photochemical 
quenching and the control of electron flow from PSII to PSI. I conclude that PGR5 
controls linear electron transfer to protect PSI against light induced oxidative damage. 

I also found that PGR5 physically interacts with CaS, which is not needed for 
photoprotection of PSII or PSI in higher plants. Rather, transcript profiling and 
quantitative proteomic analysis suggested that CaS is functionally connected with the 
CBB cycle. This conclusion was supported by lowered amounts of specific calcium-
regulated CBB enzymes in cas mutant chloroplasts and by slow electron flow to PSI 
electron acceptors when leaves were reilluminated after an extended dark period. I 
propose that CaS is required for calcium regulation of the CBB cycle during periods of 
darkness. Moreover, CaS may also have a regulatory role in the activation of 
chloroplast ATPase.  

Through their diverse interactions, components of the photosynthetic machinery ensure 
optimization of light-driven electron transport and efficient basic production, while 
minimizing the harm caused by light induced photodamage. 



 

 

TIIVISTELMÄ 
 

Fotosynteesissä valon energia muunnetaan kemialliseksi energiaksi, jota käytetään 
hiilensidontaan Calvin-Benson-Bassham (CBB) kierron reaktioissa. Viimeaikainen 
tutkimus on kasvattanut merkittävästi tietämystä siitä, miten fotosynteesi kykenee 
vastaamaan vaihtelevien olosuhteiden asettamiin haasteisiin. Kuitenkin 
yksityiskohtainen tietämys fotosynteesin säätelystä on suurilta osin ratkaisematta. 
Väitöskirjatyöni tavoitteena on täsmentää molekulaarisia mekanismeja vaihtelevissa 
ympäristöolosuhteissa tapahtuvan fotosynteesin taustalla. 

Lähestyin ongelmaa käyttäen Arabidopsis thaliana mutantteja, joilta puuttuvat tietyt 
fotosynteesissä tärkeät proteiinit ja altistin nämä mutantit haastaviin valo-olosuhteisiin. 
Tutkimuksessani keskityin kolmeen toisiinsa yhteydessä olevaan mekanismiin: (i) 
Valoreaktio kahden (PSII) happea vapauttavan kompleksin isoformien PsbO1:n ja 
PsbO2:n avustaviin tehtäviin, (ii) PGR5:n tehtävään fotosynteesin 
elektroninsiirtoketjun säätelyssä ja (iii) kalsiumia tunnistavan reseptorin (CaS) rooliin 
fotosynteesissä.  

psbo1 ja psbo2 mutanttien fotosynteettisten ominaisuuksien analyysi paljasti PSII:n 
valoherkkyyden kasvavan, mikäli PSII sisälsi vain PsbO2 isoformia. Havaitsin 
PsbO1:n vakauttavan PSII:n rakennetta tehokkaammin verrattuna PsbO2:en kun kasvit 
altistettiin voimakkaalle valolle. Kuitenkin, PsbO2:lla on suurempi GTPaasi 
aktiivisuus verrattuna PsbO1:en ja kasvit voivat osittain korvata PsbO1:n puuttumisen 
lisäämällä PSII:n korjauskierron tehokkuutta. 

PGR5 osoittautui elintärkeäksi Valoreaktio yhden (PSI) suojelemisessa vaihtelevissa 
valo-olosuhteissa. Biofysikaalisten mittausten perusteella voitiin todeta PGR5:n 
säätelevän lineaarista elektroninsiirtoa kontrolloimalla protonigradienttia tylakoidin yli, 
mikä on tärkeää ei-fotokemiallisen energiavaimennuksen aktivoimisessa sekä 
elektronivirran säätelyssä PSII:lta PSI:lle. Täten päättelin PGR5:n säätelevän 
lineaarista elektroninsiirtoa ja olevan tärkeä PSI:n suojaamisessa valon aiheuttamaa 
oksidatiivista vahinkoa vastaan. 

Lisäksi osoitin PGR5:n olevan fysikaalisessa vuorovaikutuksessa CaS- proteiinin 
kanssa, joka levistä poiketen on kasveilla tarpeeton PSII:n ja PSI:n suojelussa. 
Transkriptien profilointi ja kvantitatiivinen proteiinien analysointi paljastivat CaS:n 
liittyvän toiminnallisesti CBB -syklin toimintaan. Ajatusta vahvisti kalsium-
säädeltyjen CBB –entsyymien vähäisempi määrä cas mutantin viherhiukkasissa sekä 
hitaampi elektronien siirtyminen PSI:n elektroninvastaanottajille kun kasvien lehdet 
olivat ennen valotusta sopeutuneet pimeään. Täten ehdotan CaS:n toimivan kalsium 
välitteisessä CBB –syklin säätelyssä. Tämän lisäksi, CaS saattaa osallistua ATP 
syntaasin aktivaation säätelyyn. 

Fotosynteesikoneiston komponenttien monipuolinen yhteistyö varmistaa ihanteellisen 
elektronisiirron sekä tehokkaan perustuotannon samalla vähentäen valon aiheuttamia 
vahinkoja fotosynteettiselle koneistolle.      
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12 Introduction 

 

1 INTRODUCTION 

 

1.1 Photosynthesis 

Evolution made a huge leap forward 2.5 to 3.5 billion years ago, when oxygenic 
photosynthesis first began. At this time, ancient cyanobacteria changed the earth’s 
atmosphere by producing oxygen that later formed an ozone layer in the stratosphere, 
thus preventing harmful UV-radiation from reaching the surface of the earth. This 
made it possible for life to spread from water to land. By increasing the oxygen 
concentration in air, photosynthesis enabled the development of modern oxygen 
consuming organisms. Nowadays, photosynthesis produces nearly all energy needed 
by living organisms (Hohmann-Marriott and Blankenship, 2011).  

In photosynthesis, light energy is captured with light absorbing pigments and is 
subsequently converted to chemical energy in the form of adenosine triphosphate 
(ATP) and reduced nicotinamide adenine dinucleotide phosphate (NADPH). These 
high energy molecules, together with CO2, are further used to produce carbohydrates 
for energy storage and building molecules. In higher plants, photosynthetic reactions 
take place in an organelle known as the chloroplast. According to the theory of 
endosymbiosis, chloroplasts originate from ancient cyanobacteria. Throughout 
evolution, most of the cyanobacterial genome has been transferred to the plant nucleus, 
with only a minor part still remaining in chloroplast (Dorrell and Howe, 2012). The 
chloroplast has three membranes that enclose soluble compartments. The outer and 
inner membranes form the chloroplast envelope, which separates the chloroplast from 
the surrounding cell (Inoue, 2011). The thylakoid membrane forms a flexible 
membrane system where the photosynthetic light reactions take place. The soluble 
compartment surrounded by the inner membrane is called the chloroplast stroma, 
whereas the thylakoid membrane encloses a soluble lumen compartment (Vothknecht 
and Westhoff, 2001).  

 

1.2 Thylakoid protein complexes 

The thylakoid membrane harbors five multiprotein complexes involved in 
photosynthetic light reactions: Photosystem II (PSII); Cytochrome b6f (Cyt b6f); 
Photosystem I (PSI); ATP synthase (ATPase); and NAD(P)H dehydrogenase (NDH) –
like complex. These complexes form the site of the light driven reactions of 
photosynthesis. Structural and functional analysis of photosynthetic light reactions has 
produced a wealth of high-resolution information concerning the structural 
organization, function and regulation of the photosynthetic complexes (Nevo, et al., 
2012; Kouril, et al., 2012; Horton, 2012). Although these studies have revealed key 
mechanisms underlying the dynamic regulation of photosynthetic apparatus, a 
comprehensive understanding of photosynthetic regulation has yet to be realized 
(Kirchhoff, 2014; Järvi, et al., 2013; Rochaix, et al., 2012; Tikkanen, et al., 2012). 
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PSII is a multi-subunit complex that uses the energy gained from light to split water to 
protons and oxygen. PSII releases protons to the lumen to drive the production of ATP 
and feeds electrons to electron transfer chain. The PSII core contains seven proteins: 
D1, D2, CP43, CP47, PsbE, PsbD and PsbI. The first four of these proteins bind 
chlorophyll and form the inner antenna system of PSII. D1 binds the important electron 
acceptors pheophytin and the plastoquinone QB, whilst D2 binds the electron acceptor 
plastoquinone QA. The reaction center chlorophylls of D1 and D2 are both called P680, 
in reference to their absorption maxima. CP43 and CP47 proteins are required for 
binding the oxygen evolving complex (OEC) on the lumenal side of PSII. OEC 
contains the Mn4Ca cluster and three OEC stabilizing proteins PsbO, PsbP and PsbQ in 
higher plants. In cyanobacteria, PsbP and PsbQ are substituted by PsbU and PsbV, 
which differ in protein structure compared to their plant-based counterparts (Ifuku, et 
al., 2010). The PSII supercomplex is surrounded by an outer antenna formed by six 
different LHCB proteins. The main proteins at the PSII outer antenna include LHCB1, 
LHCB2 and LHCB3, which form trimers called light harvesting complex II (LHCII). 
Three minor chlorophyll binding (CP) antenna proteins, CP24, CP26 and CP29, are 
located between LHCII and PSII. In addition, PSII contains over 20 other subunits, 
which are mainly involved in the assembly, stabilization, dimerization and 
photoprotection of PSII (Kouril, et al., 2012; Barber, 2012; Vinyard, et al., 2013). 

Cyt b6f mediates electron flow from PSII to PSI, along with the concomitant transfer of 
protons from the stroma to the lumen in a process called the Q-cycle. Together with 
PSII, Cyt b6f forms a proton gradient across the thylakoid membrane. This proton 
gradient is used to drive the formation of ATP. Cyt b6f is present as a dimer in the 
thylakoid membrane. It is built up from four major and four minor subunits. The major 
subunits are Cytochrome b6 (Cyt b6) retaining b-type heme groups, Cytochrome f (Cyt 
f) retaining c-type heme-groups, Rieske retaining a 2Fe-2S cluster and subunit IV. The 
four minor subunits are PetG, PetL, PetM and PetN (Baniulis, et al., 2008).  

PSI is the second photosystem in the thylakoid membrane. Energy from photons 
harvested by pigment molecules excites the reaction center chlorophyll pair called 
P700. An electron from P700+ is then transferred to quinone, and finally to the electron 
acceptor protein ferredoxin on stromal side of PSI. P700+ is then reduced by the 
electrons from reduced plastocyanin, which is an electron donor of PSI. Later, the 
energy captured by PSI is used to build NADPH. Plant PSI contains 19 protein 
subunits. Two main proteins, PsaA and PsaB, contain the reaction center chlorophyll 
pair P700. PsaC contains two iron-sulfur clusters and together with PsaD and PsaE, 
forms a docking site for ferredoxin. Plastocyanin binds to the PsaF protein in the 
lumenal side of the thylakoid membrane. Four proteins: PsaH; PsaI; PsaL; and PsaO 
are essential for the docking of LHCII to PSI in a phenomena called state transitions 
(state 2), where part of phosphorylated LHCII is connected to PSI (Lunde, et al., 2000). 
As for PSII, PSI is surrounded by chlorophyll binding proteins, known as LHCI and 
comprised of four proteins: LHCA1, LHCA2, LHCA3 and LHCA4 (Kargul, et al., 
2012).   

ATP synthase converts the energy stored in proton electrochemical potential to the 
form of ATP and contains two main units: CF0, the membrane embedded unit that 
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forms rotary torque during proton translocation; and CF1, the water-soluble unit that 
works as an ATP generating motor to bond phosphorus to ADP molecules. CF0 and 
CF1 are connected via a stalk protein that keeps the structure together. Aside from 
these main components, ATP synthase also contains smaller proteins that regulate its 
functional status (Okuno, et al., 2011). 

In higher plant thylakoids, the NDH -like complex shuttles electrons from ferredoxin to 
the plastoquinone (PQ) and thus functions in cyclic electron transfer (CET) around PSI 
(see 1.4.2.) and in chlororespiration (Kofer, et al., 1998; Sazanov, et al., 1998) and is 
shown to be important for protecting photosynthetic machinery, especially under stress 
conditions (Li, et al., 2004; Wang, et al., 2006). The NDH-like complex also plays a 
significant role in electron transfer in the bundle sheath cells of C4 plants 
(Takabayashi, et al., 2005). The higher plant NDH-like complex is structurally similar 
to mitochondrial complex I and cyanobacterial NDH-1 complex (Friedrich and Weiss, 
1997). The chloroplast NDH-like complex consists of four distinct subcomplexes: the 
A; B; membrane localized; and lumen-localized subcomplexes (Ifuku, et al., 2011). 
Subcomplex A and the membrane localized subcomplex form a typical L-shaped 
backbone of the NDH-like complex. In cyanobacteria, the membrane localized 
complex acts to transfer protons over the thylakoid membrane and couples this with 
electron transfer in subcomplex A (Ifuku, et al., 2011). Subcomplex B and the lumenal 
subcomplex are unique to higher plants. Interestingly, the lumenal subcomplex 
contains several homologs of proteins belonging to the PSII oxygen evolving complex 
(Ifuku, et al., 2010). In addition to these, the existence of a fifth subcomplex, the 
electron donor subcomplex, has recently been proposed (Yamamoto, et al., 2011). This 
electron donor subcomplex interacts with subunit A and serves as a binding site for 
ferredoxin (Yamamoto, et al., 2011). The chloroplast NDH-like complex interacts with 
PSI through two minor PSI antenna proteins, Lhca5 and Lhca6 (Peng, et al., 2008; 
Peng, et al., 2009). Formation of the NDH-PSI supercomplex in higher plants is 
required for the stability of NDH, especially in high light conditions (Peng and 
Shikanai, 2011). However, the reason for the instability of the NDH-like complex 
without PSI remains unknown. 

      

1.3 Lateral heterogeneity of the thylakoid membrane  

Higher plant thylakoid membranes can be separated into three functionally distinct 
regions: the grana core; grana margins (edges of grana stacks); and stroma thylakoids, 
all of which exhibit different compositions of photosynthetic protein complexes. ATP 
synthase, NDH-like complex and PSI are enriched in stroma thylakoids, whereas the 
grana core contains predominantly PSII-LHCII supercomplexes and higher order 
megacomplexes.  In grana margins, both PSI-LHCI and PSII-LHCII are located near 
each other (Danielsson, et al., 2004; Danielsson, et al., 2006). Over the past few 
decades, segregation of the thylakoid membrane into grana and stroma structures and 
the functional implications of doing so, have been matters of scientific debate. Several 
theories have been introduced to explain the need for lateral heterogeneity: (i) to 
control the excitation balance between the reaction centers and to avoid energy spill-
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over to PSI (Trissl and Wilhelm, 1993); (ii) to separate linear and cyclic electron flow 
(Albertsson, 2001; Anderson and Aro, 1994); (iii) to avoid damage due to ROS 
produced by PSI and degradation of PSII during high light (Anderson and Aro, 1994; 
Tjus, et al., 2001); and (iv) to maintain the proper PSII repair cycle (Zhang, et al., 
1999; Tikkanen, et al., 2012). However, no final evidence supporting any single theory 
has yet been provided. Furthermore, it has been recently shown that the grana structure 
is highly dynamic and shows both lateral and vertical rearrangements according to the 
prevailing light conditions (Herbstova, et al., 2012; Kirchhoff, 2013). 

