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1. Introduction 

Photosynthesis is a process worth of an extraordinary respect since it remarkably 

participates on the maintenance of suitable living conditions on the Earth. It is performed 

mainly by two large supercomplexes known as Photosystem I (PSI) and Photosystem II (PSII), 

which have been studied for a long time and still, there are many dimensions awaiting their 

elucidation. It is obvious that especially functional properties of any assembly depend on the 

structure of individual subunits, which are responsible for its overall performance.  

The last few decades clearly showed that photosynthetic complexes can be 

successfully studied using the X-ray crystallography, which provided most of the structures 

at atomic resolution available today. However, the method requires a highly concentrated 

sample, with a maximally homogenous and pure form of a protein in order to crystallize. Any 

impurities or structural variabilities of the protein are undesirable. Nowadays, this technique 

is being gradually replaced by the state-of-the-art cryo electron microscopy, which does not 

demand for crystals. Nevertheless, it still requires homogenous and also concentrated 

specimen. These requirements are, however, very difficult to fulfil, especially in a case of 

fragile, transient or rare protein complexes. In this case, single particle electron microscopy 

of a negatively stained specimen was found to be a very convenient method. Moreover, if it 

is coupled with a proper separation technique like a clear native polyacrylamide gel 

electrophoresis (CN-PAGE), it represents a powerful tool for structural characterization of 

a broad range of proteins, including photosynthetic membrane proteins. 

The main aim of this thesis is the structural characterization of photosynthetic 

supercomplexes and megacomplexes of PSI and PSII using the CN-PAGE and single particle 

electron microscopy. In the Introduction part, a current knowledge of the structure of main 

photosynthetic complexes and their larger assemblies in higher plants is summarized. The 

experimental part of this thesis deals with an optimization of the experimental approach, 

which was used for isolation of large photosynthetic supercomplexes and megacomplexes. 

The last part of the thesis summarizes the performed and published research. 
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Structure of Photosystems I and II 

Photosystem I 

Photosystem I is a large, pigment-binding supercomplex working as a light-driven 

plastocyanin:ferredoxin oxidoreductase. It is extraordinarily efficient with quantum yield 

close to 1 and for this, it is considered as the most effective photovoltaic machine known so 

far (Nelson, 2009). 

Plant PSI is composed from two basic functional moieties: the central core complex 

and a peripheral light-harvesting complex (LHCI). Central core complex coordinates the 

components responsible for a light-driven electron transfer and binds chlorophyll a 

molecules, which serve for light-harvesting. LHCI, which forms a crescent-shaped belt at the 

periphery of PSI, significantly extends its light-harvesting capacity and its main function is the 

efficient supply of the core complex with excitation energy (Nelson and Ben-Shem, 2005; 

Nelson and Yocum, 2006; Jensen et al., 2007; Amunts and Nelson, 2008; Busch and Hippler, 

2011) 

Structure of plant PSI has been extensively studied by the X-ray crystallography 

method and the resolution and the structural information provided by this method gradually 

improved during the last years. The first crystal structure of plant PSI was obtained at 4.4 Å 

resolution (Ben-Shem et al., 2003), when positions of sixteen subunits were determined: 

twelve core subunits (PsaA - PsaL) and four peripheral light harvesting subunits (Lhca1-4). 

Although the relatively low resolution did not allow precise identification of important 

functional features, like interactions among subunits, it provided valuable information about 

the order of individual Lhca1-4 proteins attached at one side of the PSI core complex. Owing 

to improved crystallization conditions, the resolution could be later improved to 3.4 Å 

(Amunts et al., 2007) and further to 3.3 Å (Amunts et al., 2010), both revealing seventeen 

subunits in total. These improved models provided better insight into interactions among 

subunits and non-covalently bound cofactors (chlorophylls, carotenoids, Fe-S clusters and 

phyloquinones). Finally, the most recent plant PSI structure was obtained at 2.8 Å resolution, 

which refined the current information about how the non-covalently bound cofactors 
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interact with each other and with the protein subunits within the supercomplex (Mazor et 

al., 2015) (see Figure. 1). 

 

 

Figure 1. The most recent X-ray structure of the plant PSI-LHCI supercomplex obtained at the 2.8 Å 

resolution. View from the stromal side. Twelve PsaA-PsaL subunits of PSI including Lhca1-Lhca4 are 

depicted. PsaF and PsaJ subunits are coloured in magenta and green, respectively. PsaC, PsaD and PsaE 

subunits are coloured in cyan, pink and blue, respectively. Yellow and orange spheres in the mid dle of 

the complex represent Fe-S clusters. Chlorophylls in the core complex are in green, chlorophylls a in LHCI 

in cyan and LHCI chlorophylls b in magenta, carotenoids are in blue. Adapted from Mazor et al. (2015). 

 

Subunit composition of plant Photosystem I core complex 

The most recent X-ray structural analysis of PSI (Mazor et al., 2015) showed that the 

core complex is composed of twelve stably bound subunits PsaA-PsaL (coordinating 156 

chlorophylls - nine of them are chlorophylls b, 32 carotenes and 14 lipids). Moreover, 

additional peripheral subunits, namely PsaN-PsaP and PsaR, were also revealed to be 

associated with the PSI core complex. However, PsaN subunit is only weakly bound to the 

PSI core and it is not considered as its stable part (Amunts et al., 2010). PsaO and PsaP are 
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subunits, which have not been identified yet in any crystal structure of plant PSI (reviewed in 

Busch and Hippler, 2011). By contrast, PsaR was identified within the crystal structure of 

plant PSI (Amunts et al., 2010), however its function is unclear. 

PsaA and PsaB represent the largest subunits of PSI, each formed by eleven 

transmembrane helices with the molecular mass of 84 and 83 kDa, respectively. They form 

the central heterodimer, which binds P700 - the special chlorophyll pair responsible for light 

driven charge separation and also several primary electron acceptors. PsaC is a small stromal 

subunit with molecular mass of 9 kDa and together with PsaD (18 kDa) and PsaE (10 kDa) 

subunits forms a docking site for ferredoxin - a soluble electron transporter (Hayashida et al., 

1987; Hoj et al., 1987). PsaF subunit with one transmembrane helix and with molecular mass 

of 17 kDa binds plastocyanin, the luminal electron donor (Farah et al., 1995) and was shown 

to be essential for transition of excitation energy from LHCI to PSI core complex (Haldrup et 

al., 2000). PsaG (11 kDa) and PsaK (9 kDa) are plant specific subunits with two 

transmembrane helices and play a role in stabilizing of the whole PSI supercomplex (Varotto 

et al., 2002) and in binding of LHCI to PSI (Ben-Shem et al., 2003). PsaH (11 kDa), PsaL (18 

kDa) and PsaO (10 kDa) form a peripheral cluster responsible for interaction of PSI with 

phosphorylated LHCII, the light-harvesting complexes of PSII (Lunde et al., 2000; Jensen et 

al., 2004; Zhang and Scheller, 2004) and possibly also PsaI (4 kDa) and PsaP (indistinct mass) 

subunits may be involved in binding of LHCII to PSI (Zhang and Scheller, 2004). Moreover, 

PsaL subunit plays a significant role in formation of trimeric PSI assemblies in cyanobacteria 

(Chitnis and Chitnis, 1993; Jordan et al., 2001) and in plants, this PsaL function is eliminated 

by a plant-specific PsaH subunit (Ben-Shem et al., 2003). PsaJ (6 kDa) and PsaN (10 kDa) are 

one transmembrane helix subunits required for formation of the plastocyanin binding 

domain (Fischer et al., 1999; Haldrup et al., 1999). PsaR is a small, peripheral, one 

transmembrane helix subunit containing large amount of adenines (Amunts et al., 2010) and 

there is no biochemical evidence for its role. Therefore, it remains unclear whether it is a 

stable and functional part of PSI. The subunits of plant PSI and their function are summarized 

in Table 1. 
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Table 1. Subunit composition of a plant PSI core complex with subunits functions and bound cofactors.  

Subunit 

name 

Mass 

(kDa) 

Gene 

location 
Function 

PsaA 84 chloroplast Light harvesting, charge separation, electron transport, 

coordination of P700, A0, A1 and FX, binding of 80 chlorophylls, Lhca 

binding 
PsaB 83 chloroplast 

PsaC 9 chloroplast Coordination of FA and FB, ferredoxin binding 

PsaD 18 nucleus ferredoxin binding 

PsaE 10 nucleus ferredoxin binding 

PsaF 17 nucleus plastocyanin binding, Lhca4 binding 

PsaG 11 nucleus PSI stabilization, Lhca1 binding 

PsaH 11 nucleus LHCII binding, prevention of PSI trimerization 

PsaI 4 chloroplast LHCII binding (?) 

PsaJ 6 chloroplast plastocyanin binding, Lhca2 binding 

PsaK 9 nucleus PSI stabilization, Lhca3 binding, LHCII binding 

PsaL 18 nucleus LHCII binding 

PsaN 10 nucleus plastocyanin binding 

PsaO 10 nucleus LHCII binding (?) 

PsaP - nucleus LHCII binding (?) 

PsaR - - - 

 

Light-harvesting complex of Photosystem I  

The main function of LHCI is to provide sufficient amount of energy into the reaction 

centre of PSI. Plant PSI relies on a nuclear encoded light-harvesting complex composed of six 

chlorophyll binding proteins Lhca1-6 (Jansson, 1999). The Lhca1-4 proteins are evenly 

expressed and form two heterodimers assembled into a curved belt at the PsaF/PsaJ side of 

the PSI reaction centre (Boekema et al., 2001; Ben-Shem et al., 2003; Amunts et al., 2007; 

Amunts et al., 2010). The composition of heterodimers and their position towards the 

reaction centre is not random. The first dimer is composed of Lhca1 and Lhca4 proteins and 

interacts with PSI core complex via PsaG and PsaB subunits (Lhca1) and via PsaF subunit 

(Lhca4). The other dimer is formed by Lhca2 and Lhca3 proteins. Lhca2 associates with PSI 

core complex via PsaA and PsaJ and Lhca3 interacts via PsaA and PsaK (Jansson et al., 1996; 
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Ben-Shem et al., 2003; Amunts et al., 2007; Amunts et al., 2010; Mazor et al., 2015). The 

individual Lhca proteins in the PSI-LHCI supercomplex are not mutually interchangeable, as it 

was shown on mutants lacking individual Lhca subunits (Wientjes et al., 2009). That analysis 

showed that missing Lhca protein leaves an empty space in the supercomplex structure. This 

indicates that binding of individual Lhca proteins to the PSI core complex is highly specific, 

only with the exception of Lhca4 subunit, which can be substituted with Lhca5 subunit. The 

Lhca1-4 subunits also contain so-called far-red chlorophylls responsible for far red 

absorption and fluorescence emission (Morosinotto et al., 2003), which is a characteristic 

feature of the PSI (Gobets and van Grondelle, 2001). 

