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The road not taken 
BY Robert Frost 

TWO roads diverged in a yellow wood, 
And sorry I could not travel both 
And be one traveler, long I stood 
And looked down one as far as I could 
To where it bent in the undergrowth; 
 
Then took the other, as just as fair, 
And having perhaps the better claim, 
Because it was grassy and wanted wear; 
Though as for that the passing there 
Had worn them really about the same, 
 
And both that morning equally lay 
In leaves no step had trodden black. 
Oh, I kept the first for another day! 
Yet knowing how way leads on to way, 
I doubted if I should ever come back. 
 
I shall be telling this with a sigh 
Somewhere ages and ages hence: 
Two roads diverged in a wood, and I— 
I took the one less traveled by, 
And that has made all the difference.  
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Abstract 

Photosynthesis in higher plants relies upon collection of light by chlorophyll 
molecules associated with light harvesting chlorophyll a/b-binding (LHC) 
proteins. The two most abundant of these are Lhcb1 and Lhcb2, which make 
up light harvesting complex (LHC) II trimers. They are also involved in 
facilitating state transitions, a process during which energy balancing 
between photosystem (PS) II and I is achieved. Overexcitation of PSII 
reduces the plastoquinone pool which activates STN7, a kinase, that 
phosphorylates a threonine residue on Lhcb1 and Lhcb2. In order to study 
the kinetics of this we developed antibodies capable of recognizing 
phosphorylated forms of each of these proteins. This showed that Lhcb2 is 
more rapidly phosphorylated than Lhcb1, that there are no differences in the 
migration of phosphorylated and non-phosphorylated forms of Lhcb1 and 
Lhcb2 and that the majority of phosphorylated LHCII (P-Lhcb1 and P-
Lhcb2) are associated with super- and megacomplexes. Furthermore, a state 
2-specific LHCII-PSI-LHCI band contains P-Lhcb2 but almost no P-Lhcb1, 
and a band corresponding to M trimers (band 4 from sucrose gradients, 
composed of LHCII, CP24 and CP29), contains only P-Lhcb1 but no P-
Lhcb2. We also developed artificial microRNA lines specifically depleted in 
either Lhcb1 or Lhcb2, amiLhcb1 and amiLhcb2 respectively. We show that 
the roles of Lhcb1 and Lhcb2 in state transitions are complementary. Lhcb1 
modulate the size of grana stacks. In the absence of Lhcb1 only a few LHC 
trimers are formed, while in the absence of Lhcb2, the antenna looks like in 
the wild type although the plants cannot perform state transitions normally. 
Trimers containing P-Lhcb2 functionally detach from PSII and connect to 
PSI to balance the relative excitation pressure. State transitions only occur 
when both Lhcb1 and Lhcb2 are present, presumably in a (Lhcb1)2Lhcb2 
heterotrimer. In absence of Lhcb2, the LHCII-PSI-LHCI supercomplex is not 
formed indicting that P-Lhcb2 mediates attachment of LHCII to PSI.  

We tried complementing amiLhcb2 with modified Lhcb2 genes coding for 
proteins with altered amino acids, Arg2 to Lys or the phosphorylatable Thr3 
residue to Asn or Ser. Introduction of the additional gene often causes loss of 
amiRNA-inhibition, however we could confirm that substitution of the Thr3 
with Asn led to the absence of Lhcb2 phosphorylation and thus no state 
transition. 
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Sammanfattning 

Klorofyll a/b-bindande proteiner (s k light harvesting chlorophyll a/b-
binding proteins eller LHC proteiner) är viktiga för högre växters fotosyntes, 
då deras klorofyllmolekyler skördar solljuset. Två av dessa proteiner, Lhcb1 
och Lhcb2, bygger upp ”LHCII trimerer” och finns i större mängd än de 
andra och dessa är även viktiga för s k ”state transtions”, en process som ser 
till att fotosystem (PS) I och PSII exciteras lika mycket. Om PSII exciteras för 
mycket reduceras plastoquinon-poolen som i sin tur aktiverar ett 
proteinkinas, STN7, som fosforylerar en av Lhcb1/Lhcb2s treoniner. För att 
studera denna fosforylering har vi utvecklat antikroppar som är specifika för 
dessa fosforylerade former av proteinerna, och vi använde dem för att visa 
att Lhcb2 fosforyleras snabbare än Lhcb1, och att största delen av det 
fosforylerade proteinerna (P-Lhcb1 och P-Lhcb2) finns i s k super- eller 
megakomplex. Ett komplex som bara finns finns i ”state 2” består av LHCII, 
PSI och LHCI, och det innehåller endast P-Lhcb2 men nästan inget P-Lhcb1, 
och ett band som består av LHCII, CP24 och CP29 innehåller endast P-
Lhcb1. Vi skapade artificiella mikro-RNA-linjer, amiLhcb1 och amiLhcb2, 
som saknade antingen Lhcb1 eller Lhcb2. Lhcb1 påverkar höjden av grana 
stackarna. Med hjälp av dessa visade vi att Lhcb1 och Lhcb2 har 
komplementära roller för state transitions, saknas Lhcb1 gör växten bara få 
LHCII trimerer, medan om Lhcb2 gör växten antennener som liknar 
vildtypens, men den kan inte utföra state transitions som den. Mängden 
Lhcb1 påverkar storleken av ”grana stacks”. Trimerer som innehåller P-
Lhcb2 kopplas över från PSII till PSI för att balansera excitationstrycket. 
Både Lhcb1 och Lhcb2, antagligen i trimerer bestående av en Lhcb2 och the 
Lhcb1, behövs för state transitions. Saknas Lhcb2 bildas inga komplex 
bestående av LHCII, PSI och LHCI, vilket visar att P-Lhcb2 antagligen 
möjliggör LHCIIs bindning till PSI. 

Vi försökte komplementera amiLhcb2 med Lhcb2 gener där amino syror 
bytts ut, Arg2 till Lys eller den fosforylerbara Thr3 till Asn eller Ser. När 
denna gen introducerades försvann dock ofta amiRNA-inhiberingen, men vi 
kunde visa att om Thr3 ersattes med Asn skedde inga state transitions. 
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I. Introduction 

1. Photosynthesis – The Foundation of Life 

All life on Earth depends on photosynthesis, a process in which organisms 
derive biologically active energy from photons by converting carbon dioxide 
(CO2) and water (H2O) into organic compounds. Photosynthetic organisms 
such as cyanobacteria, algae, and plants produce the food we eat, oxygen we 
breathe in, and most of the energy resources available to us are derived from 
this process. 

The first photosynthetic organisms 
appeared around 3000 MYA and 
over millions of years they created 
the oxygen rich atmosphere that led 
to a massive extinction of anaerobic 
organisms whilst it facilitated the 
evolution of other oxygenic life 
forms. Photosynthetic organisms are 
widely spread across the globe and 
they can be found on land and in 
oceans (Figure 1). 

Photosynthetic reactions are spatially or temporally divided into two phases 
– light and dark reactions. The light-dependent reactions take place in 
photosynthetic membranes and start with (1) photon absorption by 
chlorophyll molecules associated with antennae proteins, (2) primary 
reaction transfer in reaction centres (RC), and finish (3) with energy 
stabilization during secondary processes in form of high-energy bonds of 
adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide 
phosphate (NADPH). These molecules provide an energy source to fix 
carbon dioxide in the cytoplasm of single cell organisms or in stroma of 
higher plants chloroplasts, during three subsequent reactions: (1) 
carboxylation, (2) reduction, and (3) regeneration. During carboxylation CO2 
is fixed to ribulose-1,5-bisphosphate (RuBP) by the most abundant enzyme 
on earth, ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). 
Carboxylation generates 3-phosphoglyceric acid (PGA), which is then 
reduced using NADPH and ATP to triose phosphate. Most of the triose 
phosphate is recycled to RuBP, while the others are either converted in 
stroma to starch or exported to cytoplasm and then converted to sucrose. 
Photosynthesis can be summarized by the following equation: 

6 CO2 + 6 H2O + light --> C6H12O6 + 6 O2 

 
Figure 1. Abundance of photosynthetic life forms 
on Earth. Dark red and blue green show regions of 
high photosynthetic activity in ocean and on land 
respectively. Provided by the SeaWiFS Project, 
NASA/Goddard Space Flight Center and 
ORBIMAGE. 
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2. Photosynthetically Active Radiation (PAR) 

The Sun produces a broad solar spectrum ranging from gamma rays, which 
represent wavelengths of less than 10 pm (10-12 m), to radio waves (from 1 
mm to 100 km) (Figure 2). Photons, which are discrete packets of solar 

energy, possess an 
amount of energy 
which is inversely 
proportional to their 
wavelength, shorter 
wavelength having 
higher amounts of 
energy. Before solar 
radiation reaches the 
Earth’s surface it is 

diminished through light scattering and absorption in upper atmosphere. 
Water vapour and CO2 deplete the infrared spectrum whilst the ozone layer 
absorbs the most harmful ultraviolet (UV) radiation. The visible light 
spectrum for our eyes span between about 400 and 700 nm and it is also 
within this range where photosynthesis occurs, in most chlorophyll a-
containing organisms, therefore called photosynthetically active radiation 
(PAR). Wavelengths reaching the surface of earth, which are below 400 nm, 
account for around 8% of solar irradiance while wavelengths within the 
visible spectrum constitute about 47% (Thekaekara, 1973). 

Spectral distribution of photons, known as light quality, might differ 
significantly in different environments. These differences in spectral 
distribution of light are caused by the spectral properties of certain 

wavelengths themselves as well as 
by properties of the absorbing 
pigments. In the forest, for instance, 
the majority of radiation in the blue 
and red range is absorbed in the 
canopy, hence the spectrum that 
reaches forest floor is highly 
enriched in green and far-red light. 
Similarly, in the water column light 
intensity rapidly drops with the 
depth. Penetration of each 
wavelength is different and it is 

moreover affected by water and salts suspended in it which behave like a 
prism that scatters differently dependent on the wavelength (Figure 3). The 
light intensity above 100 m in depth is too weak to drive photosynthesis. 

 
Figure 2. The electromagnetic spectrum. 

 
Figure 3. Penetration of PAR in the water sea and 
lake water column. Adapted from 
http://www.marinebiology.org/oceanography.htm 
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3. Photosynthetic Pigments 

A remarkable number of pigments can be found in different photosynthetic 
organisms such as: chlorophylls a-f, bacteriochlorophylls a-g, carotenoids, 
and bilins. In higher plants two chlorophyll types can be found: a and b. 
Chlorophyll a’s molecular formula indicates only the number of different 
atoms (C55H72N4O5Mg) and 
thus it is inadequate to 
describe its true properties 
and represent the structure. 
The Mg atom lies in the centre 
of the molecule and it is 
coordinated to four nitrogen 
atoms, each of which is part of 
a pyrrol, a cyclic five-
membered organic ring with 
four carbon atoms and one nitrogen (rings A-D). A fifth (E) ring is formed at 
the bottom right corner next to ring C and a phytyl (isoprenoid) tail is 
estrified to ring D (Figure 4). The spectral properties of different types of 

chlorophylls depend on the 
functional groups (methyl, 
ethyl, formyl, vinyl) 
attached to the rings A and 
B, presence of a phytyl tail, 
and reduction status of the 
D ring. Chlorophylls mainly 
absorb in the blue (Soret 
band) and red (Qy band) 
range of the spectrum with 
the differences in the 
absorption spectra between 
chlorophyll a and b 
contributing significantly to 
a wider absorption range 

(Figure 5). Chlorophyll a has absorption maxima at 430 and 662 nm, while 
chlorophyll’s b maxima fall to 455 and 644 nm (Blankenship, 2014). The 
limited absorption in the green region gives plants their characteristic colour 
(Blankenship, 2014). 

The absorption spectrum of plants is additionally enriched by carotenoids 
which are active between 400 and 500 nm giving them their characteristic 
orange colour. Carotenoids are conjugates of four isoprene molecules often 
containing 40 carbon atoms sometimes terminated with a cyclohexane ring. 
They are divided into two groups: carotenes (cyclic hydrocarbons) and 

 
Figure 4. Structure of chlorophylls a, b, and d. Source: 
http://commons.wikimedia.org/wiki/File:Chlorophyll_a_b
_d.svg. 

 
Figure 5. Absorption spectra of chlorophyll a, b, and 
carotenoids. Source: http://www.mhhe.com/biosci/genbio/ 
raven6b/graphics/raven06b/other/raven06b_10.pdf 
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xanthophylls (hydrocarbons containing oxygen). The most commonly found 
are: β-carotene, lutein, zeaxanthin, and violaxanthin. Carotenoids are 
accessory pigments helping in the collection of light by transferring 
harvested energy to chlorophylls. Their major function is photoprotection by 
quenching of: triplet excited states of chlorophylls, before they react with 
oxygen forming reactive oxygen species (ROS), or singlet oxygen when it is 
formed. Moreover carotenoids are involved in regulation of energy transfer 
in antennas by dissipating excess energy in a process called the xanthophyll 
cycle (Blankenship, 2014). 

4. Structure of Photosynthetic Apparatus in Plants 

4.1. Chloroplast Structure 

Single cell organisms capable of photosynthesis, such as cyanobacteria 
perform light reactions in invaginations of inner plasma membranes. 
Chloroplasts are however only found in algae and plants and were formed 
through endosymbiosis when eukaryotic cells engulfed cyanobacterium 
which instead of being phagocytised 
remained intact in a host cell. Gene 
transfer to the host genome allowed 
for the establishment of 
communication between these two 
“organisms” (Margulis, 1967). 
Communication from the nucleus to 
chloroplast is called anterograde 
signalling, whereas signalling in the 
opposite direction is called retrograde 
signalling. 