 

1.4 Photosynthetic electron transfer routes 

Photosynthesis is functionally separated into two parts. Light driven electron transfer 
uses energy from photons to liberate electrons by splitting water molecules and 
releases oxygen as a byproduct. The reducing power of these electrons is used to form 
high energy molecules that are further used to fix inorganic carbon to organic 
carbohydrates in a series of reactions which form the Calvin-Benson-Bassham (CBB) 
cycle, the second part of photosynthesis. Photosynthetic electron transfer can be 
separated into two energy storing routes: the linear electron transfer (LET) route; and 
the cyclic electron transfer (CET) route. LET produces adenosine triphosphate (ATP) 
and reduced nicotinamide adenine dinucleotide phosphate (NADPH), whereas CET 
produces only ATP.  

1.4.1 Linear electron transfer 
LET is the main electron transfer route in higher plant chloroplasts. LET begins when 
the energy of a photon is collected and transferred from the outer antenna to the 
reaction center chlorophyll a. In P680, this leads to charge separation whereby an 
electron from P680 is moved to pheophytin, the first electron acceptor of the LET 
route. From pheophytin, the electron is rapidly transferred to plastoquinone (QA), the 
first stable electron acceptor. From QA, a relatively slow transfer is made to QB, the 
second quinone electron acceptor. After QB has received two electrons from QA, it 
binds two protons from the stroma, forming plastohydroquinol (PQH2), and leaves the 
D1 protein to dissolve in the lipid bilayer of the thylakoid membrane. P680 becomes a 
strong oxidant (P680+), which gains an electron from water. Four electrons from the 
Mn4Ca cluster, located in oxygen evolving complex (OEC), are sequentially extracted 
by P680+. This is followed by the splitting of two water molecules into protons, oxygen 
and electrons. Electrons from the water molecules replace those primarily donated to 
P680+ from the manganese cluster. The water splitting occurs in a process called the S-
cycle (S0-S4), whereby four electrons are donated to P680+ and four protons are 
released to the lumen.  

The PQH2 formed in the first part of the LET process moves out from PSII, binds to 
the lumenal side of Cyt b6f and releases protons to the lumen. At the same time, PQH2 
donates one electron to cytochrome f through the Rieske iron-sulfur cluster and another 
one to cytochrome b6. The electron from Cyt b6 is transferred to another plastoquinone 
located in the stromal side of Cyt b6f. After receiving two electrons, plastoquinone is 
protonated, moves to the lumenal side of Cyt b6f and releases protons to the lumen. 
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Protons transferred from the stroma to the lumen create a proton motive force (pmf) 
that drives ATP formation in ATP synthase. Electrons donated by PQH2 to Cyt f moves 
to a soluble electron carrier, plastocyanin (PC), which further donates electrons to PSI, 
where light has caused charge separation between excited P700 and chlorophyll A0. 
The final step of the process is the transfer of electrons to ferredoxin, which reduces 
nicotinamide adenine dinucleotide phosphate (NADP+) to NADPH, used later in the 
CBB cycle as reducing power (Figure 1). 

1.4.2 Cyclic electron transfer   
In addition to LET, CET around PSI also takes place in plant chloroplasts. CET shares 
common components with LET, including PSI, Cyt b6f and NDH-like complexes, as 
well as the electron carriers, plastocyanin and ferredoxin. In higher plants, two distinct 
CET routes have been described, the NDH-dependent (or NDH-like) route and the 
proton gradient regulation 5 (PGR5)-mediated route (also known as ferredoxin-
dependent or antimycin-sensitive CET). In NDH-dependent CET, it has been proposed 
that electrons are transferred from NADPH to the plastoquinone pool and further to 
PSI via Cyt b6f (Shikanai, 2007). However, recent findings regarding the possible 
docking site of ferredoxin in the NDH-like complex suggest that electrons are actually 
transferred directly from ferredoxin to the NDH-like complex (Yamamoto, et al., 
2011). In the PGR5-mediated CET route, electrons are moved directly from ferredoxin 
to the plastoquinone pool (Figure 1). Whilst the exact mechanism of this route is still 
unknown, two proteins that are involved have been characterized as PGR5 and PGR5-
like photosynthetic phenotype 1 (PGRL1) (Munekage, et al., 2002; DalCorso, et al., 
2008). These proteins are capable of forming a complex and are possibly involved in 
partitioning electron transfer between LET and CET (DalCorso, et al., 2008).  

The exact role and importance of CET in C3 plants has yet to be convincingly 
characterized. However, CET seems to support at least two different functions: (i) 
balancing of the NADPH/ATP ratio to meet metabolic demands in chloroplasts under 
changing environments; and (ii) the induction of the transthylakoid proton gradient 
necessary for NPQ (see 1.7). 
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Figure 1. Linear and cyclic routes of the photosynthetic electron transfer. Linear 
electron transfer is indicated by yellow arrows, cyclic electron transfer by yellow 
dashline arrows and proton movement by black arrows. Blue lines represent the 
activation of proteins/enzymatic reactions. Green lines represent the intake or output of 
molecules. The electron route in Antimycin A-sensitive cyclic electron transfer is still 
unclear (marked with “?”). PSII=photosystem II; OEC=oxygen evolving complex; 
LHCII=light harvesting complex II; PQ=plastoquinone; PQH2=plastoquinol; Cyt 
b6f=cytochrome b6f; PSI=photosystem I; LHCI=light harvesting complex I; 
FD=ferredoxin; ATPase=thylakoid ATP synthase; ADP=adenosine diphosphate; 
Pi=inorganic phosphate; ATP=adenosine triphosphate; FTR=ferredoxin-thioredoxin 
reductase; FNR=ferredoxin-NADP+ reductase; NADP+=nicotinamide adenine 
dinucleotide phosphate; NADPH=reduced nicotinamide adenine dinucleotide 
phosphate; NDH=NAD(P)H dehydrogenase-like complex; 
GAPA/GAPB=glyceraldehyde 3-phosphate dehydrogenase subunit A/B; 
PRK=phosphoribulokinase. 

 

1.5 Assembly of PSII and OEC 

The synthesis and assembly of the photosynthetic protein complex PSII is a multistep 
process that involves at least 20 different subunits as well as the incorporation of a 
variety of inorganic and organic cofactors. Thus, PSII assembly is a highly organized 
process which requires large numbers of auxiliary proteins for each step (Nickelsen 
and Rengstl, 2013). The first step of PSII assembly in developing leaves (so called de 
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novo assembly) involves formation of the PSII reaction center (RC) core complex. Of 
the PSII RC proteins, the α (PsbE) and β (PsbF) subunits of the Cyt b559, together with 
the low molecular mass protein PsbI, form an assembly unit to receive the D1 protein 
(Muller and Eichacker, 1999; Tsiotis, et al., 1999; Zhang, et al., 1999). After the 
assembly of the RC core complex, the inner antenna protein CP47 becomes attached to 
it (Rokka, et al., 2005). Subsequently, four low molecular mass proteins, PsbH, PsbM, 
PsbR and PsbT are assembled to PSII RC to form a so called RC47 complex, also 
known as CP43-less PSII monomer (Nickelsen and Rengstl, 2013). Assembly of CP43 
and PsbK proteins to the RC47 complex enables the assembly of the first OEC protein 
PsbO, followed by the assembly of the low molecular mass proteins, PsbW and PsbZ, 
and other OEC proteins, PsbP and PsbQ (Suorsa and Aro, 2007). 

PsbR and PsbJ are required for the proper assembly of PsbP to the OEC and the 
docking of PsbQ is dependent on the proper assembly of PsbP (Suorsa, et al., 2004; 
Suorsa, et al., 2006; Allahverdiyeva, et al., 2013). A lack of PsbQ and PsbP in higher 
plants has been shown to weaken the interaction between PSII core and light 
harvesting complex II (LHCII) (Boekema, et al., 2000) and to cause reduction in the 
amount of PSII-LHCII supercomplexes that are usually present in non-stressed WT 
plants (Ido, et al., 2009; Allahverdiyeva, et al., 2013). After successful assembly of the 
OEC, PSII monomers are dimerized and peripheral antenna proteins are assembled, 
resulting in the formation of a functional PSII-LHCII supercomplex. The Arabidopsis 
PSII-LHCII supercomplex contains two cores (C) and four LHCII trimers. These 
trimers can be divided into two that are strongly bound LHCII (S), and two that are 
moderately bound LHCII (M). In addition to this C2S2M2 configuration, two weakly 
bound LHCII (so called extra LHCII) could bind to supercomplexes, depending on the 
prevailing light conditions (Peter and Thornber, 1991; Dekker and Boekema, 2005; 
Kouril, et al., 2013). Several auxiliary proteins, such as HC136, LPA1, LPA2, LPA19 
and PAM68, have been shown to be essential for correct PSII assembly (Meurer, et al., 
1998; Peng, et al., 2006; Ma, et al., 2007; Wei, et al., 2010; Armbruster, et al., 2010; 
Mulo, et al., 2008; Chi, et al., 2012). 

PSII re-assembly under the PSII repair cycle differs from the de novo PSII assembly. 
The repair cycle involves only partial disassembly of PSII, as only the OEC, CP43 and 
the damaged D1 protein are detached from the complex (for details, see 1.7.). 

 

1.6 Manganese-stabilizing protein PsbO and its two isoforms in Arabidopisis 
thaliana. 

The 33 kDa protein PsbO functions as a stabilizer of the OEC in PSII and is present in 
all oxygenic phototrophs (De Las Rivas, et al., 2004). The importance of this protein in 
water splitting has been demonstrated by drastic reductions in oxygen produced by 
mutants lacking the PsbO protein (Bricker, 1992). The conformation of PsbO changes 
in response to pH and to calcium and/or manganese concentrations (Shutova, et al., 
2005). At an approximately neutral pH, which represents the physiological pH of the 
lumen in darkness, hydrophobic amino acid residues located inside the PsbO protein 
are in a “closed” formation and do not bind manganese or calcium. Acidification of the 
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lumen upon illumination leads to the first conformational change in PsbO, revealing 
the hydrophobic amino acid residues and making them accessible for ions of the 
surrounding medium to bind to. Binding of calcium ions leads to a second 
conformational change that enables water oxidation and the removal of protons out 
from the OEC. However, under light conditions, the interaction between PsbO and the 
PSII reaction center weakens as compared to the situation occurring in darkness 
(Shutova, et al., 2005). It has also been shown that formation of a redox sensitive 
disulphide bridge regulates the folding, assembly and degradation of PsbO (Hall, et al., 
2010; Roberts, et al., 2012) and that the enzyme called lumen thiol oxidoreductase 1 
(LTO1) likely catalyzes the formation of the disulfide bond (Karamoko, et al., 2011)  

PsbO has been suggested to possess GTP binding ability and to function as a GTPase 
(Lundin, et al., 2007b). GTPase activity domains, called G domains, are conserved 
only in higher plant PsbOs (Lundin, et al., 2007b). Together with either Mg2+ or Ca2+, 
hydrolysis of GTP also induces a conformational change in PsbO. Interestingly, this 
conformational change may decrease the area of interconnection between the PSII 
monomers and also affect their dimerization. Soluble PsbO binds GTP with a higher 
affinity compared to PsbO bound to PSII (Lundin, et al., 2007b). PsbO dissociates 
from PSII during photoinactivation (Hundal, et al., 1990). GTP is not needed for the 
release of PsbO. However, when added to isolated PSII-LHCII supercomplexes in 
vitro, GTP causes the removal of PsbO from PSII, which leads to a loss of 
photosynthetic activity (Lundin, et al., 2007b).  

Arabidopsis thaliana contains two PsbO isoforms, PsbO1 and PsbO2 (Murakami, et 
al., 2002). The amount of PsbO isoforms vary within the plant kingdom and based on 
phylogenetic sequences, no conserved “PsbO1-type” or “PsbO2-type” isoforms can be 
recognized. In Arabidopsis, PsbO1 isoforms make up approximately 90 % of the total 
pool of PsbO proteins. The lack of PsbO1 in psbo1 mutants induces upregulation of the 
PsbO2 isoform to reach protein amounts equal to that of PsbO1 in the WT plant 
(Murakami, et al., 2005). The mechanism that leads to the increased expression of 
PsbO2 in psbo1 is unknown (Liu, et al., 2007). The phenotype of psbo1 is one of 
slower growth and reduced oxygen evolution compared to the WT (Murakami, et al., 
2002). This indicates that PsbO2 cannot fully substitute PsbO1, even though sequence 
similarity is high between these two isoforms. Functional differences between PsbO1 
and PsbO2 are caused by amino acid changes at the C-terminus: Val186 in PsbO1 for 
Ser in PsbO2; Val204 for Ile; and Leu246 for Ile (Murakami, et al., 2005). Although 
PsbO2 is weaker in supporting oxygen evolution, other functions for this isoform have 
been suggested. A lack of PsbO2 causes accumulation of D1 protein under HL 
conditions. Further, when only PsbO2 is present, dephosphorylation of D1 and D2 has 
been demonstrated to occur significantly faster. This indicates that PsbO2 assists the 
removal of damaged D1 from PSII, possibly by allowing access of phosphatases to D1 
(Lundin, et al., 2007a).      
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1.7 Regulation of energy distribution to PSII and PSI 

Light intensity and quality change continuously in nature. These variations are caused 
by the time of the day and by the shading of clouds and leaf canopy. Because of 
different pigment compositions, the absorption maxima of PSI and PSII are different to 
each other. This causes an imbalance in the energy collected by PSI and PSII. In order 
to maintain a fluent linear electron transfer, this difference must be re-balanced. While 
the relatively higher energy capture of PSII will cause reduction of the PQ pool; the 
relatively higher illumination of PSI will cause oxidation of the PQ pool. The redox 
state of the PQ pool is sensed by specific proteins that subsequently regulate the 
processes that balance this uneven distribution of light energy (Puthiyaveetil, et al., 
2012).  

1.7.1 Thylakoid protein phosphorylation and State transitions 
State transitions describe a phenomenon where energy distribution between PSI and 
PSII is balanced via regulating energy delivery from LHCII. LHCII can bind and 
transfer energy to both PSI and PSII. Under light conditions that favor PSI, LHCII is 
connected to PSII (State 1) (Puthiyaveetil, et al., 2012). When light preferably excites 
PSII, the PQ pool becomes reduced, thus activating the serine/threonine-protein kinase 
STN7 (Bellafiore, et al., 2005), named STT7 in Chlamydomonas (Fleischmann, et al., 
1999). STN7 phosphorylates LHCII causing LHCII to bind PSI, increasing the 
absorption cross-section of PSI and thus increasing the amount of light captured by PSI 
at the expense of PSII. This situation is referred to as “State 2”. However, only part of 
the phosphorylated LHCII is moved to PSI, while a pool of phosphorylated LHCII 
remains attached to PSII. LHCII trimer that is found to move in State 2 is so called 
extra LHCII, whereas strongly and moderately bound LHCII trimers stay in PSII even 
in phosphorylated form. This clearly indicates that phosphorylation is not sufficient to 
disconnect LHCII from PSII (Wientjes, et al., 2013).  