The Lhca5-6 proteins represent subunits, which are expressed at a very low level 

(Klimmek et al., 2006). It means that these proteins bind to PSI in a substoichiometric 

amount with respect to other Lhca1-4 proteins. The exact role of Lhca5 and Lhca6 was 

unclear, until the mutants lacking these subunits were constructed. Analysis of plants lacking 

these subunits indicated their direct involvement in formation and stabilization of the PSI-

NAD(P)H dehydrogenase (PSI-NDH) supercomplex (Peng et al., 2009). This analysis showed 

that mutants without Lhca5 and Lhca6 subunits have impaired formation of the PSI-NDH 

supercomplex. The general properties of Lhca1-6 proteins are summarized in Table 2. 

 

Table 2. Subunits of plant Photosystem I light-harvesting complex with bound cofactors. 

Subunit name Mass (kDa) Bound cofactors 

Lhca1 22 13 chlorophylls, 3 carotenoids 

Lhca2 23 13 chlorophylls, 2 carotenoids 

Lhca3 25 13 chlorophylls, 3 carotenoids 

Lhca4 22 13 chlorophylls, 2 carotenoids 

Lhca5 24 13 chlorophylls, 2 carotenoids 

Lhca6 25 - 
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Photosystem I involved in formation of larger assemblies 

Plant PSI predominantly exists in the monomeric form in the thylakoid membrane 

(Kouril et al., 2005a). Nevertheless, this supercomplex also tends to form larger assemblies 

with other protein complexes like Cytb6f complex (Iwai et al., 2010), LHCII (Kouril et al., 

2005b), and NDH complex (Kouril et al., 2014). Moreover, PSI can associate even with each 

other and form oligomers as have been shown in several electron microscopy studies 

(Boekema et al., 2001; Kouril et al., 2005a). Thus, the following paragraphs will briefly 

describe those larger PSI associations: supercomplexes involved in so-called state transitions, 

PSI oligomers and PSI-NDH supercomplex. 

Photosystem I supercomplexes involved in state transitions  

State transitions is a mechanism, by which plants balance the distribution of 

excitation energy between PSII and PSI upon changing light conditions (reviewed e.g. in 

Allen, 1992; Wollman, 2001). 

Upon light conditions, when PSII is preferentially excited, over-reduction of 

plastoquinone and the cytochrome b6f complex occurs. This over-reduction serves as a signal 

for plant kinases STN7 and STN8, which phosphorylate light-harvesting complex of PSII 

(LHCII) and some proteins of the PSII core complex (Bennett et al., 1980; Bellafiore et al., 

2005; Bonardi et al., 2005). Once phosphorylated, LHCII dissociates from PSII and associates 

with PSI to form PSI-LHCI-LHCII supercomplex (state 2). Effect of this transition is in lowering 

of excitation pressure to PSII and in increased excitation of PSI. The whole process is 

reversible. When the pool of plastoquinone becomes oxidized, LHCII is dephosphorylated 

and migrates back to PSII (state 1) (Forsberg and Allen, 2001). In the state transitions, PsaH 

subunit plays a significant role. LHCII cannot transfer the excitation energy to PSI and the 

state transitions are impaired if the PsaH subunit is missing (Lunde et al., 2000). 

Despite there was ample functional evidence for state transitions, the structure of 

the PSI-LHCI-LHCII supercomplex was obscured for a long time. Its structure was for the first 

time demonstrated in Arabidopsis thaliana by Kouřil et al. (2005), which was long time after 

discovery of state transitions (Bonavent.C and Myers, 1969; Murata, 1969; Bennett, 1977). 
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This time delay was caused by the difficulty to purify the supercomplex with a sufficient yield 

due to its fragility and instability. It was shown that LHCII trimer together with PSI-LHCI 

supercomplex form a pear-shaped structure and that LHCII is to PSI attached at the PsaH 

side (Fig. 2). Origin of the LHCII trimer migrating towards PSI was also investigated and still 

remains the matter of debate. For instance, it was proposed that it may originate in the M 

trimer dissociating from the PSII supercomplex (Kouril et al., 2005b). Nevertheless, taking 

into consideration that M trimer specific subunit Lhcb3 (Caffarri et al., 2009) is not present in 

stromal thylakoids (Bassi et al., 1988), the M trimer in most probably not involved in state 

transitions. Further, it was also proposed that LHCII trimer, which associate with PSI during 

state transitions, may originate also in a specific subset of LHCII weakly bound to PSII 

supercomplex (Galka et al., 2012) or in the pool of free LHCII (Wientjes et al., 2013). 

Structure of PSI-LHCI-LHCII supercomplex is illustrated in Figure 2. 

 

 

Figure 2. Structure of the plant PSI-LHCI-LHCII supercomplex. Supercomplex is formed by PSI with 

attached LHCI and trimeric LHCII. The question marked areas represent the unassigned densities 

probably occupied by some additional subunits. Stromal side view. Adapted from Jensen et al. (2007). 
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Oligomeric forms of Photosystem I  

Electron microscopy analysis of mildly solubilized, chromatographically or 

electrophoretically purified thylakoid membranes also showed that PSI tends to form larger 

oligomeric forms like dimers, trimers and even tetramers. 

The first structure of PSI oligomers was reported in the thermophilic cyanobacterium 

Synechococcus (Boekema et al., 1987). Nevertheless, there was a question whether these PSI 

trimers represent native arrangements or an artificial association between solubilized PSI 

complexes. No details regarding the interactions between individual PSI supercomplexes 

could be concluded due to the limited resolution of trimers. Thus, as the individual PSI 

supercomplexes in trimers were rotationally symmetrical, this was taken as the main 

evidence of their nativity. Later, the formation of PSI trimers in Synechococcus was 

confirmed using the X-ray analysis (Jordan et al., 2001). This study also revealed that the 

trimerization domain is formed of PsaL, as the individual PSI interact via these subunits. 

A search for similar PSI associations in plants was also performed (Boekema et al., 

2001). In that study, PSI dimers, trimers and tetramers were discovered in pea thylakoid 

membranes mildly solubilized by α-dodecyl maltoside. However, as the electron microscopy 

analysis showed, all found PSI oligomers represented artificial assemblies probably created 

as the artefact of solubilization. The individual PSI supercomplexes in the PSI oligomers had 

mirror symmetry and different handedness, which certainly does not reflect the situation in 

the native membrane. Comparable research was repeated later with digitonin as the 

detergent and similar dimeric, trimeric and tetrameric PSI structures were discovered (Kouril 

et al., 2005a). Regrettably, results of this electron microscopic analysis agreed with the 

former findings, i.e. that the found plant PSI oligomers likely represent artificial associations. 

Based on these results, it was concluded that native plant PSI exists in monomeric form. The 

trimerization of plant PSI is moreover hindered by the PsaH subunit (Ben-Shem et al., 2003), 

which shields the PsaL subunits responsible for PSI trimerization in cyanobacteria (Chitnis 

and Chitnis, 1993). Presence of PsaH in plant PSI is important as it enables association of 

plant PSI with LHCII during state transitions (Lunde et al., 2000). Examples of plant PSI 

oligomers are shown in Figure 3. 
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Figure 3. Plant PSI oligomers. (a-c) Artificial plant PSI oligomers as published by Boekema et al., (2001); a: 

PSI dimer composed of two up and down oriented monomers; b: PSI trimer, where two monomers have 

the same orientation as in dimer, next monomer is associated at different position; c: PSI tetramer 

formed as dimer of dimers. (d-f) Plant PSI oligomers discovered during optimization of native separation 

technique (Experimental approach chapter, unpublished data); d, e: PSI tetramers; f: PSI pentamer. 

 

PSI-NDH supercomplex 

The PSI-NDH supercomplex represents the assembly of PSI with NAD(P)H 

dehydrogenase and its native structure was revealed recently with a significant contribution 

of our group (chapter 4.1). 

NDH complex is localized in stromal thylakoids and its existence was firstly suggested 

after tobacco and liverwort Marchantia polymorpha chloroplast genome sequencing 

(Ohyama et al., 1986; Shinozaki et al., 1986). It is involved in one of the pathways of cyclic 

electron flow (CET) around PSI (known as NDH-dependent pathway), which is essential for 

preventing of stroma over-reduction and also contributes to balancing of ATP and NADPH 

production (Shikanai, 2007). Thus, association of NDH with PSI seems to be beneficial for 

execution of these functions. 

The plant NDH complex is composed of more than 20 subunits. It can be divided into 

five subcomplexes: A and B subcomplexes, EDB (electron donor binding), membrane and 

lumen subcomplexes (Peng et al., 2011; Shikanai, 2016) and shares a homology with 
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mitochondrial respiratory complex I (Efremov et al., 2010). Membrane subcomplex contains 

NdhA-NdhG subunits, subcomplex A contains NdhH-NdhO subunits, subcomplex B contains 

NDF1, NDF2, NDF4, NDF6 and NDH18 subunits and lumen subcomplex is composed of PPL2, 

CYP20-2, FKBP16-2 and PQL subunits. Nevertheless, exact function of all these subunits is 

still not fully clarified. EDB subcomplex represents recently discovered moiety of NDH and 

consists of NdhT, NdhU and NdhS subunits (Yamamoto et al., 2011). These subunits are 

suggested to form a ferredoxin binding site. Due to the fact that NDH binds ferredoxin, the 

chloroplast NDH may be reconsidered to be an ferredoxin dependent plastoquinone 

reductase, instead of generally accepted NAD(P)H dehydrogenase. 

Existence of the PSI-NDH supercomplex was firstly evidenced in 2008 (Peng et al., 

2008). Authors electrophoretically separated mildly solubilized Arabidopsis thaliana 

thylakoid membranes and discovered a high molecular weight band, which was after 

subjection to biochemical analysis attributed to association of PSI with NDH. Later, it was 

shown that association with Lhca5 and Lhca6 minor antenna is required for the efficient 

operation of the PSI-NDH supercomplex using the mutants lacking these Lhca subunits (Peng 

et al., 2009). The NDH complex is also stabilized by interaction with PSI especially under 

stress conditions (Peng and Shikanai, 2011). A structural model of PSI-NDH supercomplex 

with two copies of PSI attached to one copy of NDH was also proposed (Peng et al., 2011). 

Nevertheless, no structural evidence was available. There is also a recent indication that 

NDH-dependent CET might play a role in the regulation of photosynthetic redox state at low 

light condition (Yamori et al., 2015). 

In our work (chapter 4.1), we provided the first structural characterization of the PSI-

NDH supercomplex. We used mildly solubilized barley thylakoid membranes separated by 

native electrophoresis and band corresponding to PSI-NDH was structurally characterized by 

electron microscopy and image analysis. Our results correspond with previous propositions, 

as we revealed one NDH complex interacting with two copies of PSI. Also a minor form with 

only one PSI copy was discovered, but this was attributed to dissociation of the complete 

supercomplex during sample preparation. Fitting of crystal structures of PSI and NDH (or its 

analogue – respiratory complex I, respectively (Baradaran et al., 2013)) into the electron 
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microscopy projection map of PSI-NDH supercomplex indicated subunits involved in mutual 

interaction between PSI and NDH. This model proposes that while all Lhca1-4 subunits to 

some extent participate in the interaction, only NdhA-G subunits of the membrane NDH 

subcomplex are involved in the interaction. The model also shows some unassigned 

densities in the PSI-NDH supercomplex, which likely correspond to attached Lhca5 or Lhca6 

antennas. 