All vascular plants have identical 
chloroplast components (Figure 6). 
Double membranes, consisting of 
outer and inner envelopes, separate 
the chloroplast from cytoplasm. The 
alkaline, protein-rich aqueous fluid 
forms an inner environ called the 
stroma which contains a system of 
thylakoid membranes forming grana 
stacks, with inner spaces called the 
lumen, interconnected through 
stroma exposed lamellae. Curved 
regions at the external part of grana 
are called grana margins, while the 

 
Figure 6. TEM micrographs of Arabidopsis 
chloroplast’s ultrastructure (A) and 
magnification of thylakoid membranes (B). 
Numbers on photographs indicate: 1 cell wall, 
2 grana stacks, 3 starch granule, 4 stroma 
lamellae, 5 stroma, 6 plastoglobules, 7 outer 
and inner envelopes, 8 tonoplast, 9 vacuole, 10 
cytoplasm. 
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top and bottom parts of grana are called grana ends. Inside the stroma 
starch granules and plastoglobules can be found, which are lipoprotein 
compartments permanently bound to the thylakoid membranes containing 
biosynthetic enzymes, carotenoids, plastoquinone and tockopherol (Austin et 
al., 2006). Chloroplasts are semi-autonomous organelles containing: their 
own genetic material in the nucleoid, ribosomes and the replication 
machinery. The majority of genes which were initially encoded by 
chloroplast’s circular DNA, have been horizontally transferred to the host’s 
nucleus. The size of vascular plants’ chloroplast genome varies between 70 
and 200 kb and contains from 50 to 80 coding sequences. Remaining genes 
encode for most of the components of chloroplast protein synthesis 
machinery, eg. a complete set of tRNA synthetases, as well as many of the 
central proteins of the photosystems and the cytochrome (cyt) b6f complex 
(Martin and Herrmann, 1998; Moore et al, 2010). 

4.2. Thylakoid Membrane Composition – Spatial Distribution of 
Complexes 

The distribution of the major protein complexes of photosynthesis within 
thylakoid membranes is uneven and mostly determined by their three-
dimensional (3D) structure. Photosystem II (PSII) with its light harvesting 
complex II (LHCII) can mainly be found in grana stacks, while photosystem 
I (PSI) with its light harvesting complex I (LHCI), NAD(P)H 
dehydrogenase-like complex (NDH), proton gradient regulation 5 
(PGR5)/PGR5-like photosynthetic phenotype 1 (PGRL1) heterodimer and 
ATP synthase (ATPase) are to be found in stroma-exposed lamellae. Unlike 
the other protein complexes, cytochrome b6f (cyt b6f) is distributed 
uniformly across the membranes. Grana margins and ends are the only 
regions where all major complexes can be found (Andersson and Anderson, 
1980; Albertsson, 2001). Many other proteins can be found in these 
membranes, however they are not in the scope of this thesis. 

 
Figure 7. Distribution of complexes within photosynthetic membranes. Source: Allen and Forsberg (2001). 
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The evolution from unicellar aquatic to multicellular terrestrial organisms 
has triggered spatial separation of PSI and PSII complexes which have very 
different kinetics; PSI is a faster photosystem than PSII hence the energy 
collected by LHCII would be mainly drained by PSI (Trissl and Wilhelm, 
1993). This separation increased the efficiency of light harvesting for PSII 
and enabled fine-tuning between the linear and cyclic electron flows. 
Moreover, reactive oxygen species (ROS) produced by PSI are capable of 
damaging PSII thus separation prevents PSII from degradation (Tjus et al., 
2001). 

Photosynthetic antennas are pigment-based systems which absorb light, 
transfer energy to a trap, and quench excited states. Most antennas have 
evolved independently in different groups of photosynthesizing organisms as 
a response to a variety of photic environments (Blankenship, 2014). Plants 
collect light through chlorophylls and carotenoids that are associated with 
the light harvesting chlorophyll a/b-binding (LHC) protein family, which 
makes up the photosynthetic antennae. Depending on whether they are a 
part of PSI or II they are called Lhca or Lhcb, respectively. LHCs are proteins 
with three membrane-spanning helices (MSH) of which helices A and C are 
homologous sharing a hydrophobic LHC motif. Also, the localization of the 
majority of pigments is conserved amongst the LHC family (Jansson, 1999). 

Photosystem II together with its LHCII antennae form PSII-LHCII 
supercomplexes (Figure 8), which in plants can be composed of up to 34 
different protein subunits (reviewed in Pagliano et al., 2013). The PSII 
monomer bind: 37 chlorophyll a molecules (one without Mg2+), 11 β-

carotenes, and two 
pheophytins (Pheo), more 
than 20 lipids, two 
plastoquinones (PQ), and 
a manganese (Mn4CaO5) 
cluster (Umena et al., 
2011). The centre of the 
supercomplex is formed 
by a dimeric core 
composed of D1 (PsbA) 
and D2 (PsbD) subunits, 
where charge separation 

through a special pair of chlorophyll a (P680) molecules, and subsequent 
primary electron transfer reactions take place. The core is flanked by CP43 
(PsbC) and CP47 (PsbB), whose role is absorption and transfer of excitation 
energy from the peripheral antennae to the reaction centre. In Arabidopsis 
two types of LHCII trimers are connected to the core via the monomeric 
CP24 (Lhcb6), CP26 (Lhcb5) and CP29 (Lhcb4) proteins. Their name 

 
Figure 8. Electron micrographs of wild type Arabidopsis 
C2S2M2 supercomplex (A) with assigned subunits (B). Source: 
Kouřil et al. (2012). 
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corresponds to the strength of attachment to the core. Strongly bound (S) 
trimers are composed of Lhcb1 and Lhcb2 (Dekker and Boekema, 2005) and 
are connected to D1 and CP43 via CP26, whereas moderately bound (M) 
trimers, also containing Lhcb3, are linked to D2 and CP47 via CP24 and 
CP29. Three types of supercomplexes can be found: the smallest composed 
of a dimeric core and two S trimers (C2S2), and the bigger complexes through 
the addition of one (C2S2M) or two (C2S2M2) M trimers. Distribution of some 
of supercomplexes within the grana is apparently random whereas the other 
supercomplexes arrange into semi-crystalline arrays of PSII complexes 
tightly packed in rows (Dekker and Boekema, 2005; Wientjes et al., 2013a). 
Furthermore, approximately half of LHCII trimers are loosely associated 
with the PSII core (Peter and Thornber, 1991; Harrison and Melis, 1992; 
Danielsson et al., 2004) and their major role seems to be excess energy 
dissipation by deactivation of excited states through protein-bound 
chlorophylls and carotenoids (Magdaong et al., 2013). 

Photosystem I with its LHCI antennae form a monomeric PSI-LHCI 
holocomplex in plants composed of 17 protein subunits: PsaA–L, PsaN, and 
four Lhca1–4 antennae proteins which together can bind 173 chlorophylls 
and 15 carotenoids. The heart of this complex is its’ reaction centre which is 

formed by PsaA and PsaB subunits which accommodate around 80 
chlorophyll a’s functioning as intrinsic antennae, a chlorophyll a pair (P700), 
and includes the primary electron acceptors: chlorophyll a (A0), 
phyloquinone (A1) and a Fe4-S4 cluster (Fx). Another subunit PsaC binds 
terminal electron transfer chain components, two Fe4-S4 clusters (FA and FB), 
while the other subunits bind ferredoxin (PsaC-E), plastocyanin (PsaF), 
LHCI (PsaF, PsaG, PsaJ and PsaK), and LHCII during state 2 (PsaH, PsaI 
and PsaL) (reviewed in Nelson and Ben-Shem, 2004). Lhca’s are an integral 
part of PSI and they form heterodimers in stoichiometric amounts to PSI. 
Lhca1 together with Lhca4 forms the LHCI-730 dimer (Jansson et al., 1996; 
Schmid et al., 1997) and Lhca2 with Lhca3 forms the LHCI-680 dimer 
(Wientjes et al., 2009). In Arabidopsis Lhca5 and Lhca6 genes were also 
found, although it is not certain whether the latter is a part of PSI (Jansson, 

 
Figure 9. Structure of plant photosystem I with its LHCI antennae at 3.4Å resolution (A) and with LHCII in 
state 2 (B and C). Source: Amunts et al. (2007); Galka et al. (2012)  
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1999). Lhca5 in vitro produce heterodimers with Lhca1 (Storf et al., 2005), 
and the amount increases under high light while it is almost absent in the 
field grown plants (Mishra et al., 2012). Moreover Lhca5 and Lhca6 are 
important for NDH-PSI supercomplex formation (Peng et al., 2009) and 
formation of this supercomplex stabilizes NDH which is particularly 
important under stress conditions (Peng et al., 2011a). 

Cytochrome b6f is an essential complex within photosynthesis which 
mediates linear and cyclic electron flow (Allen, 2003b; Cramer et al., 2006). 
It forms a dimer from monomers composed of four large subunits 
(cytochrome b6, cytochrome f, Rieske Fe-S protein, and subunit IV) and four 
small subunits (PetG and PetL–N proteins). In plants an additional subunit 
ferredoxin:NADP+ oxidoreductase (FNR) is found (Zhang et al., 2001). 
Plastoquinol (PQH2) is reduced by PSII and carries two electrons and two 
protons that are then donated to cyt b6f which in turn passes them to another 
electron carrier, soluble plastocyanin (PC) by electron bifurcation during the 
Q cycle. Cytochrome b6f functions as a redox state sensor which helps to 
adjust photosynthetic machinery to changing light conditions, for instance 
by activation of state transition kinase upon overreduction of the 
plastoquinone (PQ) pool. 

The chloroplast ATP synthase is an F-type ATPase which utilizes 
protonmotive force (PMF) formed by electron transfer to add inorganic 
phosphate to ADP (Junesch and Gräber, 1991). ATPase is a multisubunit 
complex composed of two main subsections: thylakoid membrane-bound 
translocating CF0 and protruding CF1. CF1 is composed of five subunits 
α3β3γδε, where subunits I and II are amphiphilic and contain a 
transmembrane helix acting as an anchor which forms the stator stalk. 
Three alternating α and β subunits form a hexagonal ring around the 
asymmetrical γ subunit central stalk, while γ subunits stabilize the 
structure and the ε subunit inhibits ATP hydrolysis (Richter et al., 2005). 
The CF0 section consists of 14 copies of subunits III which forms a ring and 
one copy of subunit IV (Seelert et al., 2000) which together form a proton 
channel that couples proton movement with rotational torque generation 
(Groth and Strotmann, 1999; Richter, 2004). 

5. Coordination of Light Reactions in Plants 

5.1. Light Absorption 

Light energy is collected by pigments that differ from one another by the 
properties of the light they absorb. Most antennas have lower energy 
pigments closer to the reaction centres while the higher energy pigments 
are further away. The absorbed energy, called excitation, is transferred from 
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higher to lower energy pigments with some losses along the way. This 
introduces a degree of irreversibility to the transfer resulting in funnelling 
of the flow of excitons to the trap. Three ways of energy transfer have been 
identified which work together to contribute to excitation transfer to the 
reaction centre (RC). Firstly the excitation can be transferred by 
nonradiative Förster resonance energy transfer (FRET) over distances 
between 10-100 Å (Förster, 1965), secondly by excitation coupling between 
two pigments if the distance between them does not exceed 10 Å (van 
Armerongen et al., 2000). And thirdly, the excitation can also be 
transferred as a wave function via quantum coherence (Engel et al., 2007). 

Antenna together with the energy trap form a photosynthetic unit (PSU). Its 
structure, functional size and the ways in which the excitation states are 
being delivered to the reaction centre are still uncertain and different 
possibilities are summarized in four models. In the puddle (separate unit) 
model each reaction centre possesses its own antenna that is not shared 
with any other RC. The opposite model to that is the lake model where 
many RC lie inside antennae lakes and the transfer of excited states are 
determined by the proximity of antennae to the RC. Both of these models 
describe extreme situations and the two other models seem to be more 
plausible in describing the photosynthetic unit. In the connected unit model 
each antennae puddle contains its own RC but the energy absorbed by one 
unit can be transferred to a RC of another depending on the availability of 
open RCs. In the last, the domain model, the photosynthetic unit is 
composed of two RC embedded in a puddle, hence the energy is transferred 
to the closest open RC (Bernhardt and Trissl, 1999). If an exciton reaches a 
closed RC it can return to the antennae to find an open reaction centre. The 
excitation exchange between PSUs is termed connectivity. 

5.2. Linear Electron Transfer (LET) 

Once the excitons reach the reaction centres of PSII and PSI it is used to 
oxidize specific substrates. Two weakly coupled chlorophyll a molecules are 
known as P680 and they function as primary electron donor, which eject an 
electron upon receiving quanta. This electron is translocated from P680 via 
pheophytin to a tightly bound quinone QA, followed by the reduction of a 
mobile quinone QB. The oxidized P680+ oxidizes tyrosine 161 on D1 (YZ) 
which takes an electron and proton from the manganese cluster (Mn4CaO5), 
forming a cube like structure with the calcium ion, which binds two water 
molecules. Production of one oxygen (O2) molecule requires absorption of 
four quanta. After another cycle, QB is doubly reduced (QB2-) causing the 
binding of two protons from the stroma to form plastoquinol (PQH2) which 
is then released into the membrane and replaced with another quinone 
molecule from the plastoquinone pool (reviewed in Nelson and Ben-Shem, 
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2004).  

Plastoquinone serves as an electron shuttle between PSII and PSI donating 
electrons to cyt b6f which in turn donates them to a soluble copper protein 
plastocyanin in the Q cycle. During this process plastoquinol is bound to a 
lumenal Q0 site which results in expulsion of two protons into the light of 
the lumen. The first electron is transferred from PQH2 through Rieske Fe2-
S2 protein and cytochrome f to plastocyanin (PC), while the second electron 
is transferred through two b hemes (bL and bH) of cyt b6, reducing another 
plastoquinone bound to the stromal Qi site. The second reaction at the Qi 
site utilizes two stromal protons for reduction of PQ, which is then released 
to the PQH2 pool. This process results in proton pumping to the lumen 
contributing to the generation of a ΔpH gradient across membranes 
(reviewed in Mulkidjanian, 2010). 