When the PQ pool becomes oxidized, STN7 is inactive and LHCII is dephosphorylated 
by the 38 kDa thylakoid-associated phosphatase TAP38 (also named as PP2C-type 
protein phosphatase; PPH1 (Shapiguzov, et al., 2010)). This leads to the dissociation of 
LHCII from PSI and to its binding to PSII (Pribil, et al., 2010). As the phosphorylation 
of LHCII is at least seven-fold faster than dephosphorylation, the main regulator of 
state transitions is likely to be STN7. In this case, STN7 kinase and TAP38 
phosphatase can be active at the same time, but when inactivation of STN7 takes place, 
the phosphatase will predominate, leading to the dephosphorylation of LHCII 
(Puthiyaveetil, et al., 2012). 

Under laboratory conditions, state transitions are traditionally triggered by using State 
1 or State 2 lights favoring either PSI or PSII. However, the use of State 1 and State 2 
lights is an artificial condition that does not exist in nature. The use of laboratory 
conditions that better mimic nature has revealed that, under high light conditions, 
STN7 is inhibited by the ferredoxin-thioredoxin system (Rintamäki, et al., 2000). This 
indicates that state transitions are a low light phenomenon, rather than a regulatory 
mechanism for high light conditions. Indeed, the use of artificially fluctuating light has 
revealed that STN7 is needed for a proper energy distribution between photosystems in 



 Introduction  21 

 

low light conditions. stn7 mutants have shown slower growth under fluctuating light 
compared to WT plants. This is caused by an uneven distribution of energy and the 
overexcitation of PSII under the low light phase, but not during the high light phase 
(Tikkanen, et al., 2010).   

1.7.2 Regulation at the level of protein expression  
State transitions represent fast and short term acclimation to changing light conditions, 
whereas other mechanisms have developed to adapt photosynthetic machinery for long 
term changes in light quality. To balance the energy distribution between 
photosystems, photosynthetic organisms can change the amount of photosystems and 
the size of their antennas. For example, chloroplast sensor kinase (CSK) is able to 
perform autophosphorylation and this phosphorylation event is activated upon 
oxidation of the PQ pool (Puthiyaveetil, et al., 2012). CSK then phosphorylates 
chloroplast sigma factor 1 (SIG1) that, in its phosphorylated form, suppresses the 
transcription of PSI genes (Puthiyaveetil, et al., 2013; Shimizu, et al., 2010). This leads 
to a relatively higher production of PSII proteins compared to PSI proteins.  

In addition to the regulation of chloroplast genes, acclimation of photosynthesis is 
regulated by retrograde signaling between chloroplasts and the nucleus. Three main 
signals are: (i) the redox state of components related to electron transfer reaction; (ii) 
ROS molecules and their foreplay with ROS scavenging enzymes; and (iii) metabolites 
mainly produced by the CBB cycle. In addition to these, other molecules such as plant 
hormones regulate photosynthetic genes. Multiple signaling molecules undertake 
retrograde signaling between plastids and the nucleus, forming a complex network of 
signaling cascades that partially overlap each other (Szechynska-Hebda and Karpinski, 
2013).  

  

1.8 Light susceptibility, photoprotection and repair cycle of PSII  

Photoinhibition of PSII results in a loss of oxygen evolution and electron transport 
activity and is dependent on light intensity (Tyystjärvi and Aro, 1996). Plants have 
evolved several photoprotective mechanisms to prevent the light induced damage of 
the photosynthetic machinery (for review see Li, et al., 2009 and Tyystjärvi, 2013). 
One of the most important mechanisms is called non-photochemical quenching (NPQ), 
where excess light energy is quenched as heat (de Bianchi, et al., 2010). NPQ is 
dependent on the lumenal pH. In high light, acidification of the thylakoid lumen 
activates the so called xanthophyll cycle, where violaxanthin becomes de-epoksidized 
to zeaxanthin via anteraxanthin (Jahns and Holzwarth, 2012). A low lumenal pH 
triggers the activation of the PsbS protein that is needed for induction of NPQ (Li, et 
al., 2000; Niyogi, et al., 2005). However, exact molecular mechanisms behind the 
action of this protein are not known. Mutant plants lacking NPQ have shown an 
approximately 25 % higher rate constant of photoinhibition, as compared to the WT 
(Tyystjärvi, et al., 2005). Even though NPQ is a relatively weak protector against the 
harmful reactions of photoinhibition, it can be an important protector against the 
formation of ROS under high light conditions. As ROS have been shown to inhibit the 
PSII repair cycle, NPQ could act as important protector against photodamage by 
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securing the correct function of the PSII repair cycle (Nishiyama, et al., 2011; 
Tyystjärvi, 2013). 

In spite of protective mechanisms, photoinhibition of PSII occurs under all light 
intensities. The main target for photodamage is the D1 protein in the PSII reaction 
center. The most important ROS causing photodamage is considered to be singlet 
oxygen (1O2). Singlet oxygen is usually formed by reaction between oxygen and 
triplet-state chlorophyll (Schweitzer and Schmidt, 2003). Triplet-state chlorophyll is 
formed in two ways, by a spontaneous spin change of excited chlorophyll, or by the 
charge recombination reaction of P680 (Hoff, 1981; Tyystjärvi, 2013). Three different 
mechanisms for photoinhibition have been proposed: (i) according to the acceptor side 
photoinhibition model, the reduction of electron acceptors in PSII leads to double 
reduction of QA. This leads to formation of tripled chlorophyll (Krieger-Liszkay, 
2005), from which an electron can move to molecular oxygen forming singlet oxygen 
(Aro, et al., 1993); (ii) according to the donor side photoinhibition model, oxidized 
P680+ cannot oxidize the manganese complex in OEC, but instead it oxidizes other 
components in PSII, leading to photoinhibition; and (iii) in the manganese hypothesis, 
PSII inactivation occurs through the release of manganese ions from the OEC to the 
lumen. This results in oxidation of other PSII components (Hakala, et al., 2005). 
Singlet oxygen reacts with surrounding proteins and lipids causing damage to PSII. 
Depending on the mechanism producing singlet oxygen, it could also inhibit the repair 
cycle of damaged PSII instead of causing direct damage to PSII (Hakala-Yatkin, et al., 
2011).  

To maintain functionality of PSII, damaged D1 is rapidly degraded and replaced with 
new, functional D1 in a process called the PSII repair cycle (Aro, et al., 1993; Aro, et 
al., 2005). PSII core protein phosphorylation plays a crucial role in the PSII repair 
cycle and thus participates in the regulation of PSII protective mechanisms. PSII core 
proteins are phosphorylated by STN8 kinase and dephosphorylated by PSII core 
phosphatase (PBCP) (Vainonen, et al., 2005; Bonardi, et al., 2005). STN8 is the main 
kinase involved in this process, but STN7 also phosphorylates PSII core proteins and 
thus partially overlaps with STN8 (Tikkanen, et al., 2008). The PSII repair cycle starts 
with core protein phosphorylation triggered disassembly of the PSII-LHCII 
supercomplexes and monomerization of the damaged PSII (Tikkanen, et al., 2008; 
Fristedt, et al., 2009). The PSII monomer migrates to the stroma membrane, which is 
followed by the removal of OEC and CP43. The phosphorylation of PSII core proteins 
modulates the thylakoid structure that is required for the efficient lateral movement of 
the PSII complex from the grana to the stroma membrane (Fristedt, et al., 2009; Goral, 
et al., 2010). Unstacking of the thylakoid helps in the PSII repair cycle by increasing 
the probability of proteases recognizing and digesting D1. Unstacking also lowers the 
ROS production that inhibits the repair cycle (Kouril, et al., 2013). However, the 
trafficking of PSII complexes between grana and stroma thylakoids during the PSII 
repair cycle has been recently challenged, as it has been shown that light stress induces 
lateral shrinkage of grana diameter and also triggers protein mobility in the grana 
thylakoids (Herbstova, et al., 2012; Kirchhoff, 2013). These dynamic rearrangements 
are likely to play a crucial role in facilitation of a fluent PSII repair cycle.  
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In stromal thylakoids, dephosphorylation triggers the removal and degradation of the 
damaged D1 protein. D1 is degraded by two protease families: the ATP-dependent zinc 
metalloprotease filament temperature sensitive H (FtsH) and the ATP independent 
serine endoprotease Deg proteases (Lindahl, et al., 2000; Haussuhl, et al., 2001). In 
Arabidopsis, four FtsH proteases are found to be located in the chloroplast and form a 
hexamer crucial to D1 degradation (Yu, et al., 2004). FtsH1 and FtsH5 represent “Type 
A” and FtsH2 and FtsH5 represent “Type B” subunits in the complex, and mutants 
lacking FtsH2 and FtsH5 have been shown to be more sensitive to high light (Yu, et 
al., 2004; Sakamoto, et al., 2002; Bailey, et al., 2002). Four Deg proteases are found in 
the chloroplast (Deg1, Deg2, Deg5 and Deg8) (Nath, et al., 2013) and all four of these 
are linked to D1 degradation (Sun, et al., 2007; Kapri-Pardes, et al., 2007). However, 
D1 has been found to be degraded in mutants lacking Deg2 (Huesgen, et al., 2006). 
Some of the FtsH and Deg proteases are separated by the thylakoid membrane, thus 
they are likely being synchronized in a functional manner (Kapri-Pardes, et al., 2007). 
Once the damaged D1 protein is removed, new D1 protein is synthesized and co-
translationally inserted into PSII, which is followed by the reassembly of CP43 and the 
OEC. Finally, PSII becomes dimerized and migrates back to grana thylakoids (Baena-
González, et al., 1999).  

Taken together, the cooperation of NPQ and the repair cycle of PSII play a crucial role 
in protecting PSII against harmful light radiation and in maintaining efficient 
photosynthesis. 

 

1.9 Regulatory role of calcium in the chloroplasts 

Calcium is a universal second messenger in eukaryotic cells (Berridge, et al., 2000). In 
plants, environmental changes cause fluctuations in nuclear and cytosolic calcium 
levels. Changes in calcium level are sensed by a diverse group of calcium sensors. 
Calcium signals oscillate in both amplitude and frequency, enabling a specific 
allocation of the signal (Dodd, et al., 2010). Calcium signaling in a plant cell is not 
only restricted to cytosol and nucleus, but appears to also be intimately connected with 
organelles (Rocha and Vothknecht, 2012).  

Chloroplasts accumulate high amounts of calcium; however calcium precipitates with 
phosphate causing a shortage of phosphate and, consequently, problems in ATP 
production. Therefore, most calcium must be associated either to membranes and/or to 
macromolecules (Brand and Becker, 1984). Free stromal calcium concentrations vary 
from the nanomolar up to micromolar scale (Johnson, et al., 1995). So far, details 
concerning the mechanism of calcium transport into the chloroplast remain poorly 
understood. However, evidence supporting the existence of membrane potential 
activated uniport-type calcium transporters has been provided (Roh, et al., 1998). 
Photosynthetic water splitting requires calcium to be transported to the lumenal side of 
the thylakoid membrane. Calcium is transferred over the thylakoid membrane through 
a Ca2+/H+ antiporter in a light-dependent manner (Ettinger, et al., 1999). It has been 
shown that even though calcium transport to the lumen requires a proton gradient, 
calcium can also be transferred to the lumen in darkness, with the ΔpH formed through 
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ATP hydrolysis by ATPase (Ettinger, et al., 1999). After a shift from light to dark, a 
strong calcium burst occurs in chloroplast stroma. The origin of calcium is not yet 
known, but it has been suggested that the calcium is released either from the lumen, or 
from a thus far unidentified stromal calcium store. Calcium is subsequently released 
out from the chloroplast and into the cytosol (Sai and Johnson, 2002).  

1.9.1 Calcium regulation in CO2 fixation 
The significance of calcium in the control of CO2 fixation is well established, while 
calcium dependent regulation of photosynthetic light reactions remains poorly 
understood. Several CBB cycle enzymes, including Fructose-1,6-biphosphatase 
(FBPase), Sedoheptulose-1,7-biphosphatase (SBPase) and CP12, are regulated by 
calcium. FBPase and SBPase are thioredoxin regulated CBB enzymes whose activities 
increase when the calcium concentration increases to a certain level (Chardot and 
Meunier, 1991). High calcium concentrations, in contrast, inhibit the activity of these 
enzymes (Charles and Halliwell, 1980). Furthermore, two key enzymes of CBB, 
phosphoribulokinase (PRK) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
have been shown to form a complex with CP12, a protein responsible for the reversible 
assembly of the complex. The activity of CP12 is regulated by thioredoxin (Trost, et 
al., 2006). Recently, CP12 was found also to bind calcium with high affinity, but the 
physiological significance of this remains unresolved (Rocha, 2013). Ferredoxin, the 
electron carrier between PSI and Ferredoxin-NADP+ reductase (FNR), has also been 
shown to bind calcium. The calcium binding capacity is higher when ferredoxin is 
present in its reduced state (Surek, et al., 1987). Ferredoxin also participates in the 
CBB-cycle by reducing thioredoxins via ferredoxin-thioredoxin-reductase (Buchanan, 
et al., 2002). Together, these findings demonstrate the dynamic interplay between 
redox and calcium-dependent regulation of photosynthesis. 

1.9.2 Calcium regulation in photosynthetic light reactions 
The requirement of calcium in the redox reaction that oxidizes water to oxygen and 
hydrogen has long been known. However, very little is known about the regulatory role 
of calcium in photosynthetic light reactions. Thylakoid ATP synthase subunit III of 
CF0 forms a calcium binding pocket on the lumenal side of the thylakoid membrane. 
Calcium binding to subunit III is pH dependent and the release of calcium takes place 
in acidic pH (Zakharov, et al., 1993). Consequently, when the lumenal pH rises above 
5.5, the movement of protons through the ATPase complex becomes blocked by 
subunit III in its calcium-bound form. However, proton translocation can be rapidly 
reactivated when lumenal pH decreases below 5.5 and causes the release of calcium 
from subunit III. Without calcium binding, the pH threshold value of 5.5 disappears 
and the movement of protons across thylakoid takes place whenever the transthylakoid 
ΔpH is sufficient to support the formation of ATP (Van Walraven, et al., 2002). It has 
also been shown that the phosphorylation of two thylakoid ATPase subunits is 
regulated by calcium. These are the gamma subunit, important for the regulation of 
ATPase activity (Imashimizu, et al., 2011), and subunit F (Stael, et al., 2011).  