In the PSI-NDH supercomplex, the ferredoxin reduced at the acceptor side of PSI 

passes to NDH, where it reduces plastoquinone. Reduced plastoquinone then transfers 

electrons back to PSI via cytochrome b6f complex and the cyclic pathway is completed. 

Ferredoxin can be alternatively reduced by NAD(P)H through the reverse reaction of FNR 

(ferredoxin:NAD(P)H oxidoreductase), which can associate with NDH (Hu et al., 2013). For 

more structural and functional details, see chapter 4.1. 

Photosystem II 

Photosystem II is a large, multisubunit pigment-protein supercomplex embedded in 

grana regions of thylakoid membranes and it works as a light-driven water:plastoquinone 

oxidoreductase with high quantum yield around 0.85 (Nelson and Ben-Shem, 2004). In 

plants, it consists of two functional moieties: the PSII core complex, which is usually present 

as a dimer (C2) and a peripheral light harvesting complex (LHCII), formed by monomers or 

trimers of specific light harvesting proteins.  

 

Subunit composition of Photosystem II core complex  

The most recent cryo electron microscopy structural analysis of the plant PSII 

supercomplex (Wei et al., 2016) showed a detailed architecture of the PSII core complex. It 

consists of four large intrinsic subunits (PsbA (D1), PsbB (CP47), PsbC (CP43), PsbD (D2)), 

twelve small subunits (PsbE-F, PsbH, PsbI-M, PsbTc, PsbW, PsbX, PsbZ) and four extrinsic, 

lumen exposed subunits (PsbO-Q, PsbTn). 
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The central part of plant PSII core complex is formed by large D1, D2, CP43 and CP47 

subunits. D1 and D2 subunits form central heterodimer, which constitutes the 

photochemical reaction centre P680 and where light driven charge separation takes place. 

Both D1 and D2 are formed by five helices of molecular mass 39 kDa and bind six chlorophyll 

a molecules and two pheophytins. CP43 and CP47 are six helix subunits with mass of 43 and 

47 kDa. They fulfil the function of inner antenna, which means that they participate in light 

harvesting and coordinate 14 and 16 chlorophyll a molecules, respectively. These subunits 

also play an important role in energy transfer from outer light harvesting complex into the 

reaction centre. Moreover, it was shown that D1 together with CP43 are involved in 

coordinating of manganese cluster in oxygen evolving complex (Wei et al., 2016). 

The group of twelve small subunits can be divided into stromal exposed ones (PsbE, 

PsbF, PsbH, PsbJ and PsbL) and lumen exposed ones (PsbI, PsbK, PsbM, PsbTc, PsbW, PsbX 

and PsbZ). All those subunits do not bind any pigment molecule and are present as one 

helical proteins only, with the exception of double helix PsbZ subunit. They pursue several 

functions, i.e. enhance dimerization of core complexes (PsbL, PsbM, PsbTc), stabilize the 

core complex (PsbE, PsbF, PsbJ, PsbK and PsbX), mediate association of outer light harvesting 

complex (PsbH, PsbW and PsbZ) and bind cytochrome b559 (PsbE, PsbF) (Shi and Schroder, 

2004; Wei et al., 2016). 

PsbO, PsbP, PsbQ represent extrinsic, lumen exposed subunits with molecular masses 

of 33, 20 and 17 kDa constituting a heterotrimeric assembly known as oxygen evolving 

complex. This complex coordinates a Mn4CaO5
- cluster, which is responsible for water 

oxidation. Electrons released from oxidized water molecule are forwarded to electron 

transport chain and molecular oxygen is released to the environment (Umena et al., 2011; 

Wei et al., 2016). Function of PsbTn (5 kDa) is not clarified (Shi and Schroder, 2004). The 

basic properties of plant PSII subunits are summarized in Table 3. 
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Table 3. Subunit composition of plant Photosystem II core complex with subunits functions and bound 

cofactors. 

Subunit 

name 

Mass 

(kDa) 

Gene 

location 
Function 

D1 39 chloroplast Charge separation, electron transport, chlorophyll a, pheophytin 

and electron transport chain cofactors coordination D2 39 chloroplast 

CP43 43 chloroplast 
Light harvesting, chlorophyll a binding 

CP47 47 chloroplast 

PsbE 9 chloroplast Core complex stabilization or dimerization 

PsbF 4 chloroplast Core complex stabilization or dimerization 

PsbH 8 chloroplast Association of core complex with LHCII 

PsbI 4 chloroplast Core complex stabilization or dimerization 

PsbJ 4 chloroplast Core complex stabilization or dimerization 

PsbK 4 chloroplast Core complex stabilization or dimerization 

PsbL 4 chloroplast Core complex stabilization or dimerization 

PsbM 4 chloroplast Core complex stabilization or dimerization 

PsbTc 4 chloroplast Core complex stabilization or dimerization 

PsbW 6 chloroplast Association of core complex with LHCII 

PsbX 4 chloroplast Core complex stabilization or dimerization 

PsbZ 7 chloroplast Association of core complex with LHCII 

PsbO 33 nucleus Oxygen evolving complex 

PsbP 20 nucleus Oxygen evolving complex 

PsbQ 17 nucleus Oxygen evolving complex 

PsbTn 5 nucleus - 

 

Light-harvesting complex of Photosystem II  

Light harvesting complex of PSII (LHCII) is formed by different types of antenna 

proteins, which specifically associate at the periphery of the PSII core dimer. It fulfils several 

important tasks: it is responsible for a light harvesting and transfer of excitation energy to 

the reaction centre and it plays a crucial role in photoprotection of PSII against excessive 

light and photooxidative damage (Niyogi, 2000; Ruban et al., 2012; Ruban, 2016). 
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In plants, LHCII is composed of eight nuclear encoded pigment protein complexes 

named Lhcb1 – Lhcb8 (Ballottari et al., 2012). They are formed by three transmembrane 

helices and coordinate chlorophylls a, chlorophylls b and carotenoids in different ratios. 

Based on their occurrence, they can be generally divided into three subclasses. 

First subclass is formed by Lhcb1 – Lhcb3 proteins, which usually occur in the ratio of 

about 8:3:1 (Jansson, 1994) and represents so-called major antenna proteins. These proteins 

associate into homotrimers (composed of Lhcb1 or Lhcb2) or into heterotrimers (composed 

of Lhcb1, Lhcb2 and Lhcb3) and share in their structure a typical “WYGPDR” trimerization 

motif (Jansson, 1999). Detailed information about the architecture of the LHCII trimer is 

available from X-ray structure (Liu et al., 2004; Standfuss et al., 2005). Trimers associate with 

dimeric PSII core complex into larger assemblies via monomeric antenna. According to the 

character of the binding to the PSII core complex, the LHCII trimers were designated as “S” 

and “M” (Strongly and Moderately bound LHCII, respectively) (Dekker and Boekema, 2005; 

Kouril et al., 2012). Occasionally the core complex can associate also with “L” trimers 

(Loosely bound) (Boekema et al., 1999a). Single particle electron microscopy analysis of 

various land plant species indicates that the largest stable form of the PSII-LHCII 

supercomplex has a form of the C2S2M2 supercomplex. The Lhcb3 is present exclusively in 

the M trimer (Dainese and Bassi, 1991) and there are some indications that Lhcb2 is more 

likely present in the S trimer (Caffarri et al., 2009). Lhcb1 is evenly distributed among both 

the trimers (Caffarri et al., 2009). Moreover, it is interesting that there are up to eight LHCII 

trimers per one dimeric core complex (Peter and Thornber, 1991; van Oort et al., 2010). By 

considering the fact that dimeric PSII core complex can bind up to six trimers (Boekema et 

al., 1999a), this implies that there is a pool of free LHCII in thylakoid membrane, which may 

play a role e.g. in additional light harvesting (van Oort et al., 2010) and state transitions 

(Wientjes et al., 2013). 

The second group is formed by Lhcb4 (CP29), Lhcb5 (CP26) and Lhcb6 (CP24) proteins 

and represents so-called minor antennas. These proteins are in the PSII supercomplex 

present in monomeric form and they interconnect the core complex with the major trimeric 

LHCII (Caffarri et al., 2009). Lhcb4-6 also pursue several other functions, as it was studied on 
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plants lacking these subunits: Lhcb6 is essential for the M trimer binding (Caffarri et al. 

2009), as only C2S2 supercomplexes were found in mutant lacking this subunit (Kovacs et al., 

2006). Moreover, it was also shown that Lhcb6 plays a role in PSII photoprotection, as the 

plants lacking Lhcb6 had a significantly reduced capacity for non-photochemical quenching 

(de Bianchi et al., 2008). Lhcb6 was also found to be unique for land plants (Alboresi et al., 

2008) and might play a role in adaptation to aerial environment. Lhcb5 is involved in 

supercomplex stabilization, as the amount of supercomplexes was significantly reduced in 

the mutant lacking Lhcb5 (Yakushevska et al., 2003; Caffarri et al., 2009). In our work 

(chapter 4.3) we also propose that Lhcb5 is involved in formation or stabilization of PSII 

megacomplexes. Moreover, it was shown that Lhcb5 may substitute Lhcb1 and Lhcb2 

subunits in trimers in plants lacking these two subunits (Ruban et al., 2003). Lhcb4 was found 

to be essential for function and structural organization of PSII supercomplexes, as no large 

supercomplexes could be found in the mutant plants (Yakushevska et al., 2003; de Bianchi et 

al., 2011). Lack of this subunit also affects binding of S trimer and negatively influences non-

photochemical quenching capacity (de Bianchi et al., 2011). A crystal structure of the Lhcb4 

was solved recently (Pan et al., 2011). Minor antenna proteins also associate with major 

antennas into larger functional units, as it was shown on a pentameric complex composed of 

Lhcb4, Lhcb6 and the M trimer (Betterle et al., 2009). This unit disconnects from PSII upon 

illumination and re-associates with PSII during dark recovery, which was shown to be 

important for establishment of non-photochemical quenching. 

Moreover, as we have recently demonstrated (chapter 4.2), Lhcb6 and Lhcb3 

antennas are surprisingly not present in Pinaceae and Gnetales, subgroups of higher plants. 

Lhcb6 was considered to be plant specific subunit, which has, together with Lhcb3, evolved 

during transition of plants from water to land habitat. Their lack in Pinaceae and Gnetales 

modifies the PSII supercomplex in such a way that it resembles PSII from evolutionary older 

organisms and breaks the current dogma that these two subunits are essential for all land 

plants (for structural details and functional implications, see chapter 4.2). 

The last group of plant LHCII is represented by Lhcb7 and Lhcb8, the most recently 

discovered subunits. Lhcb7 is structurally similar to Lhcb5 and origin of Lhcb8 is in 
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reclassification of Lhcb4.3, one of isoforms of CP29 (Klimmek et al., 2006). Both of them are 

rarely expressed, i.e. they are present in substoichiometric amount and their function 

remains unclear (Ballottari et al., 2012). 