Plastocyanin diffuses through the lumen until it reaches PSI where it binds 
to the PsaF subunit and transfers an electron to a pair of chl a molecules 
called P700. PC is a primary electron donor to P700 which becomes 
oxidized (P700+) triggering electron flow to a primary electron acceptor A0 
(chlorophyll a) and then through a phylloquinone A1 (vitamin K), three Fe4-
S4 centres of Fx, FA and FB to another mobile soluble Fe2-S2 protein 
ferredoxin (Fd). The final step of linear electron transfer (LET) is the 
reduction of NADP+ mediated by ferredoxin:NADP+ oxidoreductase (FNR) 
which accepts only one electron at a time serving as one-electron to two-
electrons converter which also adds a proton from the stroma to reduce 
NADP+ to NADPH. To produce one O2 four electrons are required which 
releases a total of 12 protons that are generating protonmotive force driving 
the synthesis of ATP (reviewed in Nelson and Ben-Shem, 2004). 

5.3. Cyclic Electron Transfer (CET) 

Apart from LET there exist other electron transfer routes which cycle the 
electrons around PSI, but not PSII, constituting cyclic electron transfer 
(CET). CET contributes to the formation of a proton gradient, thus to the 
synthesis of ATP but not NADPH. It utilizes the same electron carriers as 
LET: plastoquinone, plastocyanin, and ferredoxin, where electron from Fd 
can be transferred to an oxidized quinone at the Qi site of cytochrome b6f 
(reviewed in Shikanai, 2014). 

The first pathway leads through the chloroplast NAD(P)H dehydrogenase 
(NDH)-like complex (Peng et al., 2011b; Yamamoto et al., 2011) which in 
Arabidopsis consists of more than 30 subunits (Ifutku et al., 2011; Peng et 
al., 2011b). Ferredoxin reduces NDH that is bound to PSI forming the NDH-
PSI supercomplex (Ifuku et al., 2011; Yamamoto et al., 2011). The 
supercomplex formation is necessary for NDH stability, particularly under 
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high light conditions, when they alleviate oxidative stress in chloroplasts 
(Endo et al., 1999). No drastic phenotype was shown for Arabidopsis 
mutants deficient in NDH showing that the NDH-mediated pathway is not 
the main component of CET in C3 plants (Nandha et al., 2007; Shikanai et 
al., 2007), however in C4 plants NDH activity has a significant role in 
electron transfer in the bundle sheath cells (Majeran et al, 2008). 

The second PGR5–PGRL1 protein-dependent pathway is sensitive to 
antimycin A (AA), responsible for the formation of ΔpH during 
photosynthesis (Munekage et al. 2002), and it most likely corresponds to 
the cyclic photophosphorylation discovered in 1954 (Arnon et al., 1954). It 
is not certain however at which point the electrons passed from Fd return to 
LET and what the interactions are between the components which 
coordinate this path (reviewed by Shikanai, 2014). The two proteins 
involved are proton gradient regulation 5 (PGR5) and PGR5-like 
photosynthetic phenotype 1 (PGRL1) (DalCorso et al., 2008). PGR5-
dependent CET is needed for lumen acidification to induce qE (ΔpH-
dependent quenching). The acidification of lumen decreases light energy 
utilization in photosystem II and electron flow through cyt b6f, and also 
increases proton conductivity through ATPase (Munekage et al., 2002; 
DalCorso et al., 2008). It is particularly important for protection of PSI 
against photodamage under rapidly changing light conditions (Suorsa et al., 
2012). PGRL1 is a ferredoxin-plastoquinone reductase (FQR) in 
photosynthetic cyclic electron flow (Hertle et al., 2013) which is an integral 
thylakoid protein expressed in Arabidopsis as two isoforms (PGRL1A and 
PGRL1B) (DalCorso et al, 2008). PGRL accepts the electrons from Fd in a 
PGR5-dependent way and reduces quinones in an AA-sensitive manner 
(Hertle et al., 2013). 

5.4. Synthesis of ATP 

Adenosine triphosphate is synthesized utilizing protons obtained from both 
LET and CET and ATP synthase’s action can be explained through the 
binding change mechanism (Boyer, 1993). The flow of protons through F0 
rotates the asymmetrical γ stalk, which interacts differently with each of the 
three catalytic subunits of F1, giving them different affinities towards 
nucleotides (Abrahams and al., 1994). This rotation leads to conformational 
changes within β subunits that cycle between low, medium and high 
nucleotide affinities corresponding with release of ATP, binding of ADP and 
inorganic phosphate, and ATP formation respectively (Boyer, 1993). One 
full rotation generates three molecules of ATP and the number of copies of 
subunit III determines the number of protons (H+) required for a full turn 
(14/3=4.67). The activity of ATP synthase is regulated by 
oxidation/reduction of cysteine residues in its γ subunit by thioredoxin. 
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Cysteine in oxidized disulfide form is inactive whereas in reduced sulfhydryl 
form it is active. Thioredoxin itself is activated by ferredoxin thus its 
reduction is dependent on electron flow through PSI, consequently 
contributing to ATPase activation only when ATP is needed (Mills and 
Mitchell, 1982; Junesch and Gräber, 1991). 

6. The Significance of Lhcb Protein Family for Maintaining the 
Structure and Function of Photosynthetic Membranes in Plants 

6.1. LHCII Trimers 

Lhcb1, Lhcb2 together with Lhcb3 form LHCII trimers (Figure 10) which 
bind 70% of PSII chlorophyll (Peter and Thornber, 1991) and form large 
interconnected antennae that collects the energy and funnel it to the reaction 
centres of either PSII or PSI. This light harvesting function is very well 
established, similarly to the role of trimers in state transitions, the process 
known for over 45 years now (Bonaventura 
and Myers, 1969; Murata and Sugahara, 
1969) which has been linked to the 
phosphorylation of stroma exposed Thr3 on 
the N terminus of Lhcb1 and Lhcb2 
(Bennett et al., 1979; Allen et al., 1981; 
Horton and Black, 1981; Michel et al., 
1990). Two works concerning different 
phosphorylation kinetics of polypeptides 
resolved from spinach LHCII trimers 
appeared in 1987. The first claimed the 
existence of three different LHCII sub-
populations: phosphorylated mobile, 
phosphorylated coupled to PSII, and non-
phosphorylated. The mobile fraction had 
different phosphorylation speeds of the 24 
and 25 kDa subunits, with the 24 kDa 
protein being phosphorylated three times 
faster than the 25 kDa protein (Islam, 
1987). The other publication showed that 
these two polypeptides, somehow 
annotated with a higher weight of 25 (24) 
and 27 (25) kDa, also have very different phosphorylation kinetics but at the 
same time different associations with PSII. One of them is tightly bound to 
the PSII core and contains mainly slowly phosphorylated 27 kDa 
polypeptides, whereas the other polypeptides is part of the LHCII pool which 
reversibly detaches from PSII in response to phosphorylation which is also 

 
Figure 10. LHCII trimer structure of pea 
at 2.5Å obtained from Protein Data Bank 
(2BHW). Crystal shows the top view from 
stroma side (A) and LCHII embedded 
inside membranes (B). 
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threefold greater than that of the 27 kDa protein (Larsson et al., 1987). The 
more rapidly phosphorylated protein was then identified as Type 2 LHCII 
while the bigger peptide was identified as Type 1 LHCII (Jansson et al., 
1990). There was a lot discrepancies resulting from different nomenclature 
given to light-harvesting proteins which eventually led to recognizing 
existence of six Lhcb subunits denoted as Lhcb1-6, with the 27 kDa subunit 
being recognized as Lhcb1 and the 24 kDa subunit as Lhcb2 (Jansson et al., 
1992). 

Three different types of trimers exist in Arabidopsis: S, M and mobile 
trimers, while spinach additionally contains loosely bound L trimers 
(Boekema et al., 2000). S trimers contain only (Lhcb1)2Lhcb2 and possibly 
some Lhcb1(Lhcb2)2 heterotrimers but no Lhcb3, while M trimers also 
contains Lhcb3. The mobile fraction does not contain Lhcb3 either (Caffarri 
et al., 2004; Galka et al., 2012). It has been shown that M-trimers are not 
involved in state transitions and this role is attributed to the mobile fraction 
which was renamed to extra trimers (Bassi and Dainese 1992; Hankamer et 
al., 1997; Galka et al., 2012; Wientjes et al., 2013a). Extra trimers serve as 
antennae for both photosystems under all light regimes and a large part of 
PSI is connected to one LHCII trimer (Wientjes et al., 2013a). Moreover 
LHCII transfers energy more efficiently when it is associated with PSI than 
when bound to PSII (Galka et al., 2012; Wientjes et al., 2013a). The amount 
of LHCII bound to both photosystems decreases when growth light rises 
and vice versa. The transition to state 1, induced by far-red light and by 
sudden high light flexes, enables LHCII to move back to grana where they 
can quench excess light (Wientjes et al., 2013a). 

The antennae size is regulated by the intensity of ambient light; under high 
light (HL) the amount of Lhcb1, Lhcb2 and CP24 decreases, while low light 
(LL) elevates the levels of Lhcb1 and Lhcb2 (Bailey et al., 2001; Ballottari et 
al., 2007). The extra trimers in LL are located further away from the PSII 
core contributing to slower energy transfer to the RC (310 ps), whereas in 
HL plants do not form M trimers thus the proximity of extra trimers to the 
core is closer leading to a fast energy transfer to the PSII reaction centres 
(180 ps). LL antenna increases in the absorption cross-section but it lowers 
PSII efficiency (84%), however in contrast HL antennae allows more 
efficient energy transfer to PSII (91%). Under all light conditions plants 
maintain the capacity to perform state transitions as demonstrated by the 
fact that the amount of extra trimers is not altered by HL, but which only 
affects the number of M trimers (Wientjes et al., 2013b). 

Lhcb1 and Lhcb2 proteins are the most abundant membrane proteins on 
earth which in Arabidopsis are encoded by five and three genes respectively 
(Figure 11). It is not uncommon for organisms to undergo gene duplications 
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nevertheless they are usually very unstable and hence lost during generative 
reproduction. Plants however retained these Lhcb1 and Lhcb2 genetic 
additions, indicating necessity of such redundancy and the importance of 
the functions they maintain. Many insights were made shedding some light 
on their function but none of them contributed to specifically 
understanding their individual roles. The aim of my PhD thesis was to 
unravel the mystery lying behind these seemingly identical twins. 

Figure 11. Alignment of Arabidopsis thaliana Lhcb1 and Lhcb2 isoforms. The differences in amino acids 
are marked in light (Lhcb1) or dark (Lhcb2) grey. Amino acids marked in black correspond to a third 
possible substitution. Green rectangles surrounds transmembrane helices, pink show other helices, purple 
indicate STN7-phosphorylated Thr and cyan indicates trimerization motif. 

An attempt to deduce the specific role of Lhcb2 through silencing of the 
Arabidopsis Lhcb2 genes resulted in Lhcb1 co-suppression in the antisense 
Lhcb2 (asLhcb2) line. These plants compensate for the absence of Lhcb1 
and Lhcb2 by an increase in the amount of the other antenna proteins: 
Lhca1, Lhca2, Lhca3, CP29 and CP24. Moreover Lhca4 accumulates more 
than the other Lhcas, while the amount of CP26/chl is increased over six-
fold (Andersson et al., 2003). PSII supercomplexes of asLhcb2 are almost 
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identical to these of wt, however LHCII trimers are composed of Lhcb3 and 
Lhcb5, which is the only monomeric protein with a trimerization motif 
(Ruban et al., 2003). asLhcb2 has a pale green phenotype with reduced 
chlorophyll content and increased chl a/b ratio, as well as decreased fitness 
when grown in the field. The absorption of light by the leaf is diminished by 
5-10%, the capacity to perform non-photochemical quenching is reduced, 
and the plants are not able to perform state transitions (Andersson et al., 
2003). On the other hand, overexpression of pea Lhcb1.2 in tobacco plants 
resulted in increased number of grana stacks, cell volume, leaf size, 
biomass, seed weight, and improved photosynthetic capacity under low 
light (Labate et al., 2004).  

During the course of my PhD work a report concerning physiological role of 
Lhcb1 appeared which examines Arabidopsis lines deficient and over-
expressing the protein. The locus of mutation in lhcb1 has been attributed to 
one allele since the segregation showed a 1:2:1 ratio and judging by the level 
of remaining Lhcb1 expression the mutant most likely has a disrupted locus 
on chromosome 1 where the three Lhcb1.1-3 genes are localized in tandem. 
lhcb1 has a pale green phenotype resulting from reduction of chlorophyll 
content what increases the chl a/b ratio. The line has also reduced biomass 
and leaf area as a consequence of reduced water oxidation capacity that 
decreases carbon assimilation efficiency. Lhcb1 over-expression in contrast 
results in the increase of a polypeptide with a molecular mass of about 25 
kDa, with plants exhibiting taller stature, greater biomass, increased 
carbohydrate contents, greater seed production and shortened flowering 
time (Aghdasi et al., 2012). 

Lhcb3 is only present in M trimers (Bassi and Dainese 1992; Hankamer et 
al., 1997; Caffarri et al., 2004; Galka et al., 2012) and has been shown to 
modulate the rate of state transitions (Damkjær et al., 2009). In the absence 
of Lhcb3 more Lhcb1 and Lhcb2 are produced which replace Lhcb3 inside 
the M trimers resulting in an increase of LHCII phosphorylation level in 
state 2 and acceleration of the rate of state transitions. Lack of Lhcb3 
changes the rotational position of the M trimer, altering it by around 21°, 
indicating its importance for the macrostructure (Damkjær et al., 2009). 
Lhcb3 is directly linked to CP24 subunit and absence of Lhcb6 affects 
stability of M trimer hence almost no protein is detected in koLhcb6 and 
asLhcb6 and the PSII supercomplexes are smaller (de Bianchi et al., 2008; 
Kovács et al., 2008). 