Little is known about calcium regulated proteins in PSII and PSI complexes. In PSII, 
PsbO has been shown to bind calcium (Murray and Barber, 2006) and the 
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phosphorylation of the PsbQ2 protein has been suggested to depend on calcium (Stael, 
et al., 2011). In addition, the FtsH2 and FtsH5 proteases, crucial for the PSII repair 
cycle (Kato, et al., 2009), are targets of calcium dependent phosphorylation (Stael, et 
al., 2011). However, the biological significance for FtsH2 and FtsH5 phosphorylation 
is not yet known. In PSI, targets for the calcium regulated phosphorylation are PsaN 
and PsaH (Stael, et al., 2011). PsaN locates on the lumenal side of thylakoid membrane 
and is proposed to participate in the binding of plastocyanin (Haldrup, et al., 1999; 
Haldrup, et al., 2000), whereas PsaH is needed for the docking of the phosphorylated 
LHCII to PSI during state transitions (Lunde, et al., 2000). 

1.9.3 Calcium sensing receptor (CaS) 
CaS is a 40 kDa thylakoid bound phosphoprotein found in unicellular algae and higher 
plants. It is mainly located in the stroma membrane, although it is also found in grana 
stacks (Vainonen, et al., 2008). The CaS domain structure contains a rhodanese-like 
domain, a 14-3-3 binding domain, and a forkhead-associated domain that is commonly 
linked to signal transduction, especially under stress conditions (Li, et al., 2000; 
Denison, et al., 2011; Bordo and Bork, 2002). The phosphorylation site, Thr380, is 
located in the middle of the 14-3-3 binding and the forkhead-associated domains on the 
stromal side of the thylakoid membrane. CaS is phosphorylated by STN8 kinase and its 
phosphorylation is light and calcium dependent. However, it is not yet known if the 
same threonine residue is a target for both light induced and calcium induced 
phosphorylation (Vainonen, et al., 2008). The lumenal exposed region of CaS binds 
calcium with low affinity, but with high capacity (Han, et al., 2003). The CaS protein is 
needed for transduction of extracellular calcium signal to cytosolic calcium oscillation 
(Nomura, et al., 2008; Tang, et al., 2007) and a lack of CaS leads to a lower magnitude 
of calcium oscillation in the chloroplast compared to the WT (Nomura, et al., 2012).  

CaS has been shown to participate in stomatal closure during drought stress and thus 
affects the transpiration rate in plants (Wang, et al., 2014; Sun, et al., 2010). In 
Arabidopsis, elevating external calcium induces stomatal closure (Allen, et al., 1999). 
In Arabidopsis mutants lacking CaS (cas), stomatal guard cells are not responsive to 
elevated concentrations of external calcium and stomata remain open (Nomura, et al., 
2008). CaS acts in a signaling cascade where an increase in calcium concentration 
triggers H2O2 production in chloroplasts, which further triggers nitric oxide (NO) 
production in the cell, leading to stomatal closure (Wang, et al., 2011). The CaS-
dependent signaling pathway is also responsible for stomatal closure induced by flg22, 
a conserved peptide of bacterial flagellum (Nomura, et al., 2012). Further, flg22-
induced chloroplast to nucleus retrograde signaling does not show a similar response in 
cas compared to the WT. Gene expression related to salicylic acid (SA) biosynthesis in 
WT plants is increased as a response to flg22, whilst cas plants lack the activation of 
SA related gene expression, and show reduced production of SA during pathogen 
attack compared to the high SA burst in the WT. This indicates an important role for 
CaS in the induction of plant defense responses against flagellated bacteria (Nomura, et 
al., 2012).  

De-etiolation of leaves is promoted by high concentrations of calcium. CaS has been 
shown to act in this signaling cascade, as CaS antisense plants showed delayed de-
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etiolation in both low and high calcium concentration when compared to WT plants. 
Further, the expression level of CaS was higher in etiolated seedlings grown in high 
calcium concentration compared to the medium and low calcium concentration grown 
seedlings (Huang, et al., 2011). As CaS triggers calcium mediated NO production in 
cells and NO is known to be a signal molecule for triggering de-etiolation (Beligni and 
Lamattina, 2000), it is possible that the role of CaS in the de-etiolation process is via 
NO signaling.  

In the green alga Chlamydomonas reinhardtii, CaS plays a critical role in adaptation 
under high light conditions. The C.reinhardtii mutant line with reduced CaS expression 
(RNAi-cas) is unable to properly induce the expression of LHCSR3, a protein crucial 
for induction of NPQ, similar to PsbS in higher plants (Petroutsos, et al., 2011). 
Further, in RNAi-cas CET is downregulated under anaerobic conditions. CaS interacts 
with the anaerobic response 1 (ANR1), protein important under anaerobic conditions, 
which could explain the importance of CaS under this condition (Terashima, et al., 
2012). Both the high light induced and the anaerobiosis induced phenotypes of RNAi-
cas have been rescued by providing a high external calcium concentration. This 
indicates that calcium and CaS are directly involved in the adaptation and survival of 
C.reinhardtii under high light stress and under anaerobic stress conditions (Petroutsos, 
et al., 2011; Terashima, et al., 2012).  

Taken together, calcium plays an important role in signaling cascades in cells. 
Currently, little is known about the regulatory role of calcium in chloroplasts. The 
importance of calcium in the activation of the CBB cycle and ATPase has been 
demonstrated and a number of chloroplast calcium binding proteins have been 
identified. Among the signaling components, CaS has been found to be vital in 
signaling cascades that integrate cytosolic calcium signals to chloroplastic functions. 
For this reason, the cas mutant provides a powerful tool to study the effects of calcium 
fluxes in the chloroplast.    
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2 AIMS OF THE STUDY 

 

Studies on the structural and functional aspects of photosynthetic membrane protein 
complexes have provided a wealth of information concerning photosynthetic electron 
transport in higher plant chloroplasts. However, precise details concerning the 
physiological significance of protein isoforms and their impact on the dynamic 
regulation of photosynthetic processes still remain elusive. The aim of my thesis was to 
specify the molecular mechanisms and their interactions in the regulation of 
photosynthetic light reactions under environmental fluctuations. To this end, I 
examined the auxiliary functions of Arabidopsis thaliana PsbO isoforms in PSII, the 
regulatory function of PGR5 in photosynthetic electron transfer and the involvement of 
CaS on photosynthetic performance. A genetic approach was employed, whereby 
Arabidopsis mutants deficient in specific photosynthetic protein components were 
subjected to adverse environmental conditions and assessed for functional deficiencies 
in the photosynthetic machinery.  

 

More specifically, my thesis examined: 

 

1. The auxiliary roles of PsbO1 and PsbO2 isoforms of the oxygen evolving 
complex in the electron transfer and repair of PSII. 

 

2. The role and interactions of PGR5 in the control of linear and cyclic electron 
transfer. 

 

3. The linkage of calcium signaling and CaS in photosynthetic regulation. 
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3 METHODOLOGICAL ASPECTS 

 

3.1 Plant material and growth conditions 

Arabidopsis (Arabidopsis thaliana) ecotype Columbia, tobacco (Nicotiana tabacum) 
and spinach (Spinacia oleracea) were used as experimental material. The following 
Arabidopsis mutant lines were used: cas (SALK_070416 and GABI_ 665G12), pgr5 
(AT2G05620), pgrl1a (SAIL_443_E10), psbo1 (SALK_093396), psbo2 
(SALK_024720 and SALK_024386), ndh-O (SALK_068922.46.65.x) and stn8 
(SALK_060869). Unless otherwise stated, the plants were grown under 150 µmol 
photons m-2s-1, 23 Co, 50% air humidity or as described in respective papers. 

Field experiments (Paper III) were done at the experimental garden of Umeå 
University in Northern Sweden. Field experiments were performed essentially as 
described in (Kulheim, et al., 2002; Frenkel, et al., 2008). The pgr5 and wild-type 
plants were first pre-grown for two weeks in a growth chamber under a low light 
intensity of 50 µmol photons m−2 s−1 and then transferred outside to the fields. The 
experiment was set between the 22nd of July and the 4th of August, and between 8 – 
25th of August 2011. 

 

3.2 Isolation and separation of proteins and protein complexes 

Intact chloroplasts for Differential In Gel Electrophoresis (DIGE) quantitation analysis 
were isolated using Percoll gradient as described in paper IV. Proteomes of the 
chloroplasts were first separated with isoelectric focusing (IEF) (Paper IV). For other 
experiments thylakoid membranes were isolated as in Järvi, et al., 2011. Protease 
inhibitor cocktail (Complete, Roche, Germany) was added to all buffers to avoid 
degradation of proteins during the isolation process. Chlorophyll concentrations were 
determined according to Porra, et al., 1989 and protein concentration was determined 
as described in Lowry, et al., 1951. For the separation of thylakoid protein complexes, 
intact thylakoid membranes or mechanically fractionated thylakoid membranes 
(Danielsson, et al., 2004) were used. The protein complexes were solubilized with n-
dodecyl β-D-maltoside. Blue Native polyacrylamide gel electrophoresis (BN-PAGE) 
and SDS-PAGE were carried out as described in Järvi, et al., 2011. 

 

3.3 Detection and identification of proteins 

The chloroplast proteome was detected by labeling proteins from the wild type (WT) 
and cas mutant plants with different CyDyes. Mixed protein samples were separated 
and visualized with Geliance 1000 imaging system (Perkin Elmer). For visualization of 
all of the proteins in a gel, silver staining (Blum, et al., 1987) was used. For the 
identification of single proteins from stained gels, LC-MS/MS-analysis was performed 
as described in paper IV. For quantitative analysis of single proteins, immunoblotting 
with specific antibodies was used. 
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3.4 Chlorophyll fluorescence and absorption measurements 

The redox state of P700 was measured with a PAM 101/103 chlorophyll fluorometer 
(Walz) connected to ED-P700DW emitter-detector unit. Leaves were illuminated either 
with far-red light (60 µmol photons m-2 s-1, 720 nm) (Paper IV), or white light (Paper 
III) and the absorbance was recorded at 820 nm and 860 nm. Fluorescence 
measurements were performed using PAM 101/103-, Dual PAM or Plant efficiency 
analyzer -fluorometers (Walz). The flash-induced increase and relaxation of 
chlorophyll fluorescence were recorded with FL3300 dual-modulation fluorometer 
(Photon System Instruments, Brno, Czech Republic) as described in Allahverdiyeva, et 
al., 2004. The electrochromatic shift (ECS) of carotenoids was measured with a Joliot 
type spectrophotometer (JTS-10, Biologic science instruments) using an external white 
light source to follow the changes in pmf (as described in Paper IV). 

 

3.5 Bimolecular fluorescence complementation 

All constructs for BiFC analyses were introduced into pGPTVII backbone vectors. The 
complete protein encoding regions of all proteins analyzed were amplified by PCR or 
subcloned and either fused to the C-terminal fragment of YFP (SPYCE), or the N-
terminal fragment (SPYNE), under the control of the constitutive MAS-promoter. All 
BiFC analysis were performed in Nicotiana bentamiana and visualized with a Leica 
DMI6000 confocal microscope equipped with a Leica TCS SP5 II laser scanning 
device. Confocal microscopy was performed according to (Batistic, et al., 2008) and 
(Waadt and Kudla, 2008). 

 

3.6 Transcript profiling 

For microarray analysis, total RNA was extracted from both WT and cas leaves using 
Trizol reagent. RNA was spotted to Arabidopsis 24 k oligonucleotide arrays and 
scanned with an Agilent scanner, followed by quantification with a ScanArray Express 
Microarray Analysis system 2.0 (PerkinElmer Life Sciences, USA). The Bioconductor 
packages were used for data analysis. Northern blot analysis was performed as 
described in Paper I. 

 

3.7 Histochemical staining and visualization of H2O2, O2
-, 1O2 and GTP 

hydrolysis assay 

The accumulation of the H2O2 was studied by the 3,3’-diaminobenzidine (DAB) 
staining method (Thordal-Christensen, et al., 1997). Leaves and seedlings were 
allowed to uptake DAB for time periods of 2 hours to overnight, which was followed 
by different light treatments (Paper III). O2

- staining was performed in a similar 
manner, but using 0.1 % NBT instead of DAB. Leaves and seedlings were cleared with 
96 % ethanol and images were acquired with stereomicroscope/camera combination 
(Zeiss Lumar V12). For detecting 1O2, seedlings were treated with singlet oxygen 
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sensor green reagent (Molecular Probes) and visualized with confocal laser scanning 
microscopy (Zeiss LSM510 META). Argon diode lasers were used to excite the label 
at 488 nm and fluorescent detection was measured between 535- to 590-nm.   

For analysis of GTPase activity, PSII membranes were dark incubated in solution 
containing radioactive labeled GTP for 15 minutes. After incubation, radioactive GTP 
and GDP were separated by thin-layer chromatography and detected using a 
phosphorimager (FLA-5100) (Lundin, et al., 2007b).   
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4 OVERVIEW OF THE RESULTS 

 

4.1 Functional difference between two PsbO isoforms in Arabidopsis thaliana  

Arabidopsis has two PsbO isoforms, referred to as PsbO1 and PsbO2, in the OEC 
complex of PSII. Although the differences between amino acid sequences of these 
isoforms are small, a mutant lacking the main isoform, PsbO1, demonstrated a drastic 
phenotypic difference compared to the WT plant, or to the mutant lacking PsbO2 
(Lundin, et al., 2007a). The functional difference between the two PsbO isoforms was 
studied in Arabidopsis to explain the roles of the isoforms in the mutant phenotypes 
(Papers I and II).    

4.1.1 Comparison of electron transfer properties of PsbO1 and PsbO2 
Electron transfer properties of PSII were measured using flash fluorescence method on 
WT, psbo1 and psbo2 thylakoids. Flash fluorescence relaxation kinetics comprise three 
phases: (1) the fast phase, originating from electron transfer from QA

- to QB in the state 
of an occupied QB pocket; (2) the middle phase, arising from the electron transfer from 
QA

- to QB in the state of an empty QB pocket; and (3) the slow phase, originating from 
S2QB

- recombination. Comparison between the WT (fast phase 0.51 ms, middle phase 
17.8 ms) and psbo2 (fast phase 0.49 ms, middle phase 24.7 ms) did not show any 
significant difference. However, psbo1 demonstrated a slower time constant in both the 
fast (0.78 ms) and the middle phase (59.5 s) relaxation kinetics (Paper II). This 
indicates disrupted electron transfer from QA

- to QB and possibly, a more reduced state 
of the PQ-pool. Measurement of the intersystem electron chain evidenced a larger 
electron pool in psbo1 compared to the WT, supporting the possibility of a larger 
and/or more reduced PQ-pool. 

To rule out the effect of electron transfer from QA
- to QB and further to the PQ-pool, 

differences in the donor side of PSII were studied by using the photosynthesis inhibitor 
DCMU ((3-(3,4-dichlorophenyl)-1,1-dimethylurea). DCMU binds to the plastoquinone 
binding site of PSII, preventing electron transfer from QA

- to QB. Thus, in the presence 
of DCMU, FF-relaxation kinetics are mainly due to the recombination of QA

- with the 
donor side components. This methodological approach was employed to measure FF-
relaxation kinetics from the WT, psbo1 and psbo2 thylakoids. Again, no significant 
difference was observed between the WT and psbo2. In this case, psbo1 demonstrated 
a slower time constant of fast phase kinetics (27.9 ms) compared to the WT (0.32 ms). 
Additionally, psbo1 showed a fast exponential component that was not detectable in 
the WT or psbo2 (Paper II). 