LHC-like proteins represent a special example of LHC proteins, from whom PsbS is 

worth of special interest. This is a four helix, pigment-less subunit, which plays a key role in 

process of non-photochemical quenching (Li et al., 2000). Recent data indicate that it 

associates with LHCII trimers and PSII core proteins (Gerotto et al., 2015; Correa-Galvis et al., 

2016), nevertheless it is probably not a specific part of the PSII-LHCII supercomplex (Caffarri 

et al., 2009). It also participates on PSII-LHCII structural reorganization upon high light 

condition (Betterle et al., 2009; Kereiche et al., 2010; Ruban et al., 2012) and impairs 

formation of PSII semi crystalline arrays (Kereiche et al., 2010). The basic properties of plant 

PSII light harvesting proteins are summarized in Table 4. 

 

Table 4. Subunits of plant LHCII with bound cofactors (if known exactly). 

Subunit name Mass (kDa) Bound cofactors 

Lhcb1 28 

8 chl a, 6 chl b, 4 carotenoids Lhcb2 29 

Lhcb3 29 

Lhcb4 (CP29) 31 9 chl a, 3 chl b, 1 chl a/b, 3 carotenoids 

Lhcb5 (CP26) 30 8 chl a, 4 chl b, 1 chl a/b, 3 carotenoids 

Lhcb6 (CP24) 28 - 

Lhcb7 40 - 

Lhcb8 30 - 

 

Structural characterization of the plant PSII -LHCII supercomplex 

In the last decades, a lot of effort has been put into solving a high resolution 

structure of the plant PSII-LHCII supercomplex. Attempts to solve a high resolution structure 

of a plant PSII-LHCII supercomplex using X-ray crystallography most likely failed due to the 

impossibility to purify the supercomplex in a homogeneous and stable form. Therefore, most 
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of the X-ray crystallography work has been performed on cyanobacterial PSII core complexes 

due to their greater stability (Zouni et al., 2001; Guskov et al., 2009; Umena et al., 2011). 

Due to the above-mentioned limitation, our knowledge about the architecture of the plant 

PSII-LHCII supercomplex comes from single particle electron microscopy studies combined 

with image analysis. 

 The first structural characterization of plant PSII with associated LHCII was obtained 

using mildly solubilized spinach PSII enriched membranes (Boekema et al., 1995). As the 

outcome, the C2S2 supercomplex at 25 Å resolution was obtained. Revealed structure 

provided the first details about organization of LHCII around PSII core complex. However, as 

the isolating procedures and instrumental facilities gradually improved, it was possible to 

achieve higher resolution of larger PSII-LHCII supercomplexes, as it is evidenced by spinach 

C2S2M and C2S2M2 supercomplexes obtained at 16 Å resolution (Boekema et al., 1999b; 

Boekema et al., 1999a). A next significant step forward was achieved in 2009, when a C2S2M2 

supercomplex at 12 Å resolution was obtained from mildly solubilized Arabidopsis thaliana 

thylakoid membranes (Caffarri et al., 2009). Obtaining of PSII supercomplex structure at such 

high resolution enabled sufficiently precise fitting of X-ray structures of individual PSII 

moieties (core complex and trimeric and monomeric LHCII) into the electron microscopy 

projection map. The structural model further allowed characterization of mutual interactions 

among PSII subunits and energy transfer routes (Kouril et al., 2012). Structure of such PSII 

supercomplex is presented in Figure 4. 
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Figure 4. Structure of Arabidopsis thaliana C2S2M2 supercomplex. (a) electron microscopy map of 

supercomplex obtained at 12 Å resolution. (b) fitting of X-ray structures into the supercomplex as 

proposed by Caffarri et al., (2009). Pale green: core complex; blue: M trimer; orange: S trimer; red: 

Lhcb6; green: Lhcb5; yellow: Lhcb4. Adapted from Caffarri et al. (2009).  

 

Recently, a breakthrough was achieved, when the 3D structure of the C2S2 

supercomplex was obtained using cryo electron microscopy at 3.2 Å resolution (Wei et al., 

2016). This study improved the current knowledge about the organization of the whole 

supercomplex, as precise localization of PsbO-Q subunits constituting the oxygen evolving 

complex was presented. A detailed insight into energy transfer pathways between antennas 

and core complex was also brought, as the exact positions of individual Lhcb proteins were 

located. The structure of this PSII C2S2 supercomplex is presented in the Figure 5. 
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Figure 5. Cryo electron microscopy structure of spinach C2S2 supercomplex obtained at 2.8 Å resolution. 

(a) crystal structure of C2S2 supercomplex, (b) schematic subunit depiction. Adapted from Wei et al. 

(2016). 

 

Larger assemblies of Photosystem II 

Photosystem II also tends to form larger assemblies in the grana membrane, which 

are, in contrast to PSI, formed exclusively between each other. Thus, the following 

paragraphs will briefly summarize current knowledge about formation of such associations, 

namely two-dimensional crystals and PSII megacomplexes. 

Two-dimensional crystals of Photosystem II  

The first evidence of regular arrangements of PSII supercomplexes into semi-

crystalline arrays was given several decades ago by freeze fracture analysis of thylakoid 

membranes (Garber and Steponkus, 1976; Simpson, 1978). Nevertheless, due to the limited 

resolving possibilities, no structural details could be concluded. The first reasonable results 

were obtained several years later after electron microscopy investigation of mildly 

solubilized spinach thylakoid membranes by α-dodecyl maltoside (Boekema et al., 2000). In 
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these membranes, regular arrangements of PSII supercomplexes into long rows were 

observed. After a detailed analysis, several types of crystal lattices were discovered. They 

were composed of either C2S2M or C2S2 supercomplexes. Later, another type of crystal 

lattice was found in Arabidopsis thaliana, which was formed by C2S2M2 supercomplex 

(Yakushevska et al., 2001a). It was also shown that occurrence and lattice properties of the 

PSII semi-crystalline arrays are dependent on growth conditions. In plants grown under high 

light conditions, the amount of semi-crystalline arrays was significantly reduced compared to 

normal and low light (Kouril et al., 2013). Moreover, there was a relative increase in semi-

crystalline arrays formed by C2S2 supercomplexes in high light variant compared to crystals 

formed by C2S2M2 in the other light variants, probably as the consequence of light induced 

disassembly of larger complexes. The formation of semi-crystalline arrays is also initiated by 

the adaptation of plants to low temperature (Garber and Steponkus, 1976) or by different 

conditions (e.g. high sugar concentration in the storage medium) used to store the isolated 

thylakoid membranes or chloroplasts (Semenova, 1995). 

The function of the PSII semi-crystalline arrays is still a matter of debates and several 

possibilities were proposed. It was suggested that these ordered arrays may serve to 

enhance diffusion of plastoquinone to cytochrome b6f complex in the crowded membrane 

(Kirchhoff et al., 2007) and regular arrangements of PSII may also participate on grana 

formation via mutual interactions of LHCII in the adjacent membrane layers (Yakushevska et 

al., 2001a; Daum et al., 2010; Kirchhoff et al., 2013; Tietz et al., 2015). It was also shown that 

formation of the semi-crystalline arrays is dependent on PsbS (Kereiche et al., 2010). In 

plants with normal or decreased level of PsbS, the formation of semi-crystalline arrays was 

unaffected, while no arrays were detected in the plants overproducing the PsbS. Thus, it was 

suggested that formation of these semi-crystalline arrays is also related to non-

photochemical quenching, since PsbS is involved in regulation of non-photochemical 

quenching process (Niyogi et al., 2005). 
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Megacomplexes of Photosystem II  

PSII megacomplexes represent a lateral and specific association of two PSII-LHCII 

supercomplexes. They were, for the first time, detected in chromatographically purified 

spinach thylakoid membranes mildly solubilized by α-dodecyl maltoside. The analysis of 

electron micrographs of that sample revealed three different in parallel arranged PSII 

megacomplexes (Boekema et al., 1999b; Boekema et al., 1999a) and later, another type of 

the PSII megacomplex was discovered in Arabidopsis thaliana (Yakushevska et al., 2001b). 

Later, the PSII megacomplexes were detected also in other studies (e.g. Caffarri et al., 2009; 

Jarvi et al., 2011), but they were not subjected to any structural characterization. The origin 

and a biological relevance of PSII megacomplexes were obscured since they were considered 

as building blocks or just fragments of two-dimensional crystals.  

In our work (chapter 4.3), we performed a thorough structural analysis of PSII 

megacomplexes from mildly solubilized Arabidopsis thaliana thylakoid membranes. Our 

results indicate similar arrangements of PSII as published previously (Boekema et al., 1999b; 

Boekema et al., 1999a; Yakushevska et al., 2001b), when we detected PSII megacomplexes 

arranged in parallel. However, we also detected several novel types of megacomplexes 

formed by two PSII supercomplexes interacting in a non-parallel manner. Importantly, we 

also brought evidence of native origin of both parallel and non-parallel megacomplexes as 

they were successfully detected at the level of native grana membranes. We also proposed 

their function in a tuning of utilization of absorbed light energy, however, this has to be 

elucidated in more detail in further studies. 
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Experimental techniques 

Electron microscopy represents a powerful tool for structural characterization of 

protein complexes, as it was demonstrated on several PSI and PSII supercomplexes and 

megacomplexes described in the previous chapter. To facilitate the electron microscopy 

analysis of protein complexes, a proper separation method is also desirable to purify the 

complex in a high quantity, purity and a native form. Nowadays, there are generally two 

native separation methods widely used. The first method represents an ultracentrifugation 

in sucrose gradient. This technique has been successfully used several times for a separation 

of large PSII-LHCII supercomplexes (e.g. Caffarri et al., 2009; Wei et al., 2016). However, this 

technique is vastly time consuming (a run usually takes about 16 h) and demanding for a 

very expensive equipment. On the other hand, native electrophoresis, which represents the 

second separation technique, brings several benefits compared to ultracentrifugation. It 

remarkably shortens the time needed for separation (it takes about 2 h) and uses relatively 

inexpensive equipment. The following paragraph will briefly introduce the issue of native 

polyacrylamide gel electrophoresis, namely the so-called clear native polyacrylamide gel 

electrophoresis (CN-PAGE), a separation technique successfully utilized in all our studies 

(chapters 4.1, 4.2, 4.3). It is followed by an insight into the basic principles of transmission 

electron microscopy and image analysis. 

CN-PAGE 

Clear-native polyacrylamide gel electrophoresis represents a special type of 

electrophoresis nowadays conveniently used for separation of large and fragile protein 

complexes in native state. 

It was used for the first time in early nineties for separation of labile mitochondrial 

complexes and it is principally based on an older technique known as blue-native PAGE (BN-

PAGE) (Schagger et al., 1994). Nevertheless, the original setup of CN-PAGE had limited 

resolving possibilities and till these days, it had to undergo several improvement steps. 