6.2. Monomeric Proteins 

Arabidopsis Lhcb4 (CP29) is encoded by three genes localized on different 
chromosomes, Lhcb4.1, Lhcb4.2, and Lhcb4.3, and is known to undergo 



 

 16 

reversible phosphorylation under different stress conditions (reviewed by 
Chen et al., 2013). The expression levels of Lhcb4.1 and Lhcb4.2 are similar, 
while Lhcb4.3 expression level is lower and the protein misses the conserved 
C-terminal part (Jansson, 1999), which caused it to be denoted as Lhcb8 
(Klimmek et al., 2006). This protein is essential in maintaining the 
organization and function of PSII, as well as in photoprotection (de Bianchi 
et al., 2011). In the absence of Lhcb4, Lhcb6 fails to assemble (de Bianchi et 
al., 2011) or its abundance is highly reduced (Andersson et al., 2001), 
however C2S2M2 supercomplexes are still formed although the molecular 
interactions between the core and M trimer are weakened and this complex 
amounts for as little as 5% (de Bianchi et al., 2011). No Lhcb homologues can 
occupy CP29’s position between CP47 and the LHCII M trimer in the 
supercomplex which influences the shape of the C2S2M2 particle. 
Furthermore in these mutants, grana do not seem to be able to form 
crystalline arrays (Yakushevska et al., 2003; de Bianchi et al., 2011). 
Depletion of Lhcb4 does not affect light harvesting, but accelerates recovery 
in the dark after quenching and decreases PSII quantum efficiency due to 
less efficient energy transfer to PSII (Andersson et al., 2001; de Bianchi et 
al., 2011). State transitions are three times faster than that of wt which is 
probably caused by faster reoxidation of the PQ pool under PSI light. 
Moreover, the contribution of PSII components results in an increase of the 
functional size of PSI antennae (de Bianchi et al., 2011). Lhcb4 is so far the 
most important component of photoprotection from photoinhibition, proved 
by the increased sensitivity of koLhcb4 to high light stress. Lack of Lhcb4 
results in significantly decreased chlorophyll content and studies with single 
and double mutants of Lhcb4 isoforms show that compensatory 
overaccumulation of Lhcb4.1 and Lhcb4.2 can restore photoprotection, 
whilst that of Lhcb4.3 cannot (de Bianchi et al., 2011). 

Single copy genes encode both Lhcb5 and Lhcb6. Lhcb5 (CP26) is closely 
related to Lhcb1 (Jansson, 1999) and contains a trimerization motif present 
in LHCII proteins. It has been shown to form trimers with Lhcb3 in asLhcb2 
lines devoid of both Lhcb1 and Lhcb2 due to their homologous nature 
(Ruban et al., 2003). Absence of Lhcb5 affects PSII quantum yield 
(Andersson et al., 2001) and is compensated by an increase in the amounts 
of Lhcb4 and Lhcb6 (de Bianchi et al., 2008). Despite the fact that koLhcb5 
performs normal energy-dependent quenching, it has a reduced number of 
xanthophyll cycle pigments per PSII (Andersson et al., 2001) and reduced 
protection against photodamage (qI) (de Bianchi et al., 2008). Lhcb5’s role 
in zeaxanthin-mediated photoprotection has previously been shown through 
the observation that it assumes a quenched conformation when zeaxanthin is 
bound to it and can be isolated from plants grown under HL (Dall’Osto et al., 
2005). Furthermore, plants lacking Lhcb5 have a lower rate of electron 
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transfer from the QA to QB site of PSII as a result of reduced PQ diffusion 
within highly packed PSII membranes (Yakushevska et al., 2003) which 
results from impaired connections between LHCII and PSII (de Bianchi et 
al., 2008). 

Table 1. Comparison of known functions of Lhcb proteins. 

 

Lhcb6 (CP24) has a significant role in photosynthesis and its absence is 
compensated by a small rise in the levels of Lhcb1 and Lhcb2 as well as a 
significant increase in the amount of Lhcb4 and Lhcb5 (de Bianchi et al., 
2008). Mutants lacking Lhcb6 also have very low levels of Lhcb3 (de Bianchi 
et al., 2008; Kovács et al., 2008) and the amount of band 4 (Bassi and 
Dainese, 1992) from nondenaturing Deriphat-PAGE gels is also reduced (de 
Bianchi et al., 2008). According to de Bianchi et al. (2008) koLhcb6 plants 
have a dwarf phenotype, do not store starch, have more stroma exposed 
blunt ends not involved in grana stacks, of which only the reduced growth 
phenotype has been observed by Kovács et al. (2008). Furthermore the 
grana membranes of Lhcb6-less plants are composed of C2S2 arrays (de 
Bianchi et al., 2008; Kovács et al., 2008) and this altered organization of 
PSII membranes causes less efficient energy transfer from LHCII to PSII RC 
(Kovács et al., 2008). Although Lhcb6-less plants are unaffected in their 
light harvesting, the electron transfer rate is lower, ΔpH gradient across the 
membranes is decreased, and their capacity to perform non-photochemical 
quenching is reduced (de Bianchi et al., 2008; Kovács et al., 2008). 
Measurements performed to study different steps of the electron transfer 
chain (ETC) and fluorescence induction kinetics have indicated that lower 
ETC is caused by restricted flow of electrons between QA and QB, which 
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affects diffusion of plastoquinone between the grana. Retarded diffusion is a 
consequence of higher stacking of C2S2 supercomplexes in grana and 
contributes to less efficient energy transfer (spill-over) between LHCII and 
PSII in absence of minor antennae proteins (de Bianchi et al., 2008). 
Furthermore, lack of Lhcb6 affects the capacity to activate state transitions 
due to reduction of the plastoquinone pool. This has been shown by a faster 
relaxation of reduced PQ pool induced by transition from state 1 to 2 (de 
Bianchi et al., 2008; Kovács et al., 2008). Plants lacking in Lhcb6 has been 
also shown to be influenced in fitness under fluctuating light conditions 
(Ganeteg et al., 2004). 

Lhcb7 is present in many plant species but its’ precise localization is 
uncertain. Absence of Lhcb7 has been shown to decrease the rate of 
photosynthesis, lower the threshold for induction of non-photochemical 
quenching (NPQ), and slow down RuBisCO turnover (Peterso and Schultes, 
2014). 

7. Regulation of Photosynthetic Machinery under Changing Light 
Conditions 

Plants are sessile organisms that are constantly subjected to rapidly 
changing environmental conditions. Their inability to move away or towards 
most optimal conditions has triggered among others the evolution of 
photoprotective mechanisms that help them to cope with those variations. 
Different mechanisms are activated depending on how long changed 
conditions persist. Short-term acclimation facilitates immediate 
readjustment of photosynthetic machinery to sudden fluctuations in light 
fluxes, whereas longer exposure to altered conditions triggers molecular 
reprogramming which is driven by differential gene expression that causes 
changes in the stoichiometry of PSII and PSI proteins. These acclimation 
responses contribute significantly to plant survival and fitness, providing 
plants with the plasticity necessary for a stationary life. 

7.1. Short-Term Acclimation 

Throughout the day the quantity and quality of ambient light can change 
dramatically forcing plants to adjust immediately to these cues. Under 
optimal light conditions all absorbed photons are utilized in so-called 
photochemical quenching to produce NADPH and ATP, however if too many 
photons are absorbed it may lead to formation of reactive oxygen species 
(ROS) which causes photodamage. Plants have adapted to fluctuations in 
light quantity and quality through development of mechanisms protecting 
them against excess light (EL) by energy dissipation in so-called non-
photochamical quenching (NPQ). This fine-tuning between light harvesting 
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and dissipation provides flexibility to the photosynthetic machinery under 
ever-changing environmental conditions to protect proteins from 
overexcitation. 

7.1.1. Protein Phosphorylation 

Phosphorylation is one of the ways the organisms control posttranslationally 
the action of proteins. Redox-controlled phosphorylation of photosynthetic 
membranes plays a crucial role in adjusting their structure and function 
allowing plants to immediately respond to changing light conditions. 

PSI and PSII are excited by different wavelengths; PSII uses more blue than 
red light, while PSI uses blue, red and far-red light (reviewed by Allen and 
Forsberg, 2003). Energy harvested for photosystem II and I has to remain 
balanced, because overexcitation of any of them leads to pH-dependent 
functional and structural rearrangements (Chuartzman et al., 2008) 
collectively known as state transitions (Figure 12) (Bonaventura and Myers, 
1969; Murata and Sugahara, 1969, Bennett et al., 1980). When the light 
preferentially excites PSII, the rate of electron flow through PSII exceeds the 
rate of oxidation of plastoquinol leading to overreduction of the PQ pool 
(Vener et al., 1997). This activates STT7 in Chlamydomonas (Depége et al., 
2003), and STN7 in plants (Bellafiore et al., 2005), which phosphorylates 
Thr3 on Lhcb1 and Lhcb2 causing functional detachment of extra LHCII 
from PSII and attachment to PSI (Bennett et al., 1979; Allen et al., 1981; 
Horton and Black, 1981). As a result less energy is collected by PSII and most 
of it is redirected to PSI and within a few minutes and within one hour the 
redox balance between the two photosystems is restored. This process is 
reversed by redox-independent dephosphorylation of LHCII by 
TAP38/PPH1 phosphatase which restores the connection between extra 
LHCII and PSII (Pribil et al., 2010; Shapiguzov et al., 2010). 

 
Figure 12. Regulation of state transitions. Source: Allen (2003a). 
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Moreover, STN7 has been shown to phosphorylate Lhca4 (Ihnatowicz et al., 
2008), CP29 (Fristedt and Vener, 2011), TSP9 (Fristedt et al., 2009a) and 
PSII core proteins (Bondari et al., 2005; Fristedt et al., 2009b). 
Phosphorylation of TSP9 is believed to regulate light harvesting by 
facilitating dissociation of LHCII from PSII. tsp9 mutants have diminished 
phosphorylation of LHCII, and reduced capacity to perform state transitions 
and NPQ (Fristedt et al., 2009a). Phosphorylation of CP29 under high light 
causes disassembly of PSII supercomplexes to PSII dimers and monomers, 
and release of LHCII (Fristedt and Vener, 2011). 

STN8 primarily controls phosphorylation of PSII subunits D1, D2, CP43, 
and PsbH under HL conditions (Bonardi et al., 2005; Vainonen et al., 2005). 
The calcium-sensing receptor (CaS) is also phosphorylated by this kinase 
whose role is sensing and signalling environmental cues under stress 
conditions (Vainonen et al., 2008). Phosphorylation of different PSII 
subunits by the kinase is involved in membrane folding and is important for 
thylakoid stacking. In absence of STN8, the grana stacks are longer which 
disturbs the migration of FtsH and other proteins within the membranes and 
ultimately contributes to decreased turnover of damaged D1 in the plants 
exposed to HL (Fristedt et al., 2009b). Lack of PSII core protein 
phosphorylation in stn7stn8 retards the disassembly of PSII supercomplexes 
driven by a HL, indicating the importance of PSII core phosphorylation in 
PSII monomerization upon photoinhibition, thus its’ role in facilitation of 
the repair process (Tikkanen et al., 2008b). Core protein phosphorylation 
enables the repair of photodamaged photosystem II at high light intensities 
when D1 is dephosphorylated (Koivuniemi et al., 1995). Recently a stroma 
localized PBCP phosphatase, responsible for PSII core protein 
dephosphorylation, was identified (Samol et al., 2012). pbcp mutants have 
increased phosphorylation of core subunits in the dark and under 
photoinhibitiory conditions which decreases degradation of D1 and confirms 
the importance of dephosphorylation of damaged D1 by PBCP in D1 turnover 
(Puthiyaveeti et al., 2014). In absence of PBCP the membrane folding and 
number of grana stacks are affected, whilst PBCP overexpression alters the 
kinetics of state transitions (Samol et al., 2012). 

Interestingly, STN7 and STN8 show a degree of overlap in their 
phosphorylation activities. STN7 can also phosphorylate PSII core proteins 
D1, D2, CP43 while STN8 can additionally phosphorylate LHCII (Bonardi, 
2005; Fristedt et al. 2009b). Phosphorylation of CP43 by STN7 is minimised 
under limiting light and maximised under excess light (Tikkanen et al., 
2010a).  

In absence of both STN7 and STN8 kinases D1 and CP43 are not 
phosphorylated at all, however residual phosphorylation of 5-10% of wt level 
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of D2 remains independently of the applied light conditions and PsbH 
phosphorylation is not changed, suggesting the existence of a third and 
elusive light-independent kinase (Fristedt et al., 20009b). 

7.1.2. Non-Photochemical Quenching (NPQ) 

Light energy absorption is linearly correlated with carbon dioxide 
assimilation until a threshold light intensity that is specific for each 
photosynthetic organism. Pass that point no more energy can be absorbed to 
produce carbohydrates due to limitation of carbon assimilation, therefore 
absorption of excess light can lead to increased production of ROS which can 
cause photodamage and limit photosynthesis. NPQ is a mechanism that 
allows photosynthetic organisms to deal with excess light by dissipating it as 
a heat. NPQ consists of three components which are dependent on; non-
radiative energy dissipation, also called feedback de-excitation (qE), state 
transitions (qT), and photoinhibition (qI). All of them are controlled by the 
reduction/oxidation status of plastoquinone which due to its position in 
photosynthetic electron transfer acts as a redox sensor, that perceives excess 
light and imbalances in relative excitation between the two photosystems 
allowing the plants to readjust their photosynthetic machinery (Vener et al., 
1997; Joly and Carpentier, 2007).  

qE quenching is activated by acidification of the thylakoid lumen which is a 
signal of excess light that triggers immediate quenching in two distinct 
phases (Krause et al., 1982). The first occurs within two minutes and is 
dependent on PSII protein PsbS, while the other is slower and dependent on 
formation of zeaxanthin during the xanthophyll cycle (Jahns and Schweig, 
1995; Härtel et al., 1996). A decrease in lumenal pH induces qE via 
protonation of carboxylic acid residues of the PsbS protein (Li et al., 2000; Li 
et al., 2004) and conversion of violaxanthin to zeaxanthin by activation of 
violaxanthin de-epoxidase (VDE1) (Yamamoto et al., 1962). Protonation of 
PsbS and binding of zeaxanthin to PSII antennae causes conformational 
changes in the antennae which switches PSII to a quenched state which 
dissipates excess energy. qE protects PSII against short-term HL and 
fluctuations in light intensities while xanthophylls have an additional role in 
photoprotection from long-term HL. The second qT component of NPQ is 
state transitions which is only important at low light irradiances (Mullineaux 
and Emlyn-Jones, 2005). It allows quick energy redistribution between the 
two photosystems which results in a decrease in fluorescence yield. qI 
quenching is involved in long-term down-regulation of PSII activity through 
a mix of photoprotection and photodamage. During photoinhibition the D1 
subunit of PSII is damaged, degraded and replaced by a new and functional 
D1 in the D1 repair cycle. It becomes prominent under HL intensity or when 
different stresses restrict the consumption of reductants produced by the 
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electron transfer. Also, quenching induced by accumulation of zeaxanthin 
contributes to qI (Dall’Osto at al., 2005). 