To further study the role of PsbO1 and PsbO2 in photosynthesis, other properties of 
PSII were examined. NPQ is an important mechanism that protects photosynthesis 
against high light excitation. Dark adapted leaves from WT, psbo1 and psbo2 were 
exposed to actinic light (800 µmol photons m-2s-1) for 15 minutes and NPQ was 
calculated from the recorded fluorescence parameters. Compared to the WT leaves, 
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psbo1 showed a faster induction, but a lower steady-state level of NPQ. No differences 
were observed between the WT and psbo2 (Paper II). 

To examine cyclic electron flow around PSI, re-reduction kinetics of P700+ were 
measured in darkness, after far-red induction. P700+ re-reduction was significantly 
faster in psbo1 compared to the WT and psbo2. In addition, western blot analysis of 
psbo1 plants revealed a higher amount of the NdhH protein, which is a subunit of the 
NDH complex responsible for cyclic electron flow. This was particularly evident in 
plants that were GL grown, but was also observed in HL adapted plants. Interestingly, 
the amount of PTOX (plastid terminal oxidase), a protein capable of oxidizing the PQ-
pool and functioning as a safety valve in photosynthesis, was higher in psbo1 
compared to the WT in GL conditions. However, in HL adapted plants, the amount of 
PTOX decreased in psbo1 (Paper II).  

Taken together, these results indicate that electron transfer inside PSII was 
significantly altered in psbo1, leading to the requirement of increased activity of 
alternative electron routes to compensate for the problems in PSII function.   

4.1.2 PsbO proteins in stabilization of the PSII complex 
PsbO proteins have previously been shown to have auxiliary functions besides the 
stabilization of the calcium-manganese-cluster. One such function is the stabilization 
of the PSII dimeric structure and assistance in removal of the D1 protein during the 
PSII repair cycle (Lundin, et al., 2007a; Lundin, et al., 2007b). Paper I demonstrated 
the importance of PsbO isoforms in the maintenance of normal PSII structure both in 
growth light and high light conditions. Using BN-PAGE, different photosynthetic 
complexes from DM solubilized thylakoid membranes were separated and 
immunoblotted with D1 and CP43 antibodies to visualize PSII complexes. GL and HL 
adapted leaves from WT, psbo1 and psbo2 plants were used to compare differences in 
the function of the two PsbO isoforms in Arabidopsis. In growth light conditions, 
psbo1 showed reduced amount of PSII supercomplexes and dimers compared to WT 
and psbo2. The amount of monomers lacking CP43 was much greater in psbo1, 
indicating a fast ongoing PSII repair cycle. Under HL conditions, the reduction of the 
amount of supercomplexes and dimers was even more drastic in psbo1 compared to the 
WT. Also, psbo2 showed a higher monomer/dimer –ratio and a higher proportion of 
monomers lacking CP43 than the WT (Paper I). 

The role of PsbO1 and PsbO2 in PSII photochemical efficiency was investigated in GL 
and HL treated plants. The WT, psbo1 and psbo2 mutant plants were exposed to 3 
hours high light treatment before the Fv/Fm value was measured. psbo1 showed a 
lower overall photochemical efficiency compared to the WT and psbo2 in both GL and 
HL conditions. However, the relative decrease in Fv/Fm upon HL treatment, as 
compared to GL, was similar in the WT and both mutants. After HL treatment, plants 
were transferred back to normal GL conditions and photochemical efficiency was 
recorded, which showed no significant differences between the WT and mutants. A 
similar tolerance of psbo mutants against HL was found with HL acclimated plants. 
Three week old plants were transferred to HL for a further three weeks and Fv/Fm 
values were recorded from the WT (0.72), psbo1 (0.70) and psbo2 (0.68). The values 
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obtained were surprising, because in GL conditions psbo1 demonstrated a dramatically 
lower Fv/Fm value (0.47) compared to the WT (0.82) and psbo2 (0.81). To test the 
hypothesis of a faster ongoing repair cycle in psbo1, leaves were treated with 
lincomycin, which inhibits protein translation in the chloroplast and consequently halts 
the PSII repair cycle. After two hours of HL, Fv/Fm values were measured from the 
WT and both psbo mutants. An 80 % loss in activity of PSII centers was shown in 
psbo1 compared to a 44 % and 48 % loss in WT and psbo2 respectively, demonstrating 
an enhanced repair cycle in psbo1 and the importance of the PsbO1 protein in 
stabilizing PSII (Paper II).  

4.1.3 Differential GTPase activity of PsbO proteins 
Earlier studies have shown the importance of PsbOs to the PSII repair cycle and 
particularly to GTP-dependent D1 degradation (Suorsa and Aro, 2007; Lundin, et al., 
2007a; Spetea, et al., 1999).  It has also been shown that PsbO could bind GTP, leading 
to a conformational change of PsbO. It has been proposed that this conformational 
change could be important for the removal of damaged D1 protein from the PSII 
complex (Lundin, et al., 2007b).  

To compare the GTPase activity of the two PsbO isoforms, isolated Arabidopsis PSII 
containing membranes were incubated with [α-32P]GTP followed by nucleotide 
separation with thin-layer chromatography. GTPase activity was calculated against 
both chlorophyll content and the amount of PsbO protein. Using the WT, psbo1 and 
psbo2 plants, it was shown that the PsbO2 isoform has a higher GTPase activity rate 
than the PsbO1 isoform (Paper I). GTPase activity in the WT was somewhat higher 
than in the psbo2 mutant (containing the PsbO1 isoform only) and much lower in 
activity compared to the psbo1 mutant (PsbO2 isoform only). This result fit well with 
observations from the thylakoid preparation of the WT, which contained only a small 
proportion of PsbO2 compared to PsbO1 isoform.  

To study the effect of auxiliary and other OEC proteins on PsbO GTPase activity, a 
NaCl wash was used to remove these proteins from the membrane. This had a huge 
effect on the GTPase activity of psbo1, which dropped to the level of the WT and 
psbo2. NaCl treatment did not have any effect of PsbO1 GTPase activity (Paper I). To 
conclude, PsbO2 showed higher GTPase activity compared to PsbO1 and the GTPase 
activity of PsbO2 is dependent on auxiliary proteins.   

4.1.4 Expression levels of PsbO proteins during development and in different 
stress conditions 

To determine whether either of the PsbO isoforms plays a specific role in tolerance 
against stress conditions, WT, psbo1 and psbo2 plants were placed under various 
abiotic stress conditions and the amount of both isoforms was monitored on transcript 
and on protein levels. Further, the amounts of both PsbO isoforms were measured 
during leaf greening and during various developmental stages to understand the 
possible specificity of the individual isoforms in Arabidopsis development.  

The expression levels of PsbO1 and PsbO2 were measured from dark grown seedlings, 
which were then exposed to illumination with 50 photons m-2 s-1. When the seedlings 
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were first exposed to light for 6 hours, expression levels of both genes lowered, but 
increased again after 8 hours under the same light condition. After 12 hours of light 
exposure, the expression levels of PsbO genes lowered again and remained stable for 
up to 20 hours. On the protein level, the amount of both isoforms followed transcript 
abundance. The amount of PsbO protein remained mostly stable during the greening 
process, except after 8-10 hours after exposure to light, when a clear increase in the 
amount of protein was observed. The amount of PsbO was also stable during leaf 
development, except in senescent leaves where PsbO abundance was dramatically 
lowered. No differences were found between the relative expression patterns of PsbO 
isoforms in WT plants (Paper I).  

To study whether either of the PsbO isoform has a specific function under particular 
stress conditions, the expression levels of PsbO were measured after two hours of high 
light, desiccation, wounding, oxidative stress, salt stress, heat shock and cold 
treatment. PsbO1 and PsbO2 transcript levels were lowered under stress conditions, 
except under extreme temperatures, when compared to non-treated control samples. On 
the protein level, the amount of PsbO stayed mostly stable during stress treatments. 
Further, the ratios between PsbO isoforms remained static. A drastic reduce was seen 
in the amount of PsbO2 in the psbo1 mutant during oxidative stress, salt stress and heat 
stress. Such a change in the amount of PsbO1 in psbo2 was not found (Paper I).  

Overall, the ratio between PsbO1 and PsbO2 remained fairly stable during leaf 
development and also during short term stress. This indicates that the PsbO isoforms 
do not have specific roles during leaf development.  

 

4.2 Role of thylakoid protein PGR5 in electron flow in chloroplasts 

Photosynthetic complexes must tightly control the electron flow in thylakoids to avoid 
the transfer of excess electrons to molecular oxygen and the subsequent production of 
ROS. Under sudden changes in light intensity, NPQ is the main mechanism 
responsible for the dissipation of excess excitation energy. NPQ is controlled by the pH 
gradient between stroma and the lumen. An Arabidopsis mutant lacking the PGR5 
protein (pgr5) is documented to fail in generating a ∆pH over the thylakoid membrane 
(Munekage, et al., 2002). As a consequence, pgr5 fails in the formation of NPQ during 
fast increases in light intensity. PGR5 has been proposed to participate in PGR5-
mediated CET and consequently, to control the transfer of protons to the lumen. This 
proposal, however, has two problems: (i) enhancing CET leads to lumenal protonation 
that slows down electron transfer via Cyt b6f, resulting in these two redox reactions to 
pushing down each other (Tikkanen, et al., 2012); and (ii) the total lack of ∆pH in pgr5 
under a rapid change to high light indicates that PGR5-mediated CET would be 
responsible for total protonation of lumen in high light. However, this is not likely the 
case in C3 plants (Laisk, et al., 2005; Laisk, et al., 2007). Biophysical and biochemical 
methods were employed to identify the mechanism behind PGR5 regulated protonation 
of the lumen, and the overall physiological significance of PGR5 in natural conditions 
(Paper III).   
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4.2.1 PGR5 is essential for acclimation to changing light conditions 
To investigate the role of PGR5 in dynamic light acclimation, WT and pgr5 mutant 
plants were grown in growth chambers under constant light (CL) and under fluctuating 
light (FL) (mimicking natural light conditions). As shown in paper III, under CL, the 
pgr5 mutant did not show any clear growth phenotype compared to the WT plants. In 
FL conditions, pgr5 seedlings developed normally until the cotyledon stage when a 
strong growth defect appeared. Cell size was smaller in pgr5 after 9 days growth under 
FL, whereas no differences were found in plants grown under CL conditions. Under 
FL, pgr5 remained at the two- or four-leaf state and finally started to wilt, while the 
WT continued normal growth. Growth was also tested by sowing the seeds on 
Murashige and Skoog plates supplemented with 0, 1 or 2% sucrose. The pgr5 
phenotype was rescued only in 2 % sucrose, however, if the pgr5 seedlings were first 
grown for two weeks under CL and then transferred to FL, even 2 % sucrose failed to 
rescue the pgr5 phenotype. 

In nature, plants must face constantly changing light conditions. Therefore, the fitness 
of pgr5 was tested by conducting field experiments in Northern Sweden. These 
experiments were undertaken to confirm the results that arose from using FL 
simulating chambers. Indeed, the pgr5 mutant had a mortality rate two to three times 
higher than the WT plants grown in field conditions (Paper III). Even though the plants 
had to cope with several different environmental stresses when grown in the outdoor 
field, the agreement of the artificial FL conditions with those obtained in the field 
suggest that the inability of pgr5 to adapt to FL conditions was the likely reason for the 
low survival rate. 

4.2.2 In pgr5, linear electron transfer is disturbed and PSI is damaged under 
fluctuating light condition 

In order to identify the physiological cause of the pgr5 phenotype in fluctuating light 
conditions, nine days old seedlings were collected from both CL and FL conditions. 
From these seedlings, chloroplast protein content was compared between the WT and 
pgr5 mutant by Western blotting. In CL and in FL conditions, no differences were 
found in the levels of D1 protein, representing PSII, and Cyt f protein, representing Cyt 
b6f. Instead, the amount of PSI core protein PsaB was found to decrease by nearly 50 
% compared to the WT in CL. Under FL, the amount of PsaB was only 36 % of that of 
the WT. In the WT, the amount of the PsaB increased 149 % in an acclimation strategy 
to FL conditions. The amount of ATPβ protein, representing thylakoid ATP synthase, 
was elevated in pgr5 (142 %) but only under FL. To confirm these results, protein 
complexes were separated using large pore Blue Native –PAGE (Järvi, et al., 2011). 
Thylakoid membranes were solubilized with digitonin to avoid overlapping of PSII and 
PSI. In pgr5, the amount of PSI and the state transition complex, composed of PSI, 
LHCI and LHCII (Pesaresi, et al., 2009), were clearly reduced compared to the WT 
(Paper III). 

Proteins involved in alternative electron transport and state transitions were also 
studied. For these experiments, four proteins were included: PGRL1, representing 
PGR5-mediated CET; NDHL, representing NDH-mediated CET; plastid terminal 
oxidase (PTOX); and STN7 kinase for state transition. No differences were found in 
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the amounts of NDHL or STN7. The amount of PGRL1 in pgr5 was slightly reduced 
(86 % of the wild type level) especially under FL. The level of PTOX was slightly 
higher in pgr5 in both light conditions (~110 % of the wild type level) (Paper III).  

Sensitivity of PSI and PSII to photoinhibition was studied by measuring the maximal 
oxidation of P700 (Pm) and maximal fluorescence (Fm) of the WT and pgr5. Leaves 
from GL conditions were kept in darkness for 20 minutes to relax NPQ and Pm and Fm 
were measured. Leaves were then illuminated with HL for 15 minutes, again followed 
by measurements of Pm and Fm. After HL treatment, pgr5 showed a drastic decrease 
in Pm value (35 % of the control value) compared to measurements from GL, 
indicating high photoinhibition of PSI. When linear electron flow was halted by 
DCMU, PSI functionality was rescued in pgr5 and no differences between the WT and 
pgr5 were found regarding PSI photodamage (Paper III). These results demonstrated 
that damage of PSI was caused by electrons which originated from PSII and that PGR5 
was essential for the control of LET. 

4.2.3 pgr5 does not accumulate reactive oxygen species    
To study the role of ROS in photodamage of PSI in FL, histochemical staining of ROS 
was used. Nitroblue tetrazolium (NBT) was used for recognition of superoxide (O2

-), 
3,3-diaminobenzidine (DAB) for hydrogen peroxide (H2O2) recognition and Singlet 
Oxygen Green Sensor for the recognition of singlet oxygen (1O2). No significant 
differences were found between WT and pgr5 seedlings grown under CL. 
Interestingly, 9 day old seedlings of pgr5 grown under FL accumulate less superoxide 
and hydrogen peroxide compared to the WT grown either under FL or CL, as well as 
pgr5 grown under CL. The reaction of Singlet Oxygen Green Sensor, however, did not 
differ between the WT and pgr5.  