Originally, the only difference between CN-PAGE and BN-PAGE lied in the complete 

absence of anionic dye Coomassie brilliant blue (CBB) in the case of CN-PAGE (Schagger et 
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al., 1994). Since the principle of BN-PAGE is based on the ability of this dye to adsorb to the 

protein complexes which sets them negative charge necessary for their movement in the 

electric field (Schagger and Vonjagow, 1991), a usage of CN-PAGE was limited due to the CBB 

absence to separation of complexes with certain isoelectric point (pI) only. All native 

electrophoretic applications apply exclusively neutral pH, which means that only acidic 

proteins with pI lower than the pH of electrophoretic system could be separated (because 

only those proteins have negative charge). The other “disadvantage” of original CN-PAGE 

setup was in a significantly prolonged separation and weak resolution of separated protein 

complexes (Schagger et al., 1994; Wittig and Schagger, 2005). On the other hand, the 

separation in absence of CBB provided several very important advantages. This dye 

significantly hampered estimation of catalytic activity of separated protein complexes and 

interfered with detection of fluorescently labelled proteins, which was conveniently 

overcome in the case of CN-PAGE. Moreover, there were some indications that CBB might 

disturb very weak protein-protein interactions and thus, CN-PAGE was considered to be the 

mildest electrophoretic technique (Wittig and Schagger, 2005). 

Therefore, there was an effort to combine advantages of both electrophoretic 

techniques. This resulted in the high resolution CN-PAGE, an improved method combining 

the resolving efficiency of BN-PAGE with an exceptional mildness of CN-PAGE (Wittig et al., 

2007). This was achieved by a mild, anionic detergent sodium deoxycholate present in 

a cathode buffer. This detergent incorporates into detergent micelles of solubilized protein 

complexes and sets them a negative charge, which is essential for their effective separation 

in the electric field. Moreover, to our best knowledge there is no evidence regarding any 

negative impact of this detergent on protein-protein interaction. 

The separation of protein complexes by native electrophoresis is usually performed 

using linear gradient polyacrylamide resolving gel. Obviously, gradient gel is used, when a 

mixture of proteins with broad range of molecular masses is separated. This is typically the 

case of photosynthetic membrane-bound complexes, which can have a form of large 

megacomplexes as well as small complexes. When the size of gel pores in the gradient gel 

meats with the size of a separated protein complex, the complex significantly decreases its 
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speed of movement in the gel and focuses in a sharp band. Thus, usage of the gradient gel is 

a beneficial way, how to separate individual proteins of different size from each other. The 

proper gradient constitution has to be also considered prior every experiment to achieve 

sufficient separation of complexes of interest. It is practically impossible to clearly resolve all 

individual protein complexes from a heterogeneous mixture and the gel density should be 

always adequate to molecular mass of complex of interest. The rule of thumb is: the larger 

complexes are to be resolved, the less concentrated gel has to be used (and vice versa). 

Consequently, a proper separation of larger complexes is at the expense of the smaller ones. 

Prior the separation of protein complexes by native electrophoresis, biological 

membranes have to be solubilized in order to extract the protein complexes from the lipid 

layer. For this purpose, detergents efficiently relieving lipid-lipid and lipid-protein 

interactions and maintaining even the weakest protein-protein interactions should be used. 

Nowadays, there are plenty of detergents suitable for extraction of protein complexes from 

biological membranes (Crepin et al., 2016). Nevertheless, as our long-term experience 

showed, dodecyl-maltosides (DDM) are the most suitable ones. Dodecyl-maltosides belong 

to the group of alkyl-glucosides, non-ionic detergents, which combine in their molecules a 

long hydrophobic alkyl chain with a large hydrophilic head group. In the case of DDM, the 

alkyl chain is formed by a non-branched twelve-carbon chain and the head group is 

composed of a maltose molecule. Based on the position of alkyl chain on the maltose head, 

α- and β- anomers can be distinguished. In the case of α-DDM, the side chain is connected to 

the head in the axial position, while β-DDM is connected in equatorial position (Seddon et 

al., 2004). Even though both these detergents share their basic chemical characteristics, 

their physical properties differ significantly. The best example of different physical properties 

is the different solubilizing power of both detergents, as evidenced e.g. by Pagliano et al., 

(2012) and Barera et al., (2012) and also by our results (see Experimental approach chapter). 

To achieve the optimal yield and resolution of complex of interest, proper detergent (α- or β-

DDM in our case) and its concentration have to be determined. For this purpose, a constant 

amount of membranes is usually treated with different detergents at increasing 

concentration. This is so-called detergent concentration line, which provides an outline of 

sample response. Using this approach, the suitable detergent and its concentration can be 
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determined to obtain specific complexes. As the results presented in the Experimental 

approach chapter imply, both DDM’s are useful in dependence on solubilized plant material 

and stability of studied protein complex. 

Single particle electron microscopy 

Single particle electron microscopy is a powerful technique used for both 2D and 3D 

structural characterization of protein complexes. It is highly suitable for protein assemblies, 

whose physical properties make difficult their structural characterization by other structural 

method like X-ray crystallography. Certainly, single particle electron microscopy provides 

several advantages compared to X-ray crystallography: there is no need to grow crystals, the 

biological sample does not need to be purified into homogeneity and high protein 

concentration and it is highly suitable for a study of large and often transient and unstable 

supercomplexes and megacomplexes. It combines transmission electron microscopy and 

image analysis (reviewed e.g. in Boekema et al., 2009). 

Transmission electron microscopy is an advanced technique, employing its high 

magnification capacity for visualization of small details, even within individual molecules. In 

principle, it is, to some extent, similar to a commonly known optical microscopy. However, it 

uses electrons instead of visible light. The limitation of optical microscopy lies right in the 

use of visible light (about 380-760 nm), since wavelength of photons is one of the resolution 

(and magnification) limiting factors. Wavelength of electron is dependent on voltage used 

for electron acceleration inside the electron microscope column and it can be up to 2.5 pm 

(if 200 kV acceleration voltage is used). This means that electron microscope may offer 

several orders of magnitude higher resolution than optical microscope. On the other hand, 

there are also several instrumental factors like aberration of lenses, which limit the final 

resolution of electron microscope. 

The general setup of transmission electron microscopy is the following: a path of 

electrons, which are emitted from an electron gun, is controlled and aligned by a set of 

lenses to form coherent and maximally monochromatic electron beam. These electrons then 

interact with a specimen, what affects their directions (i.e. the electrons are scattered by 
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interaction with the specimen). The scattered electrons, which carry now information about 

the specimen, further pass through the objective lens and through a set of projector lenses, 

where magnification occurs. Then they interact with a detector, which transforms the 

carried information into an image. 

In the electron microscopy, contrast of the image is one of the crucial factors, which 

has a great impact of the final results. A general origin of the contrast is in scattering of 

electrons on the specimen level and the scattering is directly proportional to the atomic 

number of elements, which form the specimen. Since the biological specimens are formed 

mostly of biomacromolecules composed of light elements (C, H, O, N), the scattering and 

resulting contrast is insufficient. A more sufficient contrast can be obtained by a negative 

staining (Brenner and Horne, 1959). In the negative staining, the biomacromolecules are 

embedded in heavy metal salt, whose heavy atoms strongly interact with electrons. The 

heavy metal salt surrounds the space around biomacromolecules and fills their cavities, but 

the hydrophobic protein interior remains untouched. This causes that the 

biomacromolecules project out from the background with a good contrast. Nevertheless, 

negative staining brings an inconvenience, as the complexes in the specimen may become 

deformed during the staining procedure. This undesirable deformation of complexes is 

avoided in cryo electron microscopy (Adrian et al., 1984), which represents an alternative for 

negative staining technique. In this technique, a liquid specimen containing 

biomacromolecules is rapidly frozen on the electron microscopy grid. Using this method, the 

biomacromolecules are embedded in a thin layer of amorphous ice and better reflect the 

genuine cellular aqueous situation of studied complexes. Since the contrast is caused 

preferentially by the difference between densities of ice and biomacromolecules, the 

contrast is much weaker compared to the negative staining. Due to this fact, it is uneasy to 

distinguish between complexes of interest and contaminants or breakdown products. Thus, 

the cryo electron microscopy is rather suitable for large and symmetric macromolecules, 

while negative staining is more suitable for smaller and structurally variable 

macromolecules. In cryo electron microscopy, the complexes are also present in all possible 

orientations as they are freely distributed in the ice. On the other hand, the complexes are in 
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negatively stained specimen adhered on the support carbon film and their spatial layout is 

limited. 

The biological samples are also highly sensitive to radiation damage and thus, the 

intensity of incident electron beam has to be minimized. This results in a low signal-to-noise 

ratio in the micrograph. To cope with this, image analysis is employed. 

Image analysis consists of three basic steps: alignment, classification and averaging. 

During the alignment step, all the individual projections of complexes (or any inspected 

particles) obtained by imaging of the specimen are arranged into the same direction. 

Classification, the second step, efficiently sorts out all different proteins in a heterogeneous 

dataset into individual classes. This step is able to distinguish even between very fine 

variances, if performed properly. However, this step is greatly time-consuming and 

demanding for high computing capacity. The last step, averaging, simply averages individual 

projections belonging to one class raised from the classification and significantly increases 

the signal-to-noise ratio. The higher amount of particles is summed, the higher resolution, 

contrast and structural information is achieved. Nowadays, the image analysis can be 

performed using various number of specialized software tools, such as XMIPP (Sorzano et al., 

2004), RELION (Scheres, 2012), Spider (Frank et al., 1996), EMAN (Ludtke et al., 1999) or 

IMAGIC (vanHeel et al., 1996). 

The final projection map of a protein complex can be fitted with the X-ray structures 

of its individual subunits (if accessible). This fitting significantly helps to understand the 

overall structure and organization of studied complex, interactions between subunits and it 

is also helpful for understanding of complex function. 
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2. Summary 

This thesis is aimed on the structural characterization of various plant photosynthetic 

complexes using a combination of CN-PAGE and single particle electron microscopy. Single 

particle electron microscopy is a powerful structural technique and provides ample 

structural information about a studied complex. In order to facilitate the structural 

characterization, optimization of a specimen preparation for electron microscopy is a very 

important step. The optimization is a complex process and comprises of several steps, as 

described in details in the chapter 3. Experimental approach. First of all, a proper plant 

material has to be selected. Then, conditions of a protein separation using CN-PAGE, 

including selection of a proper detergent and its concentration, are optimized. Final step 

involves extraction of separated protein complexes from the CN-PAGE gel and a preparation 

of specimen for electron microscopy. Once the workflow is optimized, it can be successfully 

applied in a structural study. The aim of my thesis was a structural characterization of three 

large protein assemblies involved in photosynthesis like the PSI-NDH supercomplex from 

barley, the PSII-LHCII supercomplex from Norway spruce and the PSII megacomplex from 

Arabidopsis thaliana. 

The first paper (chapter 4.1) deals with the structural characterization of the PSI-NDH 

supercomplex isolated from barley (Hordeum vulgare). The structural analysis revealed that 

one NDH complex binds up to two PSI supercomplexes, which are to NDH bound at 

asymmetric positions. Moreover, positions of rare Lhca5 and Lhca6 antennas stabilizing the 

whole supercomplex were indicated. As we discovered both supercomplexes with one and 

two PSI bound to NDH, it implies that gradual formation and dissociation of the PSI-NDH 

supercomplex may function as a tuning of cyclic electron flow around PSI. 