Absorbed light energy has one of three fates; it can be utilized to drive 
photosynthesis, excess light can be dissipated as a heat or reemitted as 
chlorophyll fluorescence. Any change in one of these processes affects the 
other, thus allowing monitoring of changes in light use efficiency by 
measuring chlorophyll fluorescence at room temperature using pulse 
amplitude modulated (PAM) analysis (Figure 13). Prior to measurements 

the plants have to be dark-adapted in order to maximally oxidize QA on PSII 
(open reaction centres). At first a weak intensity of measuring light, which 
does not drive photochemistry, is switched on to establish the minimal 
fluorescence from dark-adapted leaves (F0) followed by a short (600-800 
ms) and strong (>6000 µmol m−2 s−1) saturating light flash which closes the 
reaction centres and gives maximal fluorescence of dark-adapted (Fm) leaves. 
Variable fluorescence (Fv) is established by subtracting Fm from F0 (Fv = Fm-
F0) and the Fv/Fm parameter gives information about the maximal quantum 
efficiency of PSII photochemistry. Induction of NPQ (fluorescence) is 
measured under actinic light by applying further saturating light pulses 
which establishes maximum fluorescence at a specific time point under 
actinic light (Fm’). Removal of actinic light allows studying the recovery in 
the dark where saturating light flashes give maximum fluorescence at 
specific time points during recovery (Fmr). The qE part of NPQ is calculated 
as; 

(Fm/Fm’) - (Fm/Fmr). 

7.2. Long-Term Acclimation 

If changes in light conditions persist, a long-term response is activated which 

 

Figure 13. Typical fluorescence traces detected for Arabidopsis by PAM fluorescence quenching analysis. 
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involves molecular reprogramming of the photosynthetic apparatus by 
differential gene expression which results in redesigning of the 
photosynthetic membranes’ stoichiometry. Modulation of PSII antennae size 
and accumulation of chlorophyll a and b are important mechanisms 
adjusting the PSII excitation pressure (Anderson and Andersson, 1988; 
Melis, 1991; Walters and Horton, 1994). High light intensities result in a 
decreased amount of Lhcb1 and Lhcb2 while low light triggers the opposite 
outcome (Bailey et al., 2001; Ballottari et al., 2007). 

7.3. Dynamic Rearrangement of Thylakoid Structure 

Typically grana of land plants are 300-600 nm in diameter and comprise 
between 5 and 20 cylindrical stacks (Mustárdy and Garab, 2003; 
Mullineaux, 2005). Dark-adapted Arabidopsis grana membranes are on 
average 4 nm thick and the lumen height is 4.7 nm, whilst the gap separating 
the discs is 3.6 nm (Kirchhoff et al., 2011). The structure of thylakoid 
membranes is quite well elucidated, nevertheless the precise 3D architecture 
of grana is still under debate (reviewed in Pribil et al., 2014). Granal stacking 
of thylakoid membranes depends on a combination of attractive and 
repulsive forces between different components. Some of the attractive forces 
which favour stacking are van der Waals attraction, entropic forces, and 
Mg2+-dependent electrostatic interactions (Chow, 1999). Additionally the 
grana structure is maintained by complementarities of; stroma-exposed 
positive and negative charges of opposing LHCII trimers (Standfuss et al., 
2005), and extrinsic proteins of opposing PSII units in the lumen (de Las 
Rivas et al., 2007). The crystalline arrays formed by PSII-LHCII 
supercomplexes in opposing discs also intersect at angles which optimize the 
overlap of opposing LHCII trimers (Yakushevska et al., 2001). Furthermore 
grana structure is determined by steric hindrance, resulting from 3D 
structure of protein complexes some of which have flat stromal surfaces 
whereas others protrude from the membranes (Chow, 1999), and repulsive 
forces between opposing stroma-exposed proteins with similar charges 
which are regulated by protein phosphorylation. Recently, a thylakoid 
protein family called curvature thylakoid 1 (CURT1A-D) specifically 
responsible for generation and maintenance of grana curvature has been 
identified. These proteins are specifically localized in grana margins and lack 
of all four members results in flat lobe-like pseudograna without margins 
and fewer layers of membrane (Armbruster et al., 2013). This phenotype is 
similar to that of stn8, which has significantly increased width of grana discs 
and lack of PSII core phosphorylation (Fristedt et al., 2009b). However this 
phenotype has recently been attributed to altered activity of CURT1 proteins 
in grana margins which appear to be reversibly phosphorylatable 
(Armbruster et al., 2013). Moreover, experiments performed with curt1 show 
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the importance of grana stacking for maximizing and coordinating the 
electron flow between the two photosystems. When grana are not formed the 
diffusion of electron carriers between PSII and PSI is retarded and as a 
consequence the linear electron flow is impaired (Armbruster et al., 2013). 

Thylakoid membranes are highly flexible systems that respond quickly to 
changes in ambient light (Figure 14). Plants transferred from the dark to low 
light increase their number of grana stacks which maximizes 
photosynthesis under light-limiting conditions (Anderson, 1986). High light 
intensities conversely lead to a significant reduction of grana width and 
partial vertical unstacking (Fristedt et al., 2009b; Khatoon et al., 2009; 
Herbstová et al., 2012). This is believed to facilitate the PSII repair cycle by 
providing access for FtsH protease to normally highly separated PSII, which 
mediates D1 degradation allowing replacement of damaged subunits with a 
new functional D1 (Kirchhoff, 2013). Lateral shrinkage also accelerates the 
diffusion of damaged D1 from the core of the granum into its margins thus 
facilitating its turnover (Herbstová et al., 2012; Kirchhoff, 2014), whilst 
partial unstacking enables migration of LHCII from PSII to PSI during state 
transitions. Transition from dark to light causes lumen swelling which 
contributes to the diffusion of lumenal electron carriers such as plastocyanin 
(Kirchhoff et al., 2011) or proteins involved in the degradation of damaged 
PSII, such as Deg proteases (Kirchhoff, 2013). The flexibility of grana 
rearrangements responsible for grana expansion is believed to be a result of 
ion exchanges between the lumen and stroma. In darkness the pH of lumen 
is 7.5 and under light saturation it drops to 5.7 (Takizawa et al., 2007). The 
proton gradient ΔpH forming between stroma and lumen induces influx of 
ions such as Cl- by voltage-gated channels (Spetea and Schoefs, 2010) and 
Ca2+ by Ca2+/H+ antiporters (Ettinger et al., 1999) into the lumen, and efflux 
of Mg2+ from the lumen (Hind et al, 1974). 

 
Figure 14. Structural changes reported for thylakoid membranes. From left to right: increase in the number 
of stacks, swelling, lateral shrinkage, and vertical unstacking. Arrows indicate the direction of changes and 
different light conditions are depicted as: D –dark, LL – low light, HL – high light. Source: Pribil et al. (2014). 

As demonstrated above some of these structural rearrangements allow the 
turnover of photodamaged D1 (Herbstová et al., 2012; Kirchhoff, 2013), 
whereas others occur as a consequence of protein phosphorylation. 
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Phosphorylation of PSII core proteins by STN8 kinase modulates thylakoid 
structure by increasing the lateral mobility of thylakoid proteins which 
promotes the PSII repair cycle (Fristedt et al., 2009b; Goral et al., 2010). In 
plants deficient in STN8 the membranes are wider which affects the protein 
migration and consequently PSII repair cycle leading to oxidative damage of 
photosynthetic proteins during prolonged exposure to HL (Tikkanen et al., 
2008b). It is possible that in stn7stn8 CURT1 proteins are dephosphorylated 
which alters thylakoid ultrastructure (Armbruster et al., 2013). 
Overexpression of STN8 in turn results in grana with less PSII and increased 
number of layers what improves oeSTN8 resistance to photo-oxidative stress 
(Wunder et al., 2013). Exposure to HL reduces grana width by approximately 
20%, nevertheless such changes are observed neither for stn8 nor for 
stn7stn8 (Herbstová et al., 2012), suggesting this decrease is associated with 
phosphorylation of PSII core proteins. 

State transitions have been shown to modulate the structure of 
photosynthetic membranes. PSI light causes strong grana stacking, reduces 
the amount of stroma-exposed lamellae and decreases accumulation of 
starch, while PSII light has the opposite effect. These differences are 
moderate, restricted to grana margins, and typically do not exceed 10–20% 
(Kyle et al., 1983; Rozak et al., 2002; Chuartzman et al., 2008). The problem 
with state transitions is that they are induced experimentally by using light 
that preferentially excites PSI (PSI, state 1-light) or PSII (PSII, state 2-light). 
This however affects the redox state of PQ pool whereas the stromal side of 
PSI remains oxidized and unaffected. In nature these effects are very 
uncommon and manipulation of the phosphorylation status of thylakoid 
proteins by more natural ways using different white light intensities shows 
no correlation between LHCII phosphorylation and the relative excitation of 
PSII and PSI (Tikkanen et al., 2010). This is also evident from 77K 
fluorescence spectra that show narrowing of the excitation spectra of both 
photosystems upon transition to state 2 but no change in excitation caused 
by migration of LHCII. Apparently, state-specific light affects both LHCII 
and PSII core protein phosphorylation, while exposure to low irradiance of 
white light induces only LHCII phosphorylation and suppresses PSII core 
phosphorylation. High irradiance enhances only the phosphorylation of the 
PSII core and suppresses phosphorylation of LHCII (Rintamaki et al., 1997; 
Tikkanen et al., 2010). The experiments performed with stn7, stn8, and 
stn7stn8 mutants showed the effects on thylakoid stacking (Fristedt et al., 
2009b, Fristedt et al., 2010) but not on the distribution of the excitation 
energy between the two photosystems (Bondari et al., 2005). Plants lacking 
STN7 do not phosphorylate LHCII and as a consequence they are locked in 
state 1 which induces strong PSII overexcitation, which does not affect the 
thylakoid membrane (Tikkanen et al., 2008b). Absence of STN8 on the other 
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hand results in lack of PSII core phosphorylation but the STN8-less plants 
maintain excitation balance, despite their thylakoid structure being severely 
affected (Fristedt et al., 2009b), suggesting that there is no correlation 
between LHCII phosphorylation-dependent excitation balance and the 
status of thylakoid folding. 

It has been suggested that PSII and PSI are connected via shared LHCII 
antennae which upon phosphorylation, caused by state 2 light, changes the 
properties of light absorption and excitation energy distribution (Järvi et al., 
2011). White light-induced phosphorylation of LHCII only slightly decreases 
the relative excitation of grana-localized PSII whereas strong increase in the 
relative excitation of PSI is observed in grana margins. Therefore it is 
possible that the reorganization of PSII-LHCII-PSI complexes induced by 
LHCII phosphorylation happens in grana margins (Tikkanen et al., 2008a). 

During state transitions PSII supercomplexes and the semicrystalline arrays 
remain intact while only the extra pool of LHCII trimers migrates between 
the photosystems. Interestingly, not only extra LHCII gets phosphorylated 
but also those within the supercomplexes, which do not leave the grana. This 
shows that phosphorylation alone is insufficient to disconnect moderately 
and strongly bound trimers, but is nevertheless crucial for breaking the weak 
interactions between the PSII supercomplex and the extra LHCII trimers, 
therefore enabling the LHCII movement towards PSI (Wientjes et al., 
2013c). This is in agreement with a previous report which showed there are 
two pools of LHCII which undergo reversible phosphorylation, one of which 
moves to PSI, while the other remains connected to PSII (Larsson et al., 
1987). 



 

 27 

II. Aims 

LHCII trimers are composed of Lhcb1, Lhcb2 and Lhcb3 and the first two 
proteins undergo reversible phosphorylation casued by a change in light 
quality. Phosphorylation of LHCII results in redistribution of excitation 
energy between photosystem II and I in a process called state transition. 
Alteration in the light spectrum drives attachment of PQH2 to Q0 site of 
cytochrome b6f what activates STN7 kinase which in turn phosphorylates a 
threonine residue on Lhcb1 and Lhcb2 causing functional attachment of 
LHCII to PSI. The goal of Manuscript I was to study the kinetics of this 
process by developing antibodies capable of specifically recognizing 
phosphorylated forms of Lhcb1 and Lhcb2. 

Lhcb1 and Lhcb2 are highly homologous proteins sharing 98% (blastp) of 
their amino acid sequences and each of them is encoded by multiple genes: 
five and three respectively. Previous attempts at producing lines deficient in 
these two proteins resulted in silencing of both (Andersson et al., 2003). The 
objective of the work described in Manuscript II was to determine the 
specific functions of Lhcb1 and Lhcb2 alone by utilizing artificial microRNA 
approach.  

The aim of Manuscript III was complementation of Lhcb2-defficient 
plants with a native protein as well as with Lhcb2 with altered amino acid 
sequence to test whether it affects the speed of phosphorylation and the 
kinetics of state transition. 
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III. Results and Discussion 

In this thesis I present the current state of knowledge and my contributions 
to the field of energy absorption and redistribution in the photosynthetic 
light-harvesting antenna in a model plant Arabidopsis thaliana. My work 
has been focused on understanding of the specific roles of Lhcb1 and Lhcb2 
in photosynthetic light harvesting. I compiled the results of my PhD 
investigation into three manuscripts, each of which deals with different 
aspects of state transitions. Manuscript I presents development phospho-
specific antibodies, which allowed us to answer the questions concerning the 
differences in kinetics and migration of phosphorylated peptides. These tools 
have also been utilized in paper II and III. Manuscript II describes 
generation and functional characterization of lines devoid of either Lhcb1 
(amiLhcb1) or Lhcb2 (amiLhcb2) using a variety of microscopic, 
biochemical, and biophysical techniques to understand the functions, 
architecture and flexible rearrangements of thylakoid structure during state 
transitions. Manuscript III is an attempt to understand interactions and 
co-ordination between phosphorylation and state transitions. 