Amounts of ROS scavengers were measured using immunoanalysis. The pgr5 mutant 
contained higher amounts of Cu/Zn superoxide dismutase (SOD) compared to the WT 
grown under both CL (170%) and FL (177%) conditions. The amount of thylakoid-
bound ascorbate peroxidase (tAPX) increased in pgr5 under CL (129%) and FL 
(152%). Similarly, the amount of cytosolic ascorbate peroxidase (cAPX) increased in 
pgr5 under CL (143%) and FL (143%) conditions. Despite higher ROS scavenging 
capacity and lower amounts of ROS in pgr5 compared to the WT, a stronger oxidation 
of proteins was observed, particularly under FL conditions, as demonstrated by the 
OxyBlot protein oxidation detection kit (Paper III). Collectively, these results indicated 
higher ROS scavenging capacity in pgr5. 

4.2.4 Role of PGR5 for redox balance and formation of proton motive force under 
high light conditions 

To study the role of PGR5 in the control of LET more closely, PSI redox state and 
NPQ were measured from WT and pgr5 by using FL conditions mimicking actinic 
light (Paper III). In addition to plants grown under CL, mildly fluctuating light (5 min 
50 µmol photons m-2s-1, 1 min 350 µmol photons m-2s-1) conditions were used to gain 
the sufficient size of the leaves required for measurements. PSI redox behavior differed 
strongly between WT and pgr5. In HL, P700 was strongly oxidized in WT leaves and 
reduced during the subsequent low light phase. In pgr5, P700 remained reduced, even 
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during the HL phase. P700 redox state behavior was not dependent on the light 
condition under which plants were grown. 

Lumenal pH regulates the electron transfer through Cyt b6f and is responsible for the 
induction of NPQ. In contrast to the WT, which induced high NPQ levels, pgr5 lacked 
the ability to form NPQ under the HL phase. For this reason, measurements were 
undertaken of the proton motive force (pmf) across the thylakoid membrane in both the 
WT and pgr5 under FL. Pmf was measured spectrophotometrically using the 
phenomena known as the electrochromic shift (ECS) of carotenoids. In the WT, pmf 
increased dramatically during the HL phase. In pgr5, HL caused a relaxation of pmf, 
whereas the shift back to the low light phase returned pmf kinetics to a level similar to 
the WT. Together, these results showed that PGR5 is essential for the control of 
electron transfer to PSI and for maintaining ∆pH over the thylakoid membrane under 
short term exposure to HL.  

 

4.3 Functional role of the thylakoid calcium sensing receptor (CaS) in 
chloroplasts 

Thylakoid phosphoprotein CaS has been shown to play an important role in cellular 
signaling regulating calcium levels (Petroutsos, et al., 2011; Nomura, et al., 2008; 
Vainonen, et al., 2008; Weinl, et al., 2008). In higher plants, CaS participates in 
translating calcium signals from outside of the chloroplast into a calcium burst in the 
chloroplast stroma. As a physiological function, CaS participates in the greening 
process of leaves (Huang, et al., 2011) and contributes to the regulation of stomatal 
movements in response to changes in hydrogen peroxide, nitric oxide or calcium 
concentrations (Han, et al., 2003; Nomura, et al., 2008; Weinl, et al., 2008; Wang, et 
al., 2011). It is likely that, through calcium signaling, CaS has a role in triggering an 
immune responses in plant-pathogen interactions (Nomura, et al., 2012). In the green 
algae Chlamydomonas reinhardtii, CaS has been reported to be vital in the 
photoprotection of PSII (Petroutsos, et al., 2011). Thus far, no specific role for CaS in 
the regulation of higher plant photosynthesis has been reported. Furthermore, there has 
yet to be any reports of specific proteins interacting with CaS in higher plants.    

4.3.1 Deletion of CaS has no effect on the light tolerance of photosystem II in 
Arabidopsis thaliana 

To examine the role of CaS in the photoprotection of PSII, a 24 hour HL experiment 
was undertaken for both the WT and cas mutant plant, which fully lacks the CaS 
protein. The functionality of PSII was monitored by measuring the photosynthetic 
efficiency of PSII (Fv/Fm) throughout the experiment. In addition to the efficiency 
measurements, the amount of PsbS, a protein responsible for induction of NPQ, was 
determined after 12 hours of HL. As shown in paper IV, even after 24 hours, no 
significant differences in photosynthetic efficiency were found between the WT and 
cas. Overall, amount of PsbS were 20 % lower in cas compared to the WT after HL 
treatment. The PSII complex composition was also analyzed from the dark and 12 h 
HL treated samples. HL treatment did not differentially affect the PSII complexes in 
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cas compared to the WT. However, in samples taken from the darkness, cas contained 
slightly more PSII monomers and less PSII dimers compared to the WT.  

To rule out the possibility that cas could compensate its sensitive PSII by increasing 
the repair cycle of PSII, a similar HL experiment was performed using lincomycin, an 
inhibitor of protein synthesis in the chloroplast. This experiment was performed with 
only a 3 hour time period and with lower light intensity compared to the experiment 
performed without lincomycin. No difference in photosynthetic efficiency was found 
between the WT and cas, demonstrating that neither the light tolerance of PSII, nor the 
PSII repair cycle in cas differs from the WT. 

To test if CaS has a role in photoprotection of PSI, cas mutant plants were grown under 
FL conditions, which are known to lead to PSI photoinhibition in pgr5 (Paper III). 
pgr5 and pgrl1 were grown at the same time to serve as control plants. No difference 
was found in viability between the WT and cas in conditions that led to the death of 
both pgr5 and pgrl1 (Paper IV).   

4.3.2 Deletion of CaS has a highly specific effect on transcript and protein profile 
To gain insights into the physiological role of CaS, microarray and 2D differential 
fluorescence gel electrophoresis (2D-DIGE) were performed from cas and WT plants 
(Paper IV). When transcript levels between the WT and cas leaves grown under normal 
growth conditions were compared, seven genes relating to photosynthesis showed 
higher transcript abundance in cas. Those genes encoded proteins PsbO2, Lhcb1, 
Lhcb4, Lhca2, PsaD2, PsaH-1 and PGRL1. Interestingly, PGRL1 has been implicated 
to function in PGR5-dependent cyclic electron flow (DalCorso, et al., 2008) and to be 
phosphorylated by STN8 (Reiland, et al., 2011), which is the same kinase that 
phosphorylates CaS (Vainonen, et al., 2008). A second group of gene transcripts higher 
in abundance in cas included those encoding enzymes and regulatory proteins of the 
CBB cycle. Especially noticeable, were the transcripts encoding components of the 
chloroplast glyceraldehyde 3-phosphate dehydrogenase (GAPDH) complex (GAPA, 
GAPC2 and CP12-2), which were highly abundant in cas compared to the WT. 

Contrasting these increased transcript levels, the GAPDH complex proteins were of 
lower abundance in cas. The CBB cycle related enzymes rubisco, rubisco activase, 
phosphoglycerate kinase and transketolase, were also low in abundance in cas. On the 
protein level, elevated levels of ATP synthase gamma chain, plastid transcriptionally 
active 16 (PTAC16) and NDH-dependent cyclic electron flow 1 (NDF1) were 
observed in cas compared to the WT (Paper IV).  

4.3.3 CaS interacts with PGR proteins and with itself and modulates electron flow 
around PSI 

An interaction of CaS with PGRL was recently shown for C. reinhardtii (Terashima, et 
al., 2012). This, together with results from our microarray experiment (Paper IV) led us 
to test the possible physical interaction between CaS and PGR-proteins by using the 
bimolecular fluorescence complementation (BiFC) technique. To this end, PGR5, 
PGRL1A and PGRL1B proteins were fused to the C-terminal fragment of yellow 
fluorescent protein (YFP) and CaS to the N-terminal fragment. In all cases, YFP-
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fluorescence was detected with confocal microscopy showing the interaction of CaS 
with all tested PGR-proteins. Moreover, homodimers of CaS were observed when CaS 
was fused to both N- and C-terminal fragments of YFP. 

In addition to the BiFC-experiment, the amount of both PGR proteins and CaS were 
compared in plants grown under different light conditions. Tight correlation between 
the amounts of CaS and PGRL1 were found. Moreover, a lack of CaS protein caused 
slight increases in PGRL1 and PGR5, while the amount of CaS was reduced in the 
pgr5 mutant (Paper IV). These results suggest the possible existence of a 
CaS/PGRL1/PGR5 –complex. 

Since PGR5 and PGRL1A/B have been suggested to play regulative roles in CET 
(DalCorso, et al., 2008), I tested the possible role of CaS in the regulation of electron 
transfer. cas showed a slightly higher level in fluorescence F0 rise, which originates 
from NDH-mediated CET (Shikanai, et al., 1998), compared to the WT. In the same 
measurements, pgr5 revealed a lower level of fluorescence rise (Paper IV).  

The kinetics of P700 oxidation was subsequently measured from leaves adapted to 
darkness or light. Dark adapted leaves were also treated with methyl viologen, an 
artificial electron acceptor of PSI. In dark-adapted leaves, cas showed slower P700 
oxidation compared to the WT and pgr5, which actually demonstrated the opposite 
behavior to the cas mutant. Light adapted or methyl viologen treated leaves did not 
show any differences between cas, pgr5 and WT plants (Paper IV). This indicates that 
there is a scarcity of electron acceptors after PSI in cas. 

4.3.4 CaS associates with ATP synthase in a phosphorylation dependent manner  
To find other candidate interaction partners for CaS in plant thylakoids, another 
approach was used. Using Blue-Native gel electrophoresis, thylakoid protein 
complexes were separated, which was followed by the solubilization and separation of 
individual proteins in each complex by SDS-PAGE. The location of CaS and all main 
thylakoid complexes were revealed by immunoblotting using a CaS specific antibody 
or antibodies against other representative proteins of thylakoid protein complexes. CaS 
was found to co-migrate with ATP synthase in Arabidopsis thylakoids. However, 
because some complexes were overlapping with each other in BN-PAGE, the 
experiments were repeated with spinach thylakoids, mechanically fractionated to 
stroma lamella and whole grana (including grana margins). In spinach thylakoids, CaS 
co-migrated with three different ATPase complexes in grana and with one ATPase 
complex in the stroma lamellae.  

Since the phosphorylation site of CaS locates in the middle of a possible interaction 
domain, it was tested if CaS co-migrates with ATPase in its phosphorylated or non-
phosphorylated state. To this end, Arabidopsis thylakoids were extracted and separated 
with 2D-BN-SDS-PAGE and immunoprobed with the P-Thr antibody followed by 
immunoprobing with the CaS antibody. No phosphorylated CaS was found to co-
migrate with ATPase. To clarify that both non-phosphorylated and phosphorylated 
forms of CaS were present in the sample, 1D-SDS-PAGE was performed from the 
same thylakoid sample. Thylakoids were found to contain both non-phosphorylated 
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and phosphorylated forms of CaS (Paper IV). This shows that the interaction of CaS 
with ATPase is regulated by the phosphorylation state of CaS. 
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5 DISCUSSION 

 

Tight regulation of the photosynthetic machinery allows optimization of light-driven 
electron transport and efficient basic production of biomass, while minimizing the 
harm caused by light induced photodamage. Discoveries on alternative electron 
transfer routes and the multitude of photoprotective mechanisms have significantly 
increased the understanding of how photosynthesis is protected in different 
environmental conditions. Regulation and co-operation of different processes in 
photosynthesis is especially important under fluctuating light conditions. In this thesis, 
an insight to the function of protective mechanisms operating under fluctuating light is 
presented. Also, the role of calcium in the regulation and synchronization of these 
mechanisms is discussed. 

 

5.1 Differential roles and characteristics of PsbO1 and PsbO2 in Arabidopsis 
thaliana 

Several components of the photosynthetic light reactions occurring in plant 
chloroplasts are found as different isoforms, which may have specific functions under 
different environmental cues. In Arabidopsis, PsbO is present in two isoforms that 
show high similarity of amino acid sequences. Even so, mutants lacking one of either 
isoforms show clear differences in their phenotypes (Lundin, et al., 2007a). Not much 
is known about the unique roles and functions of these isoforms. PsbO1 dominates in 
WT thylakoids and constitutes as much as 90 % of the total amount of PsbO. In the 
psbo1 mutant, the amount of PsbO2 increases to the level of total PsbO in WT plants 
(Murakami, et al., 2005). Similarly, the abundance of PsbO1 increases in psbo2 plants 
(Lundin, et al., 2007a). This makes the psbo1 and psbo2 mutants effective tools to 
study the functional differences between the two PsbO isoforms. In this work, I 
provide new information concerning the effects of PsbO isoforms in the electron 
transfer properties of PSII and reveal a new auxiliary role for PsbO2.  

5.1.1 PsbO1 stabilizes PSII under high light conditions 
Under normal growth conditions, I observed that the psbo1 mutant plant malfunctioned 
on the donor and acceptor side of PSII, whereas the psbo2 mutant displayed no 
differences compared to the WT (Paper II). These results are in line with previous 
reports showing that PsbO2 cannot functionally substitute for a lack of PsbO1 
(Murakami, et al., 2002; Murakami, et al., 2005). Further, in agreement with previous 
observations (Liu, et al., 2007), I found that plants containing only PsbO2 display a 
longer S2-state of OEC compared to WT plants (Paper II). In theory, longer S2-state 
could lead to a higher probability of singlet oxygen formation, and thus a higher rate of 
photodamage in PSII. This theory is supported by my observation that psbo1 contained 
more PSII monomers and less PSII supercomplexes, indicating a higher rate of PSII 
photodamage when compared to the WT plant under GL conditions (Paper I). It has 
previously been assumed that the differential electron transfer properties of the PsbO 
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isoforms stem from the inability of PsbO2 to stabilize calcium and magnesium ions in 
the OEC (Bricker and Frankel, 2008). This view is supported by the demonstrated 
rescue of oxygen evolution in psbo1 by increasing the calcium concentration (Bricker 
and Frankel, 2008). The results provided in my study, however, do not support this 
idea, because the incubation of psbo1 thylakoids in buffer containing a high calcium 
concentration does not reactivate flash-induced oxygen evolution. Moreover, the EPR 
signals measured from psbo1, psbo2 and WT indicate the integrity of the OEC (Paper 
II). Thus, the exact explanation for the poor performance of PsbO2 in evolving oxygen 
remains an open question.  