The second paper (chapter 4.2) describes the structural characterization of the PSII 

supercomplex isolated from Norway spruce (Picea abies). Spruce belongs to the group of 

gymnospermous plants (family Pinaceae) and we provided the first structural analysis of PSII 

supercomplex isolated from this plant group. Moreover, using an extensive genomic analysis 

we also discovered that the group of land plants including families Pinaceae and also 
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Gnetales lack genes for Lhcb3 and Lhcb6 subunits, which has a noticeable impact on the 

structural organization of PSII supercomplexes. These two subunits have evolved during 

transition of plants from water to land and were considered to be characteristic for all land 

plants. Their absence in these plant groups breaks the current evolutionary dogma and 

modifies PSII supercomplex in such a way that it resembles PSII from evolutionary older 

organism, alga Chlamydomonas reinhardtii. 

The third paper (chapter 4.3) structurally characterizes PSII megacomplexes isolated 

from Arabidopsis thaliana. These megacomplexes are formed of two PSII supercomplexes, 

which mutually interact in parallel and in non-parallel. The structural characterization of 

megacomplexes interacting in non-parallel was performed for the first time. The presence of 

both groups of megacomplexes was also detected on the level of native grana thylakoid 

membrane, which is an evidence of their nativity and thus a physiological significance.  
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3. Experimental approach 

Methods 

Plant material 

Arabidopsis thaliana plants were grown for 8 weeks in soil in a growth chamber at 

21°C with a photoperiod of 8h light and 16h dark at 100 μmol of photons.m-2.s-1 of 

photosynthetically active radiation. 

Barley (Hordeum vulgare) plants were grown for 8 days in perlite in a growth 

chamber at 25°C with a photoperiod of 16h light and 8h dark at 100 μmol of photons.m-2.s-1 

of photosynthetically active radiation. 

Spruce (Picea abies) plants were grown for 18 days in perlite in a growth chamber at 

21°C with a photoperiod of 16h light and 8h dark at 100 μmol of photons.m-2.s-1 of 

photosynthetically active radiation. 

Isolation and solubilization of thylakoid and PSII enriched 
membranes 

Thylakoid membranes from Arabidopsis thaliana and barley were isolated according 

to (Dau et al., 1995)and PSII enriched membranes from spruce were isolated according to 

(Caffarri et al., 2009). 

In all the cases, a constant amount of membranes (corresponding to 10 μg of 

chlorophylls) was treated with a certain amount of detergent. The detergent amount is 

defined as the mass ratio of detergent to chlorophylls (DDM/chl). Prior the electrophoretic 

separation, the mixture of membranes with detergent was supplemented with sample 

buffer to the final volume of 30 μl (20% glycerol, 50 mM HEPES, 400 mM sucrose, 15 mM 

NaCl, 5 mM MgCl2, pH 7.2) and centrifuged (10 minutes, 20000g) to remove nonsolubilized 

material. 
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CN-PAGE 

In all our experiments, CN-PAGE (Wittig et al., 2007) as the separation technique was 

used. Because we aimed on complexes of high molecular weight, we modified the gel 

concentration in order to resolve the large complexes at the expense of the smaller ones. 

We used 4-8% gradient resolving gel with 4% stacking gel. The electrophoretic separation 

was performed using the Bio-Rad Mini-PROTEAN Tetra Cell system. 

Gel imaging 

After electrophoresis, the gels were scanned using a gel scanner Amersham Imager 

600RGB. To visualise all the bands in the gel, an ordinary image upon white light illumination 

in transmission mode was acquired. To distinguish between PSI and PSII complexes, a 

fluorescent image was acquired. The fluorescence quantum yield of PSI is very low at room 

temperature compared to the high quantum yield of fluorescence of PSII, which 

unambiguously discriminates both types of photosystems. Excitation was performed at 460 

nm, detection of fluorescence was performed using a band-pass filter (690-720 nm). 

Electron microscopy and image analysis 

Electron microscopy was performed using several electron microscopy 

configurations: 1) using Philips CM120 electron microscope equipped with a LaB6 filament 

operating at 120 kV. Images were recorded with a Gatan 4000 SP 4K slow-scan CCD camera 

at 130000x magnification with a pixel size of 0.23 nm at the specimen level after binning the 

images to 2048 x 2048 pixels, 2) Tecnai G2 20 Twin electron microscope equipped with a 

LaB6 cathode, operated at 200 kV. Images were recorded with an UltraScan 4000UHS CCD 

camera at 130000x magnification with a pixel size of 0.224 nm at the specimen level after 

binning the images to 2048 x 2048 pixels. 

Image analysis was performed using GRIP (GRoningen Image Processing), XMIPP 

(Sorzano et al., 2004) and RELION (Scheres, 2012) software including multireference and 

nonreference alignments, multivariate statistical analysis and classification. 
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Optimization of separation method for structural 
characterization of photosynthetic supercomplexes and 
megacomplexes 

Plant PSI and PSII are large, multisubunit photosynthetic pigment-protein 

supercomplexes performing light-driven reactions. Extensive information regarding their 

structure is available (in detail reviewed e.g. in Busch and Hippler, 2011; Shen, 2015). 

Moreover, both PSI and PSII supercomplexes tend to form larger associations with other 

protein complexes and also with each other (summarized in chapter 1). Although these large 

associations perform physiologically important functions, information regarding their 

structural organization is still rather limited. Thus, we focused our attention to reveal 

structures of some of them. 

Isolation of the PSI-NDH supercomplex 

Selection of plant material and optimization of solubilization  

Although there was ample functional and biochemical evidences for the existence of 

the PSI-NDH supercomplex (Peng et al., 2008; Peng et al., 2009; Peng and Shikanai, 2011), 

the information regarding its structural organization was missing. 

The PSI-NDH supercomplex was originally isolated from Arabidopsis thaliana 

thylakoid membranes solubilized by β-DDM using BN-PAGE (Peng et al., 2008). Thus, we 

decided to structurally characterize the PSI-NDH supercomplex from the same plant 

material. Moreover, as we expected that this supercomplex might be too fragile, we tested, 

in addition to β-DDM, a detergent α-DDM as well for its milder solubilizing action. To 

optimize yield of the PSI-NDH supercomplex using CN-PAGE separation, we treated thylakoid 

membranes with gradually increased amounts of individual detergents (Figures 6 and 7). 
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Figure 6. Electrophoretic separation of Arabidopsis thaliana thylakoid membranes solubilized by 

increasing amount of α-DDM. (a) colour image of the gel, (b) room temperature fluorescence of 

supercomplexes from the same gel. 2-16: DDM/chl ratio; mf: membrane fragments; PSII mc: 

megacomplexes of PSII; PSI mc: megacomplexes of PSI; PSI tetra: tetramers of PSI; PSII sc: 

supercomplexes of PSII; PSI sc: supercomplex of PSI; PSII cc: core complex of PSII; LHCm/t: LHC 

monomers and trimers; fp: free pigments. Designation of individual bands is substantiated in the te xt. 
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Figure 7. Electrophoretic separation of Arabidopsis thaliana thylakoid membranes solubilized by 

increasing amount of β-DDM. (a) colour image of the gel, (b) room temperature fluorescence of 

supercomplexes from the same gel. 2-16: DDM/chl ratio; PSI mc: megacomplexes of PSI; PSII sc: 

supercomplexes of PSII; PSI sc: supercomplex of PSI; PSII cc: core complex of PSII; LHCm/t: LHC 

monomers and trimers; fp: free pigments. Designation of individual bands is substantiated in the text.  

 

As we aimed preferentially on the PSI-NDH supercomplex, we expected comparable 

results as originally published by Peng et al., (2008). In that study, a combination of BN-PAGE 

separation with a western-blotting analysis revealed two high molecular weight bands 

containing PSI and NDH subunits just above bands with PSII supercomplexes. Thus, in our 

case, it was necessary to unambiguously distinguish between the PSI-containing bands and 

the PSII-containing bands in both the CN-PAGE gels (in Figures 6 and 7). This was achieved by 

the fluorescence imaging of both the gels (details are in the part Methods). Using this 

method, bands containing the PSI supercomplex can be identified due to a lack of room 

temperature fluorescence. Thus, the fluorescence imaging unambiguously revealed the 

position of the PSI supercomplex. Further, it became clear that the group of bands above the 

PSI supercomplex contain PSII, as they were highly fluorescent. By comparing of our results 

with other papers dealing with the electrophoretic separation of pigment-protein complexes 

from thylakoid membranes (Jarvi et al., 2011; Kouril et al., 2016; Pavlovic et al., 2016), we 

took the liberty to assign the group of PSII-containing bands in the middle of both gels 
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(Figures 6 and 7) as the PSII supercomplexes. Just above the PSII supercomplexes, the 

fluorescence imaging of both the gels (Figures 6 and 7) revealed the presence of faint high 

molecular weight PSI-containing bands most likely corresponding to the bands detected by 

Peng et al., (2008). In the sample solubilized by α-DDM (Figure 6), two high molecular weight 

PSI-containing bands were observed. In the case of the sample solubilized with β-DDM, only 

one high molecular weight PSI-containing band was detected (Figure 7). Nevertheless, 

densities of all these high molecular weight PSI-containing bands seemed to be insufficient 

for structural characterization of the PSI-NDH supercomplex. Therefore, we decided to test 

another plant species in order to determine whether it is possible to obtain these high 

molecular weight PSI-containing bands with a higher yield. For this purpose, barley plants 

(Hordeum vulgare) were tested. Thylakoid membranes from barley were subjected to the 

same solubilizing conditions as thylakoid membranes from Arabidopsis thaliana (i.e. 

membranes were solubilized by both α- or β-DDM) and results of their electrophoretic 

separation are shown in the Figures 8 and 9. 
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Figure 8. Electrophoretic separation of barley thylakoid membranes solubilized by increasing amount of 

α-DDM. (a) colour image of the gel, (b) room temperature fluorescence of supercomplexes from the 

same gel. 2-16: DDM/chl ratio; mf: membrane fragments; PSII mc: megacomplexes of PSII; PSI mc: 

megacomplexes of PSI; PSI dim: dimers of PSI; PSII sc: supercomplexes of PSII; PSI sc: supercomplex of 

PSI; PSII cc: core complex of PSII; LHCm/t: LHC monomers and trimers; fp: free pigments. Designation of 

individual bands is substantiated in the text. 
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Figure 9. Electrophoretic separation of barley thylakoid membranes solubilized by increasing amount of 

β-DDM. (a) colour image of the gel, (b) room temperature fluorescence of supercomplexes from the 

same gel. 2-16: DDM/chl ratio; PSI mc: megacomplexes of PSI; PSI tetra: tetramers of PSI; PSI dim: dimers 

of PSI; PSII sc: supercomplexes of PSII; PSI sc: supercomplex of PSI; PSII cc: core complex of PSII; LHCm/t: 

LHC monomers and trimers; fp: free pigments. Designation of individual bands is substantiated in the 

text. 