1. Manuscript I 

1.1. Phosphorylated Lhcb1 and Lhcb2 Can Be Recognized by 
Phospho-Specific Antibodies 

Aligned Lhcb1 and Lhcb2 isoform sequences allowed us to choose a stroma 
exposed N-terminal peptide for immunization of rabbits (Manuscript (MS) I, 
Figure 1). The selected peptide contains a threonine (Thr, T) residue that is 
phosphorylated by the STN7 (LHCII) kinase during state transition. All 
Lhcb1 isoforms, but Lhcb1.4, share an identical N-terminal motif. This 
isoform has instead of T a serine (Ser, S), another amino acid known to 
undergo phosphorylation. To date there exists no experimental evidence 
indicating Ser4 is also phosphorylated by STN7. In any case the P-Lhcb1 
antibody most certainly does not recognize the Lhcb1.4 isoform. 

The sera were tested by Western blotting for their specificity towards 
phosphorylated peptides using Arabidopsis wild type (wt), mutants of LHCII 
kinase (stn7), PSII core kinase (stn8), both kinases (stn7stn8) and PsaL 
subunit of PSI (psal) resulting in lack of attachment of LHCII to PSI. Leaves 
were exposed to dephosphorylating (red and far-red) or phosphorylating 
(red) light, for 1 hour to induce state 1 or state 2 respectively. Results 
indicated that the sera recognized mainly phosphorylated but also some non-
phosphorylated proteins. To increase their specificity and activity towards 
phosphopeptides the antibodies were then immunopurified. Eluted 



 

 29 

antibodies were once again validated for their specificity towards P-Lhcb1 
and P-Lhcb2 which this time was confirmed (MS I, Figure 2A). The signal 
obtained for phosphorylated samples was much stronger than for 
dephosphorylated ones. After 60 minutes of phosphorylating light, 
approximately 15-20% of both phosphoproteins were detected in STN7-
defficient mutant as compared to the wt (MS I, Figure 2B). This amount 
most likely accounts for phosphorylation caused by STN8 kinase which has 
been previously shown to have affinity to phosphorylate LHCII (Bonardi et 
al., 2005). In contrast around 90-95% of P-LHCII were phosphorylated in 
stn8 which indicates the level of activity of STN7 kinase in wild type plants 
(MS I, Figure 2B). That was confirmed in stn7stn8 double knock-outs where 
no phosphoproteins were detected in neither state 1 nor state 2 (MS I, Figure 
2B). The phosphorylation level of psal in state 2 was similar to that of the wt 
whereas in state 1 phosphorylation of both Lhcb1 and Lhcb2 was increased 
by 20%. 

Even though the substrate specificities of STN7 and STN8 are very different, 
a certain degree of overlap exists in their activity (Bonardi et al., 2005; 
Fristedt et al. 2009b; Tikkanen et al., 2010a). In absence of STN7, LHCII is 
still phosphorylated although the level of phosphorylation is very low. 
Phosphorylation of other core proteins is also affected in stn7 plants to a 
minimal degree. Lack of STN8 on the other hand inhibits core protein 
phosphorylation of PSII but not LHCII, nevertheless STN7 still partially 
phosphorylates the PSII subunits (Bonardi et al., 2005). Only when both 
kinases are absent in stn7stn8 double mutants, the phosphorylation detected 
by P-Thr antibody seems to be almost completely abolished (Bonardi et al., 
2005). Mass spectrometry quantification of phosphopeptides however 
revealed that around 5-10% of D2 at Thr1 and 5-10% of LHCII at Thr3 are 
still phosphorylated, while the phosphorylation of PsaH at Thr2 is unaffected 
suggesting existence of a third light-independent kinase (Fristedt et al., 
2009b). It is worth nothing that our experimental setup did not allow us to 
record LHCII phosphorylation by the third elusive kinase. 

1.2. Phosphorylation Does Not Change the Electrophoretic 
Mobility of Lhcb1 nor Lhcb2 

It has previously been shown that phosphorylation of CP29 (Croce et al., 
1996), D1 (Callahan et al., 1990; Elich et al. 1992; Rintamäki et al., 1997), D2 
(de Vitry et al., 1991; Rintamäki et al., 1997), and CP43 (Rintamäki et al., 
1997; Andreucci et al., 2005) affects their electrophoretic mobility, resulting 
in slower migration. To establish whether that is the case for Lhcb1 and 
Lhcb2 we have separated wt thylakoids on denaturing SDS-PAGE gels. After 
the transfer, lanes containing samples were cut in half and each piece was 
incubated separately with either P-Lhcb1, Lhcb1, P-Lhcb2, Lhcb2, or P-Thr 
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antibodies. Western blot analysis revealed that phosphorylation of Thr3 
residue does not result in an electrophoretic mobility shift of neither 
phosphorylated Lhcb1 nor phosphorylated Lhcb2 (MS I, Figure 3). Our 
findings are in agreement with the work of Galka et al. (2012), who studied 
the electrophoretic mobility of isolated PSI-LHCII complexes before and 
after dephosphorylation by exogenous phosphatase. Comparison of 
phosphorylated and dephosphorylated PSII-LHCII revealed no apparent 
change in the speed of migration of P-LHCII (Galka et al., 2012). 

1.3. Lhcb2 Has Faster Phosphorylation Kinetics than Lhcb1 

Previously phosphorylation of LHCII could only be studied by incorporation 
of phosphorus from radio-labelled [τ-32P]ATP or using phospho-threonine 
(P-Thr) antibodies whose sensitivity varied from batch to batch and between 
manufacturers. The drawback of these methods is that they do not allow 
distinction between polypeptides constituting LHCII trimers, which in 
Arabidopsis comigrate. Development of phospho-specific antibodies 
specifically allowed us to confirm the identities of faster and slower 
phosphorylated polypeptides (Islam, 1987; Larsson et al., 1987; Jansson et al 
1990). 

To study the speed of phosphorylation and dephosphorylation of Lhcb1 and 
Lhcb2 Arabidopsis wt plants were subjected to a mix of far-red and red 
(dephosphorylating) light for 1 hour to enter state 1 and then far-red light 
was switched off to induce phosphorylation. Samples were collected in state 1 
and state 2 after 10 s, 30 s, 10 and 60 min and immediately snap frozen in 
liquid nitrogen. The opposite treatment was applied to induce 
dephosphorylation and samples were collected in state 2 and in state 1 after 
10, 30 and 60 min. We have confirmed Islam’s and Larsson’s claims about 
the very different speeds of phosphorylation of the two polypeptides present 
in LHCII trimers (Islam, 1987; Larsson et al., 1987) which were later 
indentified as Lhcb1 and Lhcb2 (Jansson et al., 1992). After only 10 seconds 
30% of Lhcb2 becomes phosphorylated and within 10 min 85% of all 
phosphorylable protein undergo this process (MS I, Figure 4A). On the other 
hand phosphorylation of Lhcb1 is much slower: only around 15% of proteins 
are phosphorylated after 30 s and 60% after 10 min (MS I, Figure 4A). 
Interestingly we discovered that dephosphorylation is a slower process than 
phosphorylation and there are no significant differences between 
dephosphorylation rates of Lhcb1 and Lhcb2 (MS I, Figure 4B). The different 
speeds of phosphorylation of Lhcb1 and Lhcb2 suggests that these two 
proteins have different roles in state transitions. 
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1.4. LHCII Alone and Within Super- and Megacomplexes Gets 
Phosphorylated 

Native PAGE gel electrophoresis of thylakoid membrane protein complexes 
provides a valuable tool to investigate the dynamics of the photosynthetic 
machinery. The integrity of the multiprotein complexes present in thylakoid 
membranes in this method is preserved, allowing for analysis of the protein 
composition of different thylakoid complexes. To study the localization of 
phosphorylated Lhcb1 and Lhcb2 in multi-protein complexes we performed 
large pore Blue Native gel (lpBN) electrophoresis with thylakoid wt and psal 
samples solubilized with digitonin. The lpBN method utilizes a porous 
stacking gel that allows all of the complexes, independent of their size, to 
enter a gradient gel, whereas solubilization of thylakoid complexes with 
digitonin preserves weak protein-protein interactions (Järvi et al., 2011). 
Moreover digitonin enables isolation of stroma-exposed thylakoids and 
grana margins where state transitions take place (Tikkanen et al., 2008a; 
Grieco et al., 2012; Wientjes et al., 2013a). 

The membranes prior to isolation were immobilized in state 1 and state 2 by 
treatment with PSII and PSI light respectively. We show that almost no 
phosphorylation is detected in state 1 apart from some within super- and 
megacomplexes. psal lacks L subunit of photosystem I and absence of that 
protein prevents LHCII docking to PSI (Lunde et al., 2000) therefore no 
LHCII-PSI-LHCI complexes are detected when solubilized with digitonin 
(Pesaresi et al., 2009). As a consequence these plants need to maintain 
higher phosphorylation levels of LHCII alone and within different complexes 
(Lunde et al., 2000). It is plausible that hyperphosphorylation of LHCII, 
which detaches from PSII, prevents LHCII from transferring the energy to 
PSII and thus prevents photodamage. We have established that both Lhcb1 
and Lhcb2 become phosphorylated in almost all LHCII-containing 
complexes and the majority of P-Lhcb1 and P-Lhcb2 is present in super- and 
megacomplexes. Interestingly “state transition-specific” LHCII-PSI-LHCI 
contains mostly phosphorylated Lhcb2 but very little P-Lhcb1. Moreover, 
there exists one band known as band 4 (Bassi and Dainese, 1992) consisting 
of LHCII, CP29 and CP24 (Caffarri et al., 2009) where we found only P-
Lhcb1 but no P-Lhcb2. This is in agreement with previous experiments 
which have shown that Lhcb2 is depleted from band 4 which corresponds to 
M trimers (Caffarri et al., 2009). 
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2. Manuscript II 

2.1. amiLhcb1 and amiLhb2 Are Depleted in Lhcb1 and Lhcb2, 
Respectively 

Due to the nature of the genes encoding Lhcb1 and Lhcb2, most of which 
appear in tandem repeats on chromosomes 1 (Lhcb1.1-3), 2 (Lhcb1.4-5, 
Lhcb2.1-2) and 3 (Lhcb2.3), generation of quintuple and triple mutant by 
crossing is not feasible. In order to produce the lines specifically depleted in 
either Lhcb1 or Lhcb2 I have used primers generated by WMD3, a web 
microRNA designer, which allowed us to transform wt plants with amiLhcb1 
and amiLhcb2 constructs. We have noticed that amiLhcb1 plants were 
growing slower and were paler than wt, while amiLhcb2 was 
undistinguishable from wt. Measurement of chlorophyll content revealed a 
30% reduction in chlorophyll levels which resulted in an increase of 
chlorophyll a/b ratio from 3.2 in wt to 4.0 in amiLhcb1 (MS II, Figure 1). 
Similar phenotypes has been previously shown for lhcb1 knock-down mutant 
(Aghdasi et al., 2012) and asLhcb2 (Andersson et al., 2003), which 
apparently is a consequence of Lhcb1 depletion alone. 

2.2. Only LHCII Trimers Are Affected by Depletion of either Lhcb1 
or Lhcb2 

Studies of protein levels revealed that a small amount of Lhcb1 (∽15%) 
remains in amiLhcb1 while amiLhcb2 does not contain any Lhcb2. Presence 
of minimal amount of Lhcb1 might be a consequence of incomplete Lhcb1 
silencing or it is possible that one of the genes is not targeted by the artificial 
microRNA. No differences were observed in amiLhcb1 PSI and PSII 
antennae, except for Lhcb2 and Lhcb3, whose levels were significantly 
elevated by approximately 60 and 30%, respectively. Surprisingly, STN7 
amounts almost tripled while TAP38/PPH1 levels was decreased by 30% 
(MS II, Figure 2A). amiLhcb2 protein composition on the other hand was 
similar to wt with the exception of proteins with trimerization sites; Lhcb1, 
Lhcb3, and Lhcb5 (MS II, Figure 2B). It is evident that PSI and PSII 
antennae composition is unaffected while the only differences occur within 
the LHCII trimers. 

To get further insights into the structure of thylakoid membranes we have 
used high resolution Electron Microscopy (EM) to study PSII crystalline 
structures (MS II, Figure 3A-D) and single particles of isolated PSII 
supercomplexes (MSII, supplementary Figure 1A-C). We discovered that the 
size of the unit cell of amiLhcb2 (524.39 nm2) is similar to that of wt (534 
nm2), while the distances between the cores of amiLhcb1 crystals are 
decreased, causing the change in angles and the overall size of the PSII unit 
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cell (444.23 nm2) that is slightly smaller than in Spinacia oleracea (481 nm2; 
Boekema et al., 2000). Single particle analysis revealed that mostly C2S2 
supercomplexes and only some with an extra mass in the position of M 
trimers (C2S2+) can be found in amiLhcb1 (MSII, supplementary Figure 1A 
and B), apparently affecting the formation of amiLhcb1 crystals (MSII, 
Figure 3B). It is evident that the decrease in the number of LHCII trimers in 
amiLhcb1 affects the macrostructure of grana. In Lhcb1-less plants mostly 
(Lhcb2)3 homotrimers, which are strongly associated to the PSII core, 
remains and only some extra mass in the M position is present. This mass 
quite possibly corresponds to one Lhcb3 normally present in M trimers, as 
well as CP29 and CP24 through which it is attached to PSII core (Kovács et 
al., 2006; Caffarri et al., 2009). Our data suggests that Lhcb2 cannot form 
heterotrimers with Lhcb3 which is in agreement with the absence of Lhcb2 
from Arabidopsis M trimers (Galka et al., 2012). Lack of both Lhcb1 and 
Lhcb2 subunits has been previously correlated with overexpression of the 
Lhcb5 gene, which is the only minor protein with a trimerization motif, that 
together with Lhcb3 forms the LHCII trimers in asLhcb2 (Andersson et al., 
2003; Ruban et al., 2003). This increased amount of Lhcb5 compensates 
sufficiently for the lack of Lhcb1 and Lhcb2 contributing to the unchanged 
PSII crystalline structure (Ruban et al., 2003). In amiLhcb1 the amount of 
Lhcb5 remains almost unchanged suggesting it cannot form heterotrimers 
with Lhcb2. On the other hand, absence of Lhcb2 is compensated mainly by 
Lhcb1 but also by Lhcb3 and Lhcb5, indicating some of the trimers present in 
amiLhcb2 can be (Lhcb1)2Lhcb5 heterotrimers. 