5.1.2 Light susceptibility of psbo1 is compensated by fast PSII repair cycle and 
alternative electron sinks. 

In the psbo1 mutant, I observed PSII hypersensitivity to light induced damage (Paper I 
and II). To compensate for this, excess light energy must be dissipated by modulating 
alternative electron transfer routes. In the chloroplast, PTOX acts as a safety valve for 
the electron transfer chain by oxidizing the over-reduced plastoquinone pool 
(McDonald, et al., 2011). PTOX can work together with the NDH-like complex in a 
process called chlororespiration, where the NDH-like complex reduces the quinone 
pool and PTOX subsequently oxidizes it (Rumeau, et al., 2007). A strong upregulation 
of the amount of PTOX and NDH-like complexes, indicative of a high rate of 
chlororespiration, was found in psbo1 under GL conditions (Paper II). Additionally, the 
psbo1 mutant showed higher CET around PSI and a larger plastoquinone pool (e-

/P700) than WT plants. CET protects PSII against photodamage by promoting NPQ 
through lowering ∆pH across the thylakoid membrane (Yamamoto, et al., 2006). PSII 
complexes containing PsbO2 are more sensitive to photodamage, and increased 
amounts of PTOX and a higher rate of CET therefore seem logical adjustments in 
compensating for this sensitivity and protecting PSII in psbo1. These regulatory 
adjustments illustrate the high sensitivity of the sensory systems that allow the 
photosynthetic machinery to signal and respond to any imbalances in its function.  

Since psbo1 shows poor photosynthetic performance in GL conditions, it could be 
expected that an even greater disruption of photosynthetic capacity would be detected 
under HL conditions. It was therefore surprising that, under HL conditions, the relative 
loss of photosynthetic efficiency did not differ between psbo1 and either the WT, or 
psbo2 (Paper II). A relatively higher amount of PSII monomers and PSII monomer-
CP43 less complexes was found in psbo1 (Paper I), indicating the higher rate of the 
PSII repair cycle as compared to the wild type. This was corroborated by the 
observation that a major decline in photosynthetic efficiency could be observed in 
psbo1 leaves when chloroplast translation, and thus PSII repair, was inhibited by 
lincomycin. An accelerated PSII repair cycle in psbo1 thus explains the similar 
photosynthetic efficiencies observed for psbo1, WT and psbo2 under HL. Two 
alternative hypotheses can be drawn based on these results. Firstly, PsbO1 may be able 
to stabilize the structure of PSII better than PsbO2. Secondly, PsbO2 may be more 
effective in “opening” the PSII structure for triggering the PSII repair cycle. One 
possible explanation behind the effective PSII repair cycle in psbo1 could be the higher 
GTPase activity of PsbO2 compared to that of PsbO1, thus supporting the latter 
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hypothesis (Paper I). GTPase activity has earlier been shown to induce PSII 
monomerization and to be important for the PSII repair cycle (Lundin, et al., 2007b).  

5.1.3 Calcium, possible regulator of PSII repair cycle  
Several pieces of evidence suggest that the PSII repair cycle may be controlled through 
calcium-dependent mechanisms. Firstly, PsbO2 shows a high GTPase activity (Paper I) 
that is linked to the PSII repair cycle (Spetea, et al., 1999; Lundin, et al., 2007b) and 
PsbO is capable of binding calcium (Murray and Barber, 2006). Interestingly, calcium 
binding to GTPases, such as mammalian calexcitin, has been shown to increase their 
GTPase activity (Nelson, et al., 2003). Although the effect of calcium on the GTPase 
activity of PsbO has not been studied, it is plausible to speculate that calcium may 
trigger the GTPase activity of PsbO and subsequently induce the PSII repair cycle. 
Secondly, the FtsH2 and FtsH5 proteases responsible for degradation of the D1 protein 
were recently shown to be phosphorylated in a calcium dependent manner (Stael, et al., 
2011). Thirdly, CaS is a known calcium flux regulator in chloroplast and analysis by 
the publicly available Atted-II tool (http://atted.jp/) indicates that the CAS gene is co-
expressed with PsbO2 (Figure 2). Moreover, a lack of CaS causes specific upregulation 
of PsbO2 but not PsbO1 (Paper IV) and, specifically, PsbO2 has been shown to be 
needed for D1 dephosphorylation and the turnover of PSII (Lundin, et al., 2007a). 
Collectively, these pieces of evidence suggest that CaS and PsbO2 are functionally 
closely connected.  

In summary, PSII complexes containing only PsbO2 are more sensitive to light 
induced photodamage than PSII containing only PsbO1. However, a faster ongoing 
PSII repair cycle can, at least partially, compensate for this problem. PsbO2 also shows 
high GTPase activity, which is likely related to the PSII repair cycle and D1 
degradation. One important question remains to be answered, this is: why during 
evolution has it been beneficial for Arabidopsis, and several other plant species, to 
maintain and actively express the PsbO2 isoform, which is not as efficient in 
photosynthesis and stabilization of PSII compared to PsbO1. In WT plants, the ratio of 
PsbO1 to PsbO2 appears to be quite stable under different stress conditions (Paper I), 
indicating the importance of a strictly balanced ratio of these isoforms. 

5.1.4 What is the benefit of having two PsbO isoforms? 
The thylakoid lumen in grana stacks is a highly crowded environment filled with many 
OECs and other proteins (Kirchhoff, et al., 2011). A lack of PsbP protein in the OEC 
causes major changes in thylakoid arrangement (Yi, et al., 2009). It is also speculated 
that granal structure is at least partly built with the interacting forces of OECs (De Las 
Rivas, et al., 2007; Anderson, et al., 2008; Dekker and Boekema, 2005). If the two 
PsbO isoforms have different features in stabilizing thylakoid granal structure, it could 
have an effect on the PSII repair cycle via the different migration capabilities of PSII 
on the membrane. Indeed, both psbo1 and psbo2 mutants accumulate more PSII 
monomers in HL conditions than the WT. In the case of psbo1, this phenomena is 
particularly obvious because of the faster degradation of PSII complexes, but it doesn’t 
explain why PSII monomers accumulate in psbo2 (Paper I). PsbO2 could possibly 
affect the thylakoid ultrastructure during HL conditions by opening the granal 
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structure, thus aiding the migration of damaged PSII for repair. This theoretical 
possibility, however, remains to be confirmed experimentally. A second explanation 
could be that PsbO2 protects PSI against HL induced damage. A pool of more light 
sensitive PSII complexes could act as a safety buffer against sudden increases in light 
intensity, in order to avoid over-reduction of the LET and consequent damage to PSI 
(Paper III). When light intensity decreases again, this pool of PSII can be quickly 
repaired. Even though the ratios of PsbO isoforms remain stable after two hours 
exposure to cold (Paper I), the amount of PsbO1 protein decreased and PsbO2 
increased after long term cold treatment. Consequently, the ratio of PsbO1 to PsbO2 
decreases under prolonged exposure at low temperature (Goulas, et al., 2006). PSI has 
been shown to be vulnerable to photodamage especially under conditions where cold 
temperatures are combined with weak light intensities (Sonoike, et al., 1995). As 
shown in Paper III, PGR5 by itself cannot fully protect PSI under fluctuating light.  
This suggests that sensitive PSII complexes containing PsbO2 could support the 
PGR5-mediated protective mechanism of PSI.    

 

 

Figure 2: Atted-II analysis and visualization of genes co-expressed with CaS 
(Obayashi, et al., 2014). Genes with increased transcript abundance in cas compared to 
WT include PSBO2 and CURT1C (At1g52220) (Paper IV). Proteins downregulated on 
DIGE in cas compared to WT include GAPB and CSP41B (Paper IV).  
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5.2 Functional role of PGR5 under artificially and naturally fluctuating light 
conditions 

In nature, plants have to continuously adjust their photosynthetic machinery to cope 
with rapidly changing light intensities that are caused by clouds, wind and by the 
canopy of the leaves. In the laboratory, plants are usually grown in a stable and well 
controlled environment where important signaling and acclimation mechanisms are not 
found. In this study, PGR5 protein was found to be crucial for plants to survive under 
artificially fluctuating light, as well in natural conditions, and also to play a critical role 
in photosynthetic control (Paper III).   

PGR5 was first found to be involved in NPQ induction under HL conditions 
(Munekage, et al., 2002). PGR5 is commonly linked to ferredoxin-dependent CET and, 
via this mechanism, to increased ∆pH and subsequent induction of NPQ (Munekage, et 
al., 2002). PGR5 is also thought to protect PSI against photodamage by limiting over-
reduction of the acceptor side of the PSI (Munekage, et al., 2002). The importance of 
PGR5 became evident when pgr5 was crossed with the crr2-2 mutant impaired in 
NDH-mediated CET (Munekage, et al., 2004). This double mutant showed impaired 
photosynthesis and protracted growth. However, the results presented in paper III 
strongly suggest that PGR5 preferentially controls LET between PSII and PSI, rather 
than being a component of CET. 

5.2.1 PGR5 controls linear electron transfer to protect PSI against light induced 
damage 

PSI has been reported to be a relatively stable complex and photodamage of PSI has 
been shown to occur under special conditions, for example during cold stress of cold 
intolerant species (Sonoike, et al., 1995). While the PSII repair cycle is fast, repair of 
PSI is slow and, in practice, photodamage of PSI is irreversible. For this reason, plants 
have to protect PSI from damage. PSI photodamage requires electrons supplied by PSII 
(Sonoike, 2011). These electrons may ultimately reduce oxygen at the acceptor side of 
PSI, leading to the formation of ROS and to damage of adjacent photosynthetic 
components. For that reason, PSI photodamage can be avoided by treating isolated 
thylakoids with DCMU (Sonoike, 2011). Growth of plants under fluctuating light 
conditions revealed the vulnerability of PSI complexes in pgr5 and demonstrated that 
the phenotype of pgr5 under fluctuating light is caused by PSI photodamage (Paper 
III). This conclusion is further supported by absorbance measurements of P700, which 
showed a clear decrease in the Pm-value, indicative of PSI degradation in pgr5 leaves 
under HL conditions. Moreover, under fluctuating light, thylakoid proteins of pgr5 are 
more oxidized compared to the WT (Paper III), indicating elevated ROS production. 
Thus, the lower amount of ROS in pgr5 as detected by ROS staining methods (Paper 
III) could be explained by the increased amount of ROS scavenging enzymes in pgr5 
and the quenching of ROS upon oxidation of proteins.  

5.2.2 PGR5-mediated regulation of linear electron transfer occurs by controlling 
the proton motive force 

P700 can be oxidized experimentally in two different ways, either illuminating with 
far-red light that favors PSI, or by shifting plants to high light. White light excites both 
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photosystems equally (Tikkanen, et al., 2010) and can still oxidize PSI. This means 
that electron flow from PSII to PSI must be slowed down and controlled in WT plants. 
In pgr5, PSI stays reduced during the high light shift, providing evidence that PGR5 is 
needed for controlling LET. Further, the functionality of PSI under fluctuating light in 
pgr5 could be rescued to the level of the WT by limiting electron transfer between PSII 
and PSI with DCMU (Paper III). This indicates that damage of PSI in pgr5 is due to 
unlimited electron flow from PSII to PSI. The role of PGR5 in the control of LET is 
actually more logical than the assumed role in increasing CET under high light. This is 
because CET transfers electrons back to the PQ-pool with a consequent reduction of 
the electron transfer chain. In line with this finding, the ndho mutant lacking NDH-
mediated CET grows normally under fluctuating light (Paper III). Similarly, crr2-2, 
which is deficient in the NDH complex, showed no difference in phenotype when 
compared to the WT under fluctuating light (Kono, et al., 2014). This indicates that 
NDH-mediated CET does not play a major role as a buffering mechanism under 
fluctuating light conditions. In pgr5, no changes in the amount of NDH-like complex 
were found (Paper III), demonstrating that a lack of PGR5 is not compensated for by 
an increase in NDH-mediated CET. These results show that PGR5 is an important 
regulator when light intensity is rapidly increasing.  

A shift from low light to high light decreases the level of pmf in pgr5, whereas a strong 
increase in pmf level takes place in the WT (Paper III). If PGR5 would function in 
CET, it would mean that during HL, PGR5-mediated CET would be the main 
mechanism to building a proton gradient over the thylakoid membrane. However, CET 
is considered to be a minor mechanism in building up pmf over thylakoids in C3 plants 
(Avenson, et al., 2005). LET is controlled by Cyt b6f in a manner that depends on the 
lumenal pH, so that increased acidification of the lumen limits electrons transported 
through Cyt b6f. This regulatory action is referred to as photosynthetic control 
(Rumberg and Siggel, 1969; Harbinson, et al., 1990; Tikhonov, 2012; Tikhonov, 
2013). In pgr5, the lumenal proton concentration does not increase during HL, leading 
to unlimited electron flow through Cyt b6f to PSI. The proton gradient over the 
thylakoid membrane is released through ATPase, which is able to limit proton flow 
through the thylakoid and, in doing so, affect electron transfer through Cyt b6f. When 
PGR5 is present, ATPase is able to limit proton movement from the lumen to the 
stroma, and to subsequently lower the electron flow through Cyt b6f to PSI. The pgr5 
mutant accumulates more ATPβ, representing ATPase, than the WT (Paper III), which 
is perhaps an attempt to compensate for its leaky ATPase. In fact, pgr5 behaves in a 
manner opposite to that of the tobacco ATPase mutant, which contains only a small 
fraction of ATPase and demonstrates increased NPQ and pmf, with a consequent 
inhibition of LET (Rott, et al., 2011). The exact location of PGR5 in the thylakoid 
membrane is not yet known. In paper IV, I provided evidence that PGR5 interacts with 
CaS, which in turn may impact on the function of the ATPase. However, PGR5 has 
also been found to interact with Cyt b6f (DalCorso, et al., 2008). For this reason, 
specification of the exact location of PGR5 requires further study.   
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5.3 Role of CaS in chloroplasts  

CaS has been shown to participate in the regulation of calcium homeostasis in plants 
and algae (Nomura, et al., 2008; Weinl, et al., 2008; Petroutsos, et al., 2011). Transient 
increases in cytosolic calcium concentrations trigger calcium fluxes in the chloroplast 
stroma. In the cas mutant, transient cytosolic calcium fluxes are not followed by 
calcium spiking in chloroplasts (Nomura, et al., 2012), which indicates that Cas is 
required for signaling of chloroplast calcium levels. However, the exact mechanism 
through which CaS participates in this signaling is not known. Despite this, cas is a 
useful tool for studying the role and effect of calcium in processes that take place in the 
chloroplast. Although CaS has several important roles in plant physiology, such as the 
regulation of stomatal closure and defence signaling (Nomura, et al., 2008; Nomura, et 
al., 2012), its role in higher plant photosynthesis currently remains poorly understood.  

5.3.1 CaS is replaceable in photoprotection in higher plants 
In the unicellular alga Chlamydomonas reinhardtii, CaS plays an important role in 
photoprotection of PSII and is needed for accumulation of the PsbS homolog LHCSR3 
(Petroutsos, et al., 2011). In Arabidopsis, there was no difference observed in the 
efficiency of photosynthesis between cas and the WT, even during prolonged high 
light (Paper IV). This demonstrates that CaS in plants does not function in 
photoprotection as it does in green algae. Further, the amount of PsbS was determined 
to be similar in cas and the WT (Paper IV). Previously, Nomura and co-workers have 
shown only minor reductions of NPQ in cas compared to the WT (Nomura, et al., 
2008). I studied the role of CaS in the photoprotection of PSI by growing cas under 
fluctuating light. Light conditions leading to the death of pgr5 and pgrl1 mutants did 
not induce similar effects in cas (Paper IV). This strongly indicates that CaS is not 
involved in the photoprotection of PSI by limiting LET from PSII to PSI. Similarities 
between algal and plant CaS protein sequences are mainly located in the rhodonase 
homology domain, whereas the overall sequence similarities are low. This could 
explain the differential function of CaS in Arabidopsis and Chlamydomonas. From 
those results, I concluded that CaS belongs to the group of proteins whose function has 
changed during evolution. However, I cannot rule out the possibility that other proteins 
may be able to compensate for the lack of CaS in higher plants. 