 

In the terms of high molecular weight PSI-containing bands, the electrophoretic 

separation of barley thylakoid membranes provided opposite results compared to 

membranes isolated from Arabidopsis thaliana: whereas barley sample solubilized by β-DDM 

contained two such bands (Figure 9), barely one band could be detected in barley sample 

solubilized by α-DDM (Figure 8). However, for the reason that the two high molecular weight 

PSI-containing bands in the barley sample solubilized by β-DDM (Figure 9) were much denser 

then the corresponding bands in the Arabidopsis thaliana sample (Figure 7), the thylakoid 

membranes isolated from barley and solubilized by β-DDM were selected for the structural 

characterization of the PSI-NDH supercomplex. 

When the proper plant material providing sufficiently dense high molecular weight 

PSI-containing bands was selected, suitable amount of detergent (DDM/chl ratio) had to be 

chosen. After considering the impact of detergent on the densities of bands in the detergent 

concentration line (Figure 9, values 2-16), the ratio eight was selected as the most proper. At 
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this ratio, densities of both high molecular weight PSI-containing bands seemed to be 

equally dense. 

After brief electron microscopy screening of both the high molecular weight PSI-

containing bands, we discovered that PSI-NDH supercomplex is present in the lower one. 

Structural characterization of the PSI-NDH supercomplex is described in the chapter 4.1.  

On the other hand, electron microscopy inspection of the upper band revealed that 

the band did not contain PSI-NDH supercomplex, as it was indicated in the paper by Peng et 

al. (2008). Instead, the band was composed of tetrameric PSI megacomplexes. Figure 10 

represents preliminary structural characterization of such tetrameric PSI supercomplexes 

(unpublished data). However, as it was published already (Kouril et al., 2005a), native plant 

PSI is present in monomeric form and these PSI tetramers likely represent artificial 

aggregates. 

 

 

Figure 10. Tetrameric PSI supercomplexes. (a, b) structures represent two types of tetrameric PSI 

associations discovered in a CN-PAGE gel (Fig. 9). 

 

Moreover, at low detergent concentrations, faint PSI-containing bands appeared in 

the middle of both CN-PAGE gels with barley sample (Figures 8 and 9). To reveal their 

composition, complexes from these bands were subjected to electron microscopic analysis. 

Unfortunately, no reasonable results indicating bands composition were obtained due to 

very low protein concentration in these bands. However, by considering of the relative 
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molecular weight of complexes present in mentioned bands and that fluorescence imaging 

clearly showed the presence of PSI, these bands were preliminarily assigned as dimers of PSI. 

It is also worth of interest that the complexes from thylakoid membranes solubilized 

by α-DDM showed higher level of intactness compared to β-DDM solubilized ones. This is 

evidenced mainly by higher densities of bands with larger PSII supercomplexes in the 

samples solubilized by α-DDM (Figures 7 and 9) compared to samples solubilized by β-DDM 

(Figures 6 and 8). This is in agreement with previously published papers (Barera et al., 2012; 

Pagliano et al., 2012), which were also dealing with separation of photosynthetic complexes 

solubilized by α- and β-DDM. These papers show that α-DDM preserves the complexes more 

intact due to its milder solubilizing properties. The milder solubilizing action of α-DDM is also 

clearly evident from less dense bands with LHC and free pigments and from higher amount 

of non-solubilized material stuck in the wells in both samples solubilized by α-DDM. 

Despite the original work, dealing with the isolation of the PSI-NDH supercomplex, 

used Arabidopsis thaliana thylakoid membranes (Peng et al., 2008), we found that barley 

thylakoid membranes are a better option as the PSI-NDH supercomplex was yielded in 

higher quantity in the barley sample. This implies that optimization of separation technique 

is an important step preceding structural analysis. 

Isolation of PSII megacomplexes from Arabidopsis thaliana 

In the CN-PAGE gels with Arabidopsis thaliana and barley thylakoid membranes 

solubilized by α-DDM (Figures 6 and 8), two high molecular weight bands appeared just on 

the top of resolving gels. The fluorescence imaging of the gels showed that both the bands 

contain PSII. To exclude the possibility that these PSII-containing bands represent fragments 

of insufficiently solubilized membranes, a brief electron microscopy inspection of complexes 

present in these bands was performed. The analysis showed that the uppermost band was 

composed of unspecific aggregates and membrane fragments (data not shown), which were 

likely formed as a solubilizing artefact or due to insufficient solubilization. On the other 

hand, the lower band contained a large amount of different megacomplexes, from whose 

PSII megacomplexes formed of two C2S2M2 supercomplexes were vastly prevailing. As these 
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high molecular weight PSII megacomplex bands were not present in gels with samples 

solubilized with β-DDM (Figures 7 and 9), it highlights the milder solubilizing action of α-

DDM. Details of structural characterization of PSII megacomplexes with proof of their 

intactness are summarized in the chapter 4.3. 

Optimization of separation conditions for a structural 
characterization of spruce PSII supercomplex 

It is known that land plants are generally divided into two major groups: 

gymnospermous and angiospermous plants. The photosynthetic apparatus of 

angiospermous plants is well explored, as it is evidenced by dozens of studies performed on 

Arabidopsis thaliana, pea, barley and many other representatives of this group (e.g. 

Boekema et al., 2001; Caffarri et al., 2009; Jarvi et al., 2011). On the other hand, structural 

information regarding photosynthetic complexes from gymnospermous plants was 

completely missing. Thus, we decided to perform structural characterization of the PSII 

supercomplex in Norway spruce (Picea abies), which represents the most abundant and 

economically the most significant member of gymnosperms. As we aimed on the structural 

characterization of the PSII supercomplex, we selected PSII enriched membranes isolated 

from young spruce seedlings. PSII enriched membranes were selected in order to increase 

the yield of the PSII supercomplexes. Optimization of solubilization conditions was 

performed in the similar way as in the case of Arabidopsis thaliana and barley. Results of 

electrophoretic separation of spruce PSII enriched membranes solubilized by α- or β-DDM 

are shown in Figure 11. 

 



42 

 

 

Figure 11. Electrophoretic separation of spruce PSII enriched membranes solubilized by increasing 

amount of α- or β-DDM. (a) colour image of gel with sample solubilized by α-DDM (b) colour image of gel 

with sample solubilized by β-DDM. 2-16: DDM/chl ratio; mf: membrane fragments; PSII sc: 

supercomplexes of PSII; PSII cc: core complex of PSII; LHCm/t: LHCII monomers and trimers; fp: free 

pigments. 

 

All the bands present in CN-PAGE gel (Figure 11) were composed of different forms of 

PSII and their assignment was performed in analogy with previous experiments (Figures 6-9). 

Figure 11 shows that solubilization of membranes by β-DDM provides more dense bands. 

Thus, for the structural characterization of the PSII supercomplex, solubilization was 

performed at β-DDM/chl ratio 12. At this ratio, the uppermost PSII supercomplex band 

subjected to structural analysis seemed to be the densest. The results of structural analysis 

showed that the architecture of spruce PSII is changed as a consequence of missing Lhcb6 

subunit. Thus, a genomic analysis in order to investigate gymnospermous plants’ light 

harvesting proteins was performed. Results imply that spruce is evolutionary deflected from 

other land plants, as it is lacking Lhcb6 and also Lhcb3 proteins. Details regarding structural 

characterization of PSII supercomplexes and genomic analysis are summarized in the chapter 

4.2.  
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It is also interesting that the solubilization with β-DDM provided much denser bands 

with PSII supercomplexes, than solubilization with α-DDM (Figure 11). This is in contrary with 

membranes from Arabidopsis thaliana and barley (Figures 6-9) and refers to possible 

different lipid composition of spruce thylakoid membranes. Results presented on Figure 11 

also clearly show that there were no PSII megacomplexes detected in the CN-PAGE gels with 

spruce sample. This can be caused by the missing minor antenna Lhcb6 in the spruce PSII 

(summarized in the chapter 4.2), as it is involved in the PSII megacomplexes formation 

(summarized in the chapter 4.3). 

Specimen preparation 

Once the bands with complexes of interest were obtained in sufficient density, a way 

how to get the complexes out of the gel on the electron microscopy support grid had to be 

found. There are several methods available. 

At first, a method enabling direct transfer of separated protein complexes from a 

native gel on the grid was recently described (Knispel et al., 2012). Using this method, the 

grid is placed directly onto a gel band and protein complexes spontaneously adhere on the 

grid surface. Nevertheless, we did not obtain any satisfying results using this method. We 

can speculate that protein complex properties (a size and shape) can make the method less 

suitable for photosynthetic membrane proteins.  

The other option is a pipetting of solution containing the protein complexes on the 

grid – thus the complexes had to be extracted from the gel into solution. Generally, there 

were two possibilities how to extract protein complexes from the gel into solution: electro 

elution and spontaneous elution. Electro elution represents a technique allowing fast and 

quantitative extraction of protein complexes from the gel. During this procedure, the eluted 

complexes ale electrically forced from a gel and retained on a hydrophobic membrane, 

where they concentrate. Nevertheless, as the photosynthetic complexes are largely 

hydrophobic, they frequently irreversibly aggregate on the hydrophobic membrane. Thus, 

their structural characterization is strongly hampered and this extraction technique seems to 

be useless for purposes of structural characterization of hydrophobic photosynthetic 
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complexes. Moreover, the electro elution requires specific and costly equipment. On the 

other hand, spontaneous elution of protein complexes represents an easy method without 

any demands for special equipment. It is based on a free diffusion of protein complexes from 

a cut gel stripe into an elution buffer. When a spontaneous elution is performed, a band (or 

bands) containing the complexes is excised from the gel. Then the gel stripe is chopped into 

smaller pieces to enhance the diffusion by increasing its surface and immersed into elution 

buffer in a micro tube. Volume of the elution buffer should be adjusted to the apparent 

concentration (density) of complexes in the gel stripe and should be as low as possible. On 

the other hand, the pieces of the gel have to be always fully immersed in the buffer. As it is 

described in the methodical part of the chapter 4.1, 30 μl of elution buffer was usually 

sufficient per one cut gel stripe. 

Based on our experience, the spontaneous elution should be performed in dark and 

cold conditions to minimize a risk of a disintegration of protein complexes. It is usually 

finished within two hours. A longer time had no significant effect on a higher concentration 

of protein complexes in the eluate. The density of a gel band subjected to elution was found 

to be the most critical aspect necessary for reaching sufficient protein concentration in the 

eluate. 

Figure 12 illustrates how the different gel band densities influence the amount of 

protein complexes present in the specimen. 
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Figure 12. Impact of band density on the amount of protein complexes present in the specimen. (a) left: 

electron micrograph with the PSI-NDH supercomplexes, right: electrophoretic separation of barley 

thylakoid membranes as presented in Fig. 9 with marked band used for specimen preparation, (b) left: 

electron micrograph with the spruce PSII supercomplexes, right: electrophoretic separation of spruce 

PSII enriched membranes as presented in Fig. 10 with marked band used for specimen preparation. Both 

excised bands were subjected to the same eluting conditions as described in chapter 4.1. 

 

 When the concentration of eluted proteins is too low, the solution can be further 

concentrated using special centrifugal columns, which are specifically meant for 

concentrating of protein solutions. These columns contain a hydrophobic membrane with a 

defined pore size, which retains large protein molecules and releases small solvent and 

buffer molecules during centrifugation. However, as in the case of electro elution, the 

photosynthetic complexes largely aggregate on the membrane. This fact emphasizes the 

importance of optimization of separation conditions to gain dense bands as much as 

possible. 