2.3. Lhcb1 Modulates Flexibility of Thylakoid Membranes 

We explored the reorganization of thylakoid membranes of wt, amiLhcb1 
and amiLhcb2 during state 1 and state 2 using EM. Plants were fixed in 2.5% 
glutaraldehyde after being treated for 2 hours with either PSII light to induce 
state 1 or with PSI light to achieve state 2. In state 1 plants tend to have more 
grana stacks, and upon transition to state 2 these decreases. Our 
investigations confirmed this observation, on average wt grana in state 1 had 
5.65±0.28 stacks (MSII, Figure 4A and G, and supplementary Figure 2A) 
and the number decreased to 4.22±0.10 upon transition to state 2 (MSII, 
Figure 4D and G, and supplementary Figure 2D). The number of layers in 
amiLhcb2 does not differ significantly from that of wt, with 5.19±0.14 in 
state 1 (MSII, Figure 4C and G, and supplementary Figure 2C) and 4.20±0.11 
in state 2 (MSII, Figure 4F and G, and supplementary Figure F). Surprisingly 
the number of stacks in amiLhcb1 does not change between states 1 and 2, 
corresponding to 4.38±0.10 (MSII, Figure 4B and G, and supplementary 
Figure 2B) and 4.09±0.10 (MSII, Figure 4E and G, and supplementary 
Figure 2E), respectively. Grana stacking is required for maximizing and 
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coordinating the electron flow between the two photosystems. Absence of 
CURT1 proteins, which are responsible for grana curvature, results in lack of 
grana formation (Armbruster et al., 2013). Inability to form grana has been 
shown to affect the diffusion of electron carriers between PSII and PSI and 
consequently retards linear electron flow. Apparently four is the least 
number of layers required allowing plants to maintain their photosynthetic 
capacity without compromising electron flow. Moreover, analysis of around 
20 micrographs of amiLhcb2 indicated that their membranes are better 
defined and the number of layers varies less than that of wt (Figure 4H). To 
confirm this tendency we have performed Levene’s test for equality of 
variances revealing a small but statistically significant difference (P=0.013) 
in variations in the number of grana stacks. 

Overexpression of Lhcb1.2 in tobacco (Nicotiana tabacum) has been shown 
to increase the number of layers in grana, cell volume, number of 
chloroplasts per palisade cell, biomass and leaf size, as well as a rise in the 
amount of carbohydrates. Despite all these changes no change in 
photosynthetic performance was observed (Labate et al., 2004). Data 
presented in Manuscript II show that in absence of Lhcb1 plants grow 
smaller, possess less chlorophyll and less Lhcb1 (fewer trimers), and fewer 
grana stacks. On the other hand no state transition has to occur since 
changes in light quality do not affect photosynthetic performance because 
the energies of PSI and PSII are in balance (see part 2.5). Similar findings 
were made by Aghdasi et al. (2012) who studied Arabidopsis lhcb1 knock-
down lines, depleted of most Lhcb1, and overexpressor Lhcb1 lines (Aghdasi 
et al., 2012). They have shown that the chlorophyll content in Lhcb1-
defficient lines is decreased, chlorophyll a/b ratio drops, plants are smaller 
and have lower biomass, photosynthetic efficiency (described by Fv/Fm 
ratio) is unaltered, protein composition does not change (excluding LHCII 
band) and water oxidation is lower. The overexpressor mutants on the other 
hand had increased biomass and leaf size, increased soluble and insoluble 
sugars levels, and increased water oxidation but no change in Fv/Fm. 
However, when grown under low light the chlorophyll content, chlorophyll 
a/b ratio and water oxidation were greatly increased (Aghdasi et al., 2012). 

In short, this data shows that Lhcb1 influences grana size, the degree of 
stacking and compactness of grana by virtue of the the sheer abundance of 
Lhcb1. The thylakoids of amiLhcb1 contain mainly (Lhcb2)3 homotrimers 
which as a consequence do not seem to undergo any membrane 
rearrangement upon state transition. In absence of Lhcb2 however, plants 
contain only (Lhcb1)3 homo- and (Lhcb1)2Lhcb3 heterotrimers and are 
capable to remodel their thylakoid membranes. The thylakoid network 
seems to be better structured in these mutants, quite possibly through an 
increase in the surface area available for interactions between the two 
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opposite layers (Standfus et al., 2005). These findings indicate the 
importance of Lhcb1 in remodelling of thylakoid membranes under changing 
light conditions. Furthermore, the amount of Lhcb1 modulates the size of the 
plant, increasing or decreasing biomass and total carbohydrate amount. By 
raising the amount of Lhcb1 we could possibly achieve higher biomass in 
economically viable species, both for food and biofuel production. 

2.4. Lhcb2 Facilitates Attachment of LHCII Trimers to PSI 

During state transitions parts of LHCII trimers detach from PSII and some 
of them attach to PSI. Independent of treatment Lhcb1-less plants show 
overall decrease in the amount of LHCII trimers, particularly in the extra 
LHCII trimers (MSII, Figure 5). To investigate thylakoid membrane 
composition we solubilized the thylakoid membranes of wt, amiLhcb1, and 
amiLhcb2, immobilized in state 1 or state 2, with n–dodecyl β-D-maltoside 
(β-DM) or digitonin. These two detergents have different chemical 
properties resulting in different levels of solubilization of photosynthetic 
membranes. β-DM is a stronger detergent which equally solubilises all of the 
thylakoid membranes, whereas digitonin is more bulky hence it cannot enter 
the space between grana leaving unsolubilized fractions of grana in pellet 
(Järvi et al., 2011).  

The thylakoid protein complex pattern obtained after solubilization with β-
DM is believed to represent grana cores. In state 1 amiLhcb1 is capable of 
forming not only C2S and C2S2 but also C2S2M and C2S2M2 in smaller 
amounts (MSII, Figure 5A). In state 2, on the other hand, amiLhcb1 does not 
contain almost any LHCII trimers and has no M trimers (MSII, Figure 5B), 
suggesting these trimers detach when PSII is preferentially excited. 
Solubilization of grana margins and lamellae with digitonin also show a high 
level of depletion in LHCII trimers (MSII, Figure 5C and D), confirming that 
the majority of trimers present in this line are part of PSII supercomplexes. 
In accordance with that, almost no LHCII-PSI-LHCI supercomplexes are 
formed (MSII, Figure 5D). In contrast, the super- and megacomplex 
composition of amiLhcb2 plants is highly similar to that of wt. The only 
exception is “state transition-specific LHCII-PSI-LHCI complex” (Pesaresi et 
al., 2009; Järvi et al. 2011; Leoni et al., 2013) which is not being formed 
(MSII, Figure 5E and F), indicating the importance of Lhcb2 in attaching to 
PSI. 

2.5. Presence of (Lhcb1)2Lhcb2 Heterotrimers Is Necessary for 
Plants to Perform State Transitions  

To study the kinetics of phosphorylation and dephosphorylation in plants 
deficient in Lhcb1 and Lhcb2, we utilized the phospho-specific Lhcb1 and 
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Lhcb2 antibodies (Leoni et al., 2013). The plants were subjected to the same 
treatment as described in part 3 with the exception that no sample was 
collected after 10 s of PSII light. After 60 minutes of dephosphorylating light 
almost 30% of Lhcb2 is still phosphorylated. The kinetics of phosphorylation 
is much slower and the treatment of plants with 60 minutes of state 2 light 
results in only 80% of the phosphorylation level of the wt (MSII, Figure 6A). 
Dephosphorylation also starts from a similar level, nevertheless after 60 
minutes of state 1 light only about 50% of Lhcb2 is dephosphorylated (MSII, 
Figure 6B). This lower phosphorylation level was confirmed by a ProQ stain 
of plants grown under low light (MSII, supplementary Figure 4). It is worth 
noting that even though the amount of STN7 is almost tripled, 
phosphorylation kinetics is reduced most likely due to a decrease in the 
activation of STN7 since the PQ pool does not get sufficiently reduced (MSII, 
Figure 7F below). This shows that both phosphorylation and 
dephosphorylation in Lhcb1-less plants either requires more time to be 
completed or that a certain level of phosphorylation has to be permanently 
maintained in order to keep a balance in both states. Interestingly, the level 
of phosphorylation of Lhcb1 in Lhcb2-defficient plants in state 1 and in state 
2 is greatly increased in comparison to wt, nevertheless the kinetics of 
phosphorylation of this protein in relative terms is only slightly faster (MSII, 
Figure 6C). Dephosphorylation kinetics show a similar tendency with higher 
phosphorylation in state 2 after exposure to PSII light, and in state 1 after 
treatment with PSI light is finished (MSII, Figure 6D). The overall increase 
in the phosphorylation level in amiLhcb2 was furthermore confirmed by 
ProQ stain (MSII, supplementary Figure 4). It is apparent that the 
phosphorylation of Lhcb1 is activated by STN7 kinase, which is caused by the 
reduced PQ pool, and that dephosphorylation of Lhcb1 by TAP38/PPH1 
phosphatase in relative terms have very similar kinetics to wild type. 

To study the transition from state 1 to state 2 by 77K fluorescence, we have 
used thylakoid samples isolated in state 1 after 30 s, 10 and 60 min of state 2 
light. The samples’ concentration was adjusted with water and sample buffer 
to 5 mg of total chlorophyll/ml and frozen in a cuvette in liquid nitrogen. The 
thylakoid membranes were excited with 435 nm wavelength, the 
fluorescence emission was recorded with 0.5 nm increments and 2 s 
integration time, and obtained spectra were normalized to the 685 nm peak. 
Since all spectra were normalized to the PSII peak (685 nm), only the change 
in PSI fluorescence was observed. As expected the fluorescence emission of 
wild type at 730 nm is lowest in state 1 since LHCII constitute PSII antennae, 
whilst exposure of leaves to PSII light resulted in phosphorylation of LHCII 
leading to attachment to PSI consequently increasing antennae size of PSI, 
and therefore also fluorescence of PSI. The more advanced the process the 
higher the emission recorded at 730 nm which is a cumulative effect of lower 
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PSII - and higher PSI fluorescence. Interestingly fluorescence measurements 
at 77K performed with amiLhcb1 and amiLhcb2 lines revealed that neither of 
the mutants are capable of performing state transitions (MSII, Figure 7A-C). 
Despite the quality of applied light Lhcb1-less plants have a higher PSI 
florescence that possibly allows them to maintain the excitation balance in 
both states. Alternatively the higher PSI peak could be a consequence of the 
difference in emission and reabsorption of the emitted light due to the 
alteration in composition of the pigment-proteins. In contrast, Lhcb2 
deficient plants are locked in state 1. Phosphorylation of Lhcb1 does not 
cause functional attachment of LHCII to PSI, apparent from digitonin-
solubilized membranes of amiLhcb2 in state 2 (MSII, Figure 5D), therefore 
no energy balancing can occur. 

Similar results were obtained using room temperature PAM fluorescence of 
intact leaves. We have noticed that PSII light does not disturb the energy 
balance of amiLhcb1, hence too little PQ is reduced which is not sufficient to 
activate STN7 kinase (MSII, Figure 7 D and E). In amiLhcb2 however after 
the initial rapid increase in PSII fluorescence it gradually relaxes again 
(MSII, Figure 7 D and E), as an effect of STN7-dependent Lhcb1 
phosphorylation. Nevertheless the fluorescence does not reach the steady 
state and it immediately drops after the far-red light is switched back on. 
This discovery was confirmed by the lack of fluorescence decrease after 
initial rapid fluorescence increase in amiLhcb2stn7 double mutants, which 
behaved like stn7 (Bellafiore et al., 2005). 

The measurement of PQ oxidation during shifts from state 1 to state 2 and 
vice versa showed that PSII light reduces the PQ pool in amiLhcb2 which 
does not re-oxidize in the same way as in wt but more similarly to stn7 
(MSII, Figure 7F). In contrast the redox state of the PQ pool in amiLhcb1 is 
almost unaffected which resembles the situation in tap38/pph1 (MSII, 
Figure 7F). This is in agreement with the lack of changes in PSII fluorescence 
caused by PSII light (MSII, Figure 7 D and E) and the slow rate of Lhcb2 
phosphorylation (MSII, Figure 6A). 