5.3.2 CaS interacts with PGR5, PGRL1 and ATPase and may contribute to the 
regulation of ATPase activity 

To gain insights into the regulatory roles of CaS, its interaction partners were explored. 
PGRL1 was selected as a candidate protein because it was recently shown to be 
phosphorylated by STN8 (Reiland, et al., 2011). STN8 is also the kinase responsible 
for phosphorylating CaS (Vainonen, et al., 2008). PGR5 was included in my study 
since PGRL1 and PGR5 have earlier been shown to interact with each other (DalCorso, 
et al., 2008). Physical interaction between CaS, PGR5 and PGRL1 was detected using 
the BiFC technique (Paper IV). In addition to this, expression and/or stability of Cas 
and PGRL1 strictly correlates in various light conditions. This underlines the possible 
existence of a CaS/PGRL1/PGR5 complex. The interaction of Cas with PGR5 and 
PGRL1 is in agreement with results from Chlamydomonas, where PGRL1 and CaS 
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interact with each other and with ANR1, forming a CET regulatory complex 
(Terashima, et al., 2012). In Arabidopsis, the PGR5/PGRL1 complex is hypothesized 
to regulate the transition between LET and CET in a similar manner to that observed in 
Chlamydomonas (Iwai, et al., 2010; DalCorso, et al., 2008). However, as shown in 
paper III, PGR5 is more likely to be involved in the regulation of LET rather than CET.  

To further identify possible interaction partners of CaS, and subsequently, to validate if 
CaS is located with any of the known photosynthetic thylakoid protein complexes, I 
separated these complexes with BN-PAGE and identified those containing the CaS 
protein. CaS was found to co-migrate with ATPase in both intact Arabidopsis 
thylakoids, as well as in fractionated thylakoids from spinach (Paper IV). 
Unexpectedly, CaS did not co-migrate with Cyt b6f, which was expected based on 
previous findings from Chlamydomonas (Terashima, et al., 2012). In addition to co-
migration with ATPase, CaS co-migrates together with complexes that were not 
identified in this study. It is possible that one or more of the novel CaS containing 
complexes are in fact homo-oligomers of CaS, since BiFC analysis also suggested that 
CaS could interact with itself (Paper IV). CaS co-localizes with the ATPase complex 
only in its non-phosphorylated form (Paper IV). A phosphorylated Thr-residue in CaS 
locates in the middle of the 14-3-3 and forkhead-associated interaction domain 
(Vainonen, et al., 2008), which could be the site of interaction. However, this was not 
confirmed in my study. Phosphorylation of CaS is dependent on calcium level and light 
intensity (Stael, et al., 2011; Vainonen, et al., 2008). Hence, increased calcium 
concentration, as well as high light, cause phosphorylation and consequent 
disengagement of CaS from the ATPase. CaS could participate in the regulation of 
ATPase activity during the shift from darkness to light and vice versa. In line with this 
idea, the ATPase gamma subunit is upregulated in cas compared to the WT (Paper IV). 
The ATPase gamma subunit is responsible for the activation of ATPase during the shift 
from darkness to light via thioredoxin regulation (Ketcham SR, et al.; Nalin and 
McCarty, 1984; Kohzuma, et al., 2013), further supporting the possibility of a 
regulatory role for CaS in the activation of ATPase.    

5.3.3 CaS is functionally connected to specific Calvin-Benson-Bassham cycle 
enzymes 

Considering that CaS is involved in several functions in plants, it is surprising how 
exclusive the set of differentially expressed genes are in cas compared to the WT. The 
major group of upregulated genes in cas code for proteins involved in the CBB cycle. 
This could be a compensatory adjustment, since, on protein level, the specific CBB 
cycle enzymes are present in lower levels in cas chloroplasts. The CBB cycle activity 
is dually controlled by redox state and calcium concentration (Chardot and Meunier, 
1991; Charles and Halliwell, 1980; Trost, et al., 2006). Shifting plants from light to 
dark conditions results in an abrupt increase in stromal calcium concentration, and this 
calcium peak is assumed to inhibit the CBB cycle during periods of darkness (Sai and 
Johnson, 2002). In cas, stromal calcium concentration during a light to dark peak is 
significantly lowered to 25 % of WT concentrations (Nomura, et al., 2012). It is 
therefore possible that CaS effects the inactivation of the CBB cycle in an indirect 
manner, by modulating calcium oscillation. In cas plants, lowered levels of calcium in 
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the stroma could thus slow down the inactivation of CBB cycle. This could lead to a 
required balancing of the amounts of the CBB enzymes as a response to the disturbed 
regulation. Lowered amounts of CBB enzymes in cas would also slow down the flow 
of electrons to PSI electron acceptors. This is in fact visible, as slower oxidation of 
P700, in cas when leaves are transferred to light after an extended dark period (Paper 
IV). However, no difference was found on P700 oxidation kinetics in light adapted 
leaves, or in dark adapted leaves when treated with the artificial electron acceptor 
methylviologen (Paper IV). Further, cas contains less rubisco activase compared to the 
WT (Paper IV) and the activity of rubisco activase is dependent on the ATP/ADP ratio 
(Zhang and Portis, 1999). Hypothetical model of the effect of ATP/ADP ratio to the 
function of CBB cycle in WT and cas is represented in Figure 3. ATP/ADP ratio is in 
turn partly dependent on ATPase activity, whereas ATPase activity is regulated both 
by the binding of calcium to the F0 c-subunit (Zakharov, et al., 1993; Van Walraven, et 
al., 2002) and by ATPase gamma subunit (Imashimizu, et al., 2011). I therefore 
conclude that in cas, the slow phase of P700 oxidation, occurring at the beginning of 
illumination with far red light, is caused by a lower capacity and slower activation of 
the CBB cycle. Consequently, CaS may also play an indirect role in the fine tuning of 
the CBB cycle activity by participating in stromal calcium oscillations and affecting 
the amount of CBB enzymes. 

Taken together, it is conceivable that CaS functions as a generic calcium sensor that 
participates in fine tuning of the photosynthetic machinery. In Arabidopsis, CaS 
participates in activation of the CBB cycle, possibly via regulating calcium fluxes in 
the chloroplast stroma. CaS could also participate in the fine tuning of ATPase activity 
during shifts from darkness to light. Calcium signaling could therefore be an important 
link between controlling photosynthetic electron transfer and carbon fixation and will 
be an interesting topic for future study.     
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Figure 3. A hypothetical scheme for the function of CaS in coordination of the 
photosynthetic light and carbon fixation reactions. Upper picture shows the activation 
of the CBB cycle during a shift from darkness to light in WT plants. Lower picture 
depicts a possible malfunction of the ATP synthase in the absence of the CaS protein 
and its effect on the activation of the Calvin-Benson-Bassham (CBB) cycle upon shift 
from darkness to light. Black arrows indicate the activation of target protein and orange 
arrows the reduction of proteins by PSI. Small arrows in front of the protein names 
show an increase (green arrow pointing up) or decrease (red arrow pointing down) of 
the protein amount in the cas mutant compared to WT. Asterisk following the protein 
name indicates a change in the transcript level of the gene coding for the protein in cas 
compared to WT. During the dark period, ATP synthase is inactive to avoid proton 
translocation from stroma to lumen and hydrolysis of ATP to ADP. Activity of 
Rubisco is controlled via Rubisco activase that is activated by ATP and reduced 
thioredoxin. Other CBB cycle enzymes GAPA, GAPB and PRK are regulated by CP12 
that is controlled via thioredoxin. When exposed to light, activation of the 
photosynthetic machinery and ATP synthase change the ATP/ADP-ratio in stroma and 
together with other regulatory pathways activate the CBB cycle. Shift to light also 
phosphorylates CaS causing its release from the ATP synthase. Lack of CaS in 
darkness is postulated to reverse the action of the ATP synthase i.e. to hydrolyze ATP, 
leading to a change in the ATP/ADP –ratio. CBB=Calvin-Benson-Bassham; 
PSI=photosystem I; CaS=calcium sensing receptor; FTR=ferredoxin-thioredoxin 
reductase; PGR5=proton gradient regulation 5; PGRL1=PGR5-like photosynthetic 
phenotype 1; PRK=Phosphoribulokinase; GAPA/GAPB= Glyceraldehyde-3-phosphate 
dehydrogenases; 3-PPG= 3-phosphoglycerate; 1,3-BPG=1,3-biphosphoglycerate.   
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5.4 Does calcium synchronize photoprotective mechanisms and photosynthetic 
reactions in the chloroplast? 

Photoprotection of PSI and PSII requires multiple levels of regulation. Photodamage to 
PSI is irreversible, whereas light-induced damage to PSII is reversible via a repair 
cycle mechanism, and the photoinhibition of PSII can therefore be controlled. PSI 
photodamage requires excess electron flow originating from PSII (Sonoike, 2011). It is 
therefore reasonable to state that protection of PSI is mainly achieved through the 
control of activity in PSII and the transfer of electrons through Cyt b6f to PSI. In this 
thesis, I present evidence demonstrating the importance of PGR5 in the protection of 
PSI under fluctuating light conditions (Paper III). By controlling the flow of protons 
through ATPase, PGR5 is necessary for a proper increase in ΔpH over the thylakoid 
membrane. A high ΔpH in turn decreases electron transfer via Cyt b6f, thus preventing 
over-reduction of LET and any consequent damage to PSI. In addition to lowering 
LET, an increased lumenal proton concentration triggers NPQ, which dissipates excess 
excitation energy as heat in PSII, thereby protecting both PSII and PSI from light 
induced damage. The functional significance of a PGR5-CaS interaction in these 
regulatory circuits, however, remains unresolved. Even so, it is notable that different 
observations suggest that CaS may adjust the flow of protons through ATPase (Paper 
IV). Firstly, my own work showed that CaS co-localizes with ATPase (Paper IV), 
which is known to be controlled by calcium binding (Zakharov, et al., 1993). Further, 
the regulatory ATPase gamma subunit (Imashimizu, et al., 2011) is phosphorylated in a 
calcium dependent manner (Stael, et al., 2011). It is therefore interesting that I found 
the ATPase gamma subunit to be upregulated in cas (Paper IV). Together, these 
findings suggest that CaS and ATPase are functionally connected. 

I also demonstrated that PSII is sensitive to photodamage when PsbO2, rather than 
PsbO1, is present in the OEC (Papers I and II). As PGR5 cannot fully protect PSI 
against photodamage (Paper III), it is possible that the pool of PsbO2 containing PSII 
centers is present in the thylakoid membrane in order to protect PSI. When sudden 
increases in the light intensity take place, this photosensitive pool of PSII could rapidly 
become inhibited, thus lowering the electron pressure on the LET route. When light 
intensity decreases, this pool of PSII can be rapidly repaired. The importance of such a 
controlled PSII repair cycle in the protection of PSI has recently been demonstrated 
(Tikkanen, et al., 2014).  

In Chlamydomonas, calcium and CaS play important roles in the photoprotection of 
PSII (Petroutsos, et al., 2011). However, in higher plants, CaS is not needed for 
photoprotection of PSII or PSI (Paper IV). This does not rule out the possibility that 
calcium has a role in the regulation of photoprotection and repair cycle of PSII, 
particularly since Nomura and co-workers have recently demonstrated that calcium 
fluxes in the chloroplast stroma are not completely missing in cas, but are instead only 
lowered in comparison to the WT (Nomura, et al., 2012). It is possible that in higher 
plant chloroplasts, another protein that is yet unknown is partially substituting the 
function of CaS. It is also tempting to connect calcium flux based regulation and the 
repair cycle of PSII. In this thesis, I showed a high GTPase activity of PsbO2 (Paper I) 
that is linked to D1 degradation (Lundin, et al., 2007a). Calcium binding to GTPases 
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has earlier been shown to increase GTPase activity (Nelson, et al., 2003). However, 
calcium induced enhancement of GTPase activity in PsbO2 is not shown, even though 
PsbO2 is known to bind calcium that causes a conformational change to its protein 
structure (Shutova, et al., 2005). Further, CaS and PsbO2 are transcriptionally co-
regulated (Figure 2) and a lack of CaS results in upregulation of PsbO2 (Paper IV). 
Unfortunately, it is not known how the calcium concentration in chloroplasts responds 
to high light. If high light induces an increase in calcium concentrations, it could 
enhance D1 degradation from PSII during the repair cycle. The D1 protease FtsH2 has 
previously been shown to be phosphorylated in response to high calcium 
concentrations (Stael, et al., 2011). Even though the effect of phosphorylation on the 
activity of FtsH2 is not known, it forms another link between calcium signaling and the 
PSII repair cycle. Furthermore, the PSII repair cycle and “opening” of thylakoid grana 
stacks are linked together (Nath, et al., 2013) and CaS is also co-regulated with 
Curvature thylakoid 1C (CURT1C;AT1G52220) (Figure 2), which controls grana 
stacking (Armbruster, et al., 2013). CURT1C was also upregulated in cas (Paper IV), 
again supporting the linkage between calcium and the PSII repair cycle. 

Calcium is an interesting secondary messenger that is known to participate in various 
cell functions. In this thesis, I have provided evidence that calcium demonstrates high 
potential for participation in the regulation and synchronization of various 
photosynthetic reactions, such as the PSII repair cycle, photoprotection of PSI and 
PSII, as well as the CBB cycle. This relationship between calcium signaling and 
photosynthesis presents great potential for exploration in future. 
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6  CONCLUDING REMARKS 

 

Results gained from this study lead to following conclusions: 

 

Presence of only PsbO2 in PSII causes a clear malfunction in both the donor and 
acceptor sides of PSII. PsbO1 stabilizes PSII more efficiently compared to PsbO2 
under light stress. However, PsbO2 increases the rate of PSII repair cycle and thus is 
capable of partially compensating the lack of PsbO1. 

 

PsbO2 shows higher GTPase activity compared to PsbO1 and possibly assists in D1 
degradation.   

 

PGR5 is needed for limiting linear electron transfer upon a shift to high light and to 
protect PSI against photodamage under fluctuating light conditions. 

 

CaS interacts with PGR5, PGRL1 and co-migrates together with ATPase. Through its 
diverse interactions, CaS may delicately regulate photosynthetic functions under 
environmental challenges. 

 

CaS participates in the regulation of Calvin-Benson-Bassham cycle and effects its 
activation during a dark to light shift.  
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