In summary, this data shows that neither Lhcb1 nor Lhcb2 alone is sufficient 
to trigger state transitions although their mechanisms are different. In 
amiLhcb1 the majority of Lhcb2 homotrimers are linked to the core and very 
few extra trimers are available to be phosphorylated by STN7 kinase. Despite 
the fact that under state 1 conditions all types of supercomplexes can be 
found (MSII, Figure 5A), under growth light the crystalline arrays are 
composed of C2S2+ (MSII, supplementary Figure 1) which apparently limits 
the amount of energy available to these lines under state 1 conditions. This is 
further limited by the absence of extra trimers (MSII, Figure 5C) which 
under state 1 conditions contribute to PSII excitation. Therefore, when PSII 
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light is applied it does not contribute significantly to QA reduction. That in 
turn results in a low level of STN7 activation which only partially 
phosphorylates Lhcb2 homotrimers (MSII, Figure 6A and B). However, 
phosphorylation does not lead to readjustment in the photosynthetic 
machinery (MSII, Figure 7 D and E) since depletion in Lhcb1 contributes to a 
higher absorption by PSI to begin with (MSII, Figure 7B). It seems that 
similarly to tap38/pph1 mutants (Pribil et al., 2010; Shapiguzov et al., 2010), 
amiLhcb1 is locked in state 2. On the other hand, PSII light reduces QA sites 
in amiLhcb2 (MSII, Figure 7F) which results in a rapid increase in PSII 
fluorescence, which however does not decay with the same speed as in wt 
(MSII, Figure 7D and E). Moreover, amiLhcb2stn7 double mutant lines 
behaves like stn7 (Bellafiore et al., 2005) confirming that the slow decay with 
the half-life (t1/2) of about 30 min (MSII, Figure 7D and E) is triggered by 
STN7-dependent Lhcb1 hyperphosphorylation (MSII, Figure 6C). Obviously 
Lhcb2-less mutants are permanently locked in state 1, as proven by inability 
of Lhcb1 homotrimers to bind to PSI (MSII, Figure 5D), indicating that 
Lhcb2 is the site of interaction with PSII. Furthermore amiLhcb2 shows the 
same fluorescence features as the other mutants locked in state 1 such as 
stn7 or mutants with impaired docking of LHCII to PSI, such as psah (no 
attachment to PSI) and psal (secondary loss of PsaH and PsaO subunits) 
(Lunde et al., 2000; Pesaresi et al., 2009). All in all the presented data shows 
that only when both Lhcb1 and Lhcb2 are present in (Lhcb1)2Lhcb2 
heterotrimers, are plants able to readjust their photosynthetic membranes to 
cope with preferential excitation of either one of the photosystems. 

2.6. Lhcb1 Influences the Capacity of Plants to Perform Non-
Photochemical Quenching 

We have examined quenching and relaxation kinetics of wt, amiLhcb1 and 
amiLhcb2 by PAM chlorophyll fluorescence. No difference in qE type of 
quenching is detected in amiLhcb2, however amiLhcb1 has a significantly 
reduced capacity to perform NPQ (MSII, Figure 8) as a consequence of their 
greatly reduced antennae size (MSII, Figure 5). The inability of Lhcb1-less 
plants to perform qE quenching under HL results in a great reduction of the 
PQ pool (MSII, supplementary Figure 7). This indicates that Lhcb1 
homotrimers within the grana cores are probably engaged in feedback de-
excitation while (Lhcb1)2Lhcb2 heterotrimers localized at the grana margins 
(Wientjes et al., 2013c) are responsible for the qT type of quenching under 
LL. We believe that the observed decrease in the capacity to quench the 
excited states is caused by the absence of quenching sites, since the amount 
of PsbS is not affected (MSII, Figure 2A). 

By and large Lhcb1 and Lhcb2 are the most abundant membrane proteins in 
plants, whose presence, even though not essential (Andersson et al., 2003), 
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influences the interplay between state transitions, qE dependent quenching 
and membrane reorganization. In this work we show the specific roles of 
Lhcb1 and Lhcb2, and deduce their roles in coordination of short- and long-
term acclimation responses in adjusting the photosynthetic machinery to the 
rapid fluctuations in light availability and conditions. Lhcb1, although not 
directly involved in formation of grana, modulates the degree of grana 
stacking on a shorter and longer timescale. In Manuscript I we show that all 
super- and megacomplexes become phosphorylated during state transitions 
and that state 2-specific LHCII-PSI-LHCI complex is mostly enriched in P-
Lhcb2 but almost no P-Lhcb1 (Leoni et al., 2013). This together with the data 
presented in Manuscript II indicates that the short-term regulation involves 
phosphorylation of Lhcb1 that destabilizes the interactions between the 
opposite grana layers. This triggers partial destacking and allows access of 
STN7 kinase to grana margins where it phosphorylates Lhcb2 within trimers 
involved in state transitions (Grieco et al., 2012; Wientjes et al., 2013c). 
These extra trimers lose the connectivity with PSII and establish a new 
functional connection between P-Lhcb2 and PsaH, PsaI, and PsaO subunits 
of PSI (Zhang and Scheller, 2004) which is a more efficient energy acceptor 
than PSII (Galka et al., 2012; Wientjes et al., 2013a). Only when the LHCII-
PSI-LHCI supercomplex is formed the energy redistribution between 
photosystem II and I is possible, as is demonstrated by mutants locked in 
state 1 namely amiLhcb2, stn7, psah, psal (Lunde et al., 2000; Ballotari et 
al., 2005; Pesaresi et al., 2009). One of the most pronounced and well-
studied long-term responses to prolonged disturbance in the redox state of 
PQ pool is differential gene expression. The most important is the 
adjustment of the stoichiometry of Lhcb1 and Lhcb2, the proteins encoded 
by almost identical multiple genes (Bailey et al., 2001; Wienthes et al., 
2013b). Under LL plants express more LHCII encoding genes and as a result 
antennae increase as well as the number of layers in grana. This allows 
maximization of light collection in the undergrowth of the tree canopy where 
the amount of light is very limited. The opposite holds true under HL 
conditions, when in the short-term response plants dissipate excess light 
initially within seconds by qE, then within minutes by qT, then through 
photoinhibition which eventually may leads to photodamage. Prolonged HL 
exposure inhibits the expression of Lhcb1 and Lhcb2 contributing to a 
decrease in light absorption which allows plants to cope efficiently with 
available quenching mechanisms. 

3. Manuscript III 

Phosphorylation of threonine residue at position 3 of the N-terminus of 
mature Lhcb2 seems to be a prerequisite for state transitions (Michel et al., 
1990; Pietrzykowska et al., 2014). To obtain further insights into the role of 



 

 40 

phosphorylation during state transition we decided to complement 
amiLhcb2 with a native Lhcb2.1 coding sequence. Different versions of the 
same gene with mutagenised codons resulting in substitution of different 
amino acids, was used. Arginine (Arg, R) at position 2 of Lhcb2 was replaced 
with lysine (Lys, K), or threonine (Thr, T) at position 3 was replaced with 
serine (Ser, S) or asparagine (Asn, N). Moreover, to prevent silencing of our 
constructs we mutagenised the three subsequent base pairs, all resulting in 
synonymous mutations, in the region to which the amiRNA attaches. An 
isoform of Lhcb1 (Lhcb1.4) instead of threonine has a serine at position 4 
therefore substitution of Thr with Ser could explain whether this process is 
position-specific and if STN7 can phosphorylate S. On the other hand 
substitution with non-phosphorylatable Asn, which as Thr is a hydrophilic 
amino acid, should abolish phosphorylation. Lhcb1 and Lhcb2 AA sequences 
differ between each other by the amino acid located at position 2 of the 
mature protein, lysine and arginine respectively. To learn whether faster 
phosphorylation of Lhcb2 (Leoni et al., 2013) is caused by this difference we 
also complemented the line with Lhcb2.1 encoding for Lys instead of Arg. 

Obtained T1 lines were screened with Lhcb2 antibody but in no case was the 
signal close to wild type levels. We collected the seeds from four individuals 
from each transformation event, with the highest Lhcb2 amount, and 
propagated them on MS plates with selecting antibiotics. All T2 lines but one 
grew on the plates and they were transferred to the soil and grown for four 
more weeks after which the protein samples were isolated and leaf rosettes 
were used for PAM fluorescence measurements and for phosphorylation and 
dephosphorylation assays. Unfortunately, it seems that the phenotype of the 
lines was unstable over the generations making it difficult to draw clear 
conclusions about the roles of specific amino acid residues for the function of 
Lhcb2 in state transitions. 

All of T2 transformants recovered wild type or nearly wild type levels of 
Lhcb2 and in most of the cases Lhcb2 could be phosphorylated. PAM 
fluorescence traces for each construct were inconsistent, some of 
fluorescence kinetics within the same construct were similar to wt whereas 
the others reassembled that of amiLhcb2, obviously a consequence of a loss 
of inhibition of the amiRNA construct. However, one of the aims of this work 
was to obtain additional evidence that Thr3 is crucial for Lhcb2 
phosphorylation and state transitions. One of the examined 
amiLhcb2/Lhcb2.X-T3N lines – 7A, despite having wt Lhcb2 levels (MSIII, 
Figure 2C), did not phosphorylate its’ Lhcb2 (MSIII, Figure 4C) which 
resulted in no state transitions (Figure 3C). In another line, 13A, Lhcb2 could 
be phosphorylated and had wt fluorescence kinetics. It is possible that the 
latter line co-suppressed amiRNA expression that resulted in expression of 
wt Lhcb2 and thus overall wild type features. The results obtained for 
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amiLhcb2/Lhcb2.X-T3N-7A confirms the fact that Thr3 is essential for 
Lhcb2 phosphorylation which consequently leads to formation of LHCII-
PSI-LHCI complexes that allows balancing of the excitation energy between 
PSII and PSI. To get further insights into the functions of specific amino acid 
residues in state transitions further investigations and more biological 
replicates are required.  
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IV. Conclusions and Perspectives 

There exists an amazing variety of niches to which different plant species 
adapted during the course of evolution, however even within those environs 
they are constantly subjected to a number of cues they need to respond to in 
order to survive. Continuously changing light quantity and quality is one of 
the most important cues plants need to adjust their photosynthetic 
machinery to in order to maintain their photosynthetic function. Under 
optimal light conditions all collected photons are transformed into ATP and 
NADPH which powers the biochemical reactions of plants and allows them 
to incorporate carbon dioxide into sugars, allowing them to increase their 
biomass. Nevertheless, under the conditions where light intensity or quality 
alters the redox balance across the membranes plants must dissipate the 
excess energy by non-photochemical quenching. 

In my thesis I have studied the two most abundant membrane proteins in 
plants, Lhcb1 and Lhcb2, which are involved in light harvesting and state 
transitions. By developing phospho-specific antibodies and specifically 
silencing either Lhcb1 or Lhcb2 we were able to shed some light on the 
individual functions of these two highly homologous proteins. The most 
important discoveries described in my thesis are: 

Manuscript I 

• Lhcb2 is more rapidly phosphorylated than Lhcb1 
• There exists no differences in the electrophoretic mobility between 

phosphorylated and non-phosphorylated Lhcb1 and Lhcb2 
polypeptides 

• All complexes containing LHCII get phosphorylated under state 2 
conditions 

• State 2-specific LHCII-PSI-LHCI supercomplexes are highly 
enriched in P-Lhcb2 but contains very little P-Lhcb1, whereas the 
complexes corresponding to M-trimers are composed of LHCII, 
CP24 and CP29, which only contains P-Lhcb1 but no P-Lhcb2 

Manuscript II 

• Only LHCII trimers are affected by depletion of either Lhcb1 or 
Lhcb2 

• When Lhcb1 is absent very few LHCII trimers are formed, 
particularly extra trimers, and the majority of trimers present are S 
trimers 

• Lhcb1 modulates the size of grana 
• Lhcb2 facilitate the attachment of LHCII to PSI as proven by 

inability of amiLhcb2 lines to form LHCII-PSI-LHCI 
supercomplexes 
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• Only when both Lhcb1 and Lhcb2 are present in (Lhcb1)2Lhcb2 
heterotrimers (extra trimers), can state transitions occur 

• Lhcb1 influences the capacity of plants to perform non-
photochemical quenching by providing sufficient amount of 
quenching sites 

Manuscript III 

• Phosphorylation of Thr3 is crucial for state transitions; substitution 
of T with Asn results in no phosphorylation and thus no state 
transitions 

Taken together this data show that both Lhcb1 and Lhcb2 have distinct roles, 
which are however highly complimentary. The action of Lhcb1 orchestrates 
and facilitates the function of Lhcb2. When state 2 light is applied it causes 
phosphorylation of LHCII in all parts of membranes (Grieco et al., 2012; 
Leoni et al., 2013; Wientjes et al. 2013c), nevertheless the fate of different 
LHCII fractions varies. The S and M trimers do not participate in state 
transitions (Galka et al., 2012; Wientjes et al., 2013c) and the role of their 
phosphorylation remains unclear. Only extra trimers are involved in this 
process (Wientjes et al., 2013a, c) and they are mainly localized in the 
terminal parts of grana, specifically in grana margins and top and bottom 
ends (Wientjes et al. 2013c), where PSI and ATPase are also localized. 
Moreover, it has been shown that during state 2, fluorescence increases 
significantly only within the grana margins (Tikkanen et al., 2008a). This 
means that the established mechanism of state transitions where trimers 
migrate between grana-appressed PSII and lamellae-embedded PSI is not 
correct. In state 1 marginally localized extra LHCII trimers constitute the 
antennae of PSII whereas in state 2 phosphorylation probably removes this 
connection allowing for re-establishing a new functional connection with 
PSI, to which LHCII transfers energy more efficiently (Galka et al., 2012; 
Wientjes et al., 2013a). 

Although our experimental setup allowed for visualization of the changes in 
the thylakoid membranes, occuring upon transition from state 1 to 2, these 
changes are most likely triggered by phosphorylation of both LHCII and PSI 
core proteins (Rintamaki et al., 1997; Tikkanen et al., 2010a). The 
application of light which preferentially excites either PSII or PSI does not 
reflect the effect caused by ambient light. State-specific light affects the 
redox state of the PQ pool however the stromal side of PSI remains oxidized 
and unaffected, whereas under white light there exists no correlation 
between phosphorylation and relative excitation of PSII and PSI. Low 
intensity of white light induces LHCII phosphorylation and suppresses PSII 
core protein phosphorylation, and the high intensity of white light has the 
opposite effect (Rintamaki et al., 1997; Tikkanen et al., 2010a). Under 
ambient light state transitions is believed to regulate the excitation of PSI in 
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order to maintain the redox poise of the ETC (Tikkanen et al., 2010b; 
Tikkanen and Aro, 2012). LHCII phosphorylation enables regulation of PSI 
light harvesting by providing sufficient excitation to PSI under low light 
intensities when the excitation energy transfer from LHCII to both 
photosystems is efficient and NPQ is minimized. To understand the true 
physiological roles of Lhcb1 and Lhcb2 and the cooperation occurring 
between them, studies with application of more natural light conditions 
could be applied.  
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