When the complexes were extracted from the gel into the solution, the specimen 

was prepared by pipetting the eluate on the glow-discharged carbon coated copper grid and 

negatively stained with 2% uranyl acetate. 
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Single particle Image analysis 

Single particle image analysis is a step following the specimen imaging. It aligns 

projections of the protein complexes present in electron micrographs and sorts them out 

according to their size and shape. As the specimen is usually prepared from one gel band, a 

homogenous sample of complexes is expected. The CN-PAGE used in our experiments was 

optimized for separation of large complexes and usually provides very good resolving ability. 

On the other hand, the specimen can be also very heterogeneous, as complexes of similar 

molecular weight are difficult to be well separated from each other If this is the case, the 

imperfectly resolved complexes can be additionally “separated” during image analysis. As an 

example, Figure 13 represents a result of such image analysis, i.e. its classification part, 

performed on a data set of PSII megacomplexes from Arabidopsis thaliana.  

 

 

Figure 13. Classification of megacomplexes from specimen obtained from the uppermost Arabidopsis 

thaliana band (Fig. 6). The numbered boxes represent individual classes of different megacomplexes. The 

classes 2-4, 6, 7, 9, 10, 12, 14, 18, 20-23, 26, 28-30 and 32 represent PSII megacomplexes; classes 5 and 8 

represent PSII supercomplexes; classes 11, 16 and 25 represent PSI -NDH supercomplexes; class 27 

represents oligomers of PSI and classes 1, 13, 15, 17, 19, 24 and 31 represent impurities or unspecific 

proteins. 
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The results presented in Figure 13 show that one band contained large amount of 

different megacomplexes, which could not be resolved during electrophoretic separation 

because of their similar molecular weight. The results presented in Figure 13 also imply that 

theoretically, the separation of solubilized complexes has not indispensably preceded their 

structural characterization as the image analysis can efficiently sort out different complexes. 

Nevertheless, it is important to realize that image analysis is greatly time-consuming and the 

time necessary for its execution significantly rises with increasing number of individual 

particles. Further, if the separation is not performed, it is necessary to acquire a large 

amount of micrographs to work with sufficiently large dataset. Thus, as the structural 

characterization is usually aimed to one complex, it is very convenient to work with a 

homogenous specimen. Therefore, the optimization of the purification step in order to gain 

maximally homogenous specimen should be always performed.  
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4. Publications 

4.1 Structural characterization of a plant photosystem I and 
NAD(P)H dehydrogenase complex. 

Reprint of: Kouřil R, Strouhal O, Nosek L, Lenobel R, Chamrád I, Boekema EJ, Šebela M and 

Ilík P. Plant Journal 77: 568–576, (2014)  
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4.2 Evolutionary loss of light-harvesting proteins Lhcb6 and 
Lhcb3 in major land plant groups – break-up of current 
dogma. 

Reprint of: Kouřil R, Nosek L, Bartoš J, Boekema EJ and Ilík P. New Phytologist 210: 808-814, 

(2016).
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4.3 Structural variability of plant photosystem II 
megacomplexes in thylakoid membranes. 

Nosek L, Semchonok D, Boekema EJ, Ilík P and Kouřil R., manuscript accepted in Plant 

Journal, (2016) (doi: 10.1111/tpj.13325)
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Summary 

Plant photosystem II (PSII) is organized into large supercomplexes with variable 

amount of membrane-bound light-harvesting proteins (LHCII). The largest stable form of the 

PSII supercomplex involves four LHCII trimers, which are specifically connected to the PSII 

core dimer via monomeric antenna proteins. The PSII supercomplexes can further interact in 

thylakoid membrane, forming PSII megacomplexes. So far, only megacomplexes consisting 

of two PSII supercomplexes associated in parallel have been observed. Here we show that 

the forms of PSII megacomplexes can be much more variable. We performed single particle 

electron microscopy (EM) analysis of PSII megacomplexes isolated from Arabidopsis thaliana 

using clear-native polyacrylamide gel electrophoresis. Extensive image analysis of a large 

data set revealed that besides the known PSII megacomplexes, there are distinct groups of 

megacomplexes with non-parallel association of supercomplexes. In some of them, we have 

found additional LHCII trimers, which appear to stabilize the non-parallel assemblies. We 

also performed EM analysis of the PSII supercomplexes on the level of whole grana 

membranes and successfully identified several types of megacomplexes, including those 

with non-parallel supercomplexes, which strongly supports their natural origin. Our data 

demonstrate a remarkable ability of plant PSII to form various larger assemblies, which may 

control photochemical utilization of absorbed light energy in plants in changing 

environment.  

 

Significance statement 

Plant photosystems II (PSII) form multi-subunit pigment-protein supercomplexes, 

which can associate into larger PSII megacomplexes. Extensive structural analysis of isolated 

PSII megacomplexes revealed their remarkable structural variability. Besides the known PSII 

megacomplexes, which consist of the supercomplexes connected in parallel, we have found 

unique non-parallel supercomplex associations. Importantly, we have demonstrated that 

these structures are native, as they have been identified also on the level of thylakoid 

membranes, and thus can have physiological significance.  
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Introduction 

Photosystem II (PSII) is one of the key protein complexes involved in the light 

reactions of photosynthesis. It is embedded in thylakoid membranes of cyanobacteria, algae 

and higher plants, where it utilizes captured light energy for splitting of water molecules. In 

cooperation with other protein complexes such as photosystem I (PSI) and cytochrome b6f 

complex, it participates in the production of energetically rich molecules of ATP and NADPH, 

which drive reactions of CO2 assimilation.  

Plant PSII consists of a dimeric core complex (C2) and a variable number of light-

harvesting proteins (Lhcb1-6), which form light-harvesting complex II (LHCII). The major part 

of the plant LHCII is represented by LHCII trimers, which consist of three Lhcb proteins 

(Lhcb1-3) and which are associated to C2 via monomeric antenna proteins Lhcb4 (also called 

CP29), Lhcb5 (CP26), and Lhcb6 (CP24). According to the strength of their binding to C2, the 

LHCII trimers were designated as “S” and “M” (strongly and moderately bound LHCII, 

respectively) (Dekker and Boekema, 2005; Kouřil et al., 2012). Occasionally, C2 can associate 

also with the “L” (loosely bound) trimers (Boekema et al., 1999a). Single particle electron 

microscopy (EM) analysis of PSII in various land plant species indicates that the C2S2M2 

supercomplex is the largest stable form of PSII supercomplex. In this supercomplex, the C2 

associates with four LHCII trimers; two of them are strongly bound (S trimers) at the side of 

Lhcb5 and two are moderately bound (M trimers) via Lhcb4 and Lhcb6 (Boekema et al., 

1995; Caffarri et al., 2009). A recent finding has revealed that the composition and 

architecture of the C2S2M2 supercomplex is not conserved through all land plant species. 

There are two land plant groups, the pine family (Pinaceae) and Gnetales, which lack Lhcb3 

(a constituent of the M trimer) and Lhcb6 proteins. Apart from so far unspecified 

physiological consequences, the absence of these proteins results in a structural 

modification of the C2S2M2 supercomplex. This modified supercomplex is unique among land 

plants (Kouřil et al., 2016) and resembles its counterpart in green alga Chlamydomonas 

reinhardtii (Tokutsu et al., 2012; Drop et al., 2014). 

Despite the progress in the specification of the positions of Lhcb proteins in PSII 

supercomplexes, there are still some Lhcb proteins with unclear localization. Biochemical 
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analysis indicates that in the thylakoid membrane, up to eight LHCII trimers can be present 

per C2 (Peter and Thornber, 1991; van Oort et al., 2010; Kouřil et al., 2013). However, the 

binding capacity of C2 is limited to six LHCII trimers (including the L trimers). The remaining 

LHCIIs have so far been considered to be “free” in the thylakoid membrane.  

Besides a demand for the improvement of structural information about the PSII 

supercomplexes, the investigation of their organization in thylakoid membranes is also 

highly relevant. Considering that the excitation energy transfer between pigment-protein 

complexes strongly depends on their mutual distances, the interactions and connectivity 

between adjacent PSII complexes in the thylakoid membrane are very important for the 

regulation and optimization of their photochemical yield (e.g. van Oort et al., 2010; 

Amarnath et al., 2016). Most of the EM studies suggest that the organization of PSII 

supercomplexes in the thylakoid membrane is random (Dekker and Boekema, 2005; Kouřil et 

al., 2012). However, in some cases, a preference for parallel association of PSII 

supercomplexes into megacomplexes was observed both on the level of isolated protein 

complexes (see Dekker and Boekema, 2005) and isolated grana membranes (Kirchhoff et al. 

2008). The mutual interaction between two parallel PSII supercomplexes involves C2, the M 

trimers and the minor antenna proteins Lhcb5 and Lhcb6. The S trimers and the Lhcb4 

protein were also shown to be able to mediate the interaction between supercomplexes, 

however, only in the case of smaller C2S2 supercomplexes (Boekema et al., 1999a; Boekema 

et al., 1999b; Yakushevska et al., 2001a). The megacomplexes can further associate into 

various semi-crystalline arrays, which have been often observed in grana thylakoid 

membranes (Boekema et al., 1999a; Boekema et al., 1999b; Boekema et al., 2000; 

Yakushevska et al., 2001a; Yakushevska et al., 2001b; Kirchhoff et al., 2007; Daum et al., 

2010; Kouřil et al., 2013). A mechanism controlling the formation of the megacomplexes and 

semi-crystalline arrays as well as their functional relevance is still not fully understood. 

However, there is increasing evidence that these structures, in analogy to respiratory 

megacomplexes in mitochondria (see e.g. Dudkina et al., 2010 for review), are important for 

the regulation and optimization of photosynthetic processes and small protein traffic (for 

reviews see e.g. Kouřil et al., 2012; Kirchhoff, 2013; Tietz et al., 2015) and may also 

contribute to grana formation (Daum et al., 2010).  
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In this work, we have revealed a remarkable ability of PSII supercomplexes from 

Arabidopsis thaliana to form variable types of megacomplexes. Apart from the known 

parallel association of two PSII supercomplexes, we have also found variable associations 

between two non-parallel PSII supercomplexes. In some megacomplexes, novel binding 

positions for additional LHCII trimers (including the LHCII trimers so far considered to be 

“free”) were revealed at the sides of the S and M trimers. Importantly, we have found some 

of these megacomplexes also on the level of grana membranes, which evidences their 

natural origin. We propose that a dynamic formation of different types of PSII 

megacomplexes can optimize photochemical utilization of absorbed light energy under 

variable environmental conditions.  

 

Results  

Separation of PSII megacomplexes using CN-PAGE 

PSII supercomplexes and megacomplexes can be separated from gently solubilized 

thylakoid membranes by ultracentrifugation using sucrose gradient (Caffarri et al., 2009) or 

by clear/blue-native polyacryamide gel electrophoresis (CN/BN-PAGE) (e.g. Järvi et al., 2011). 

The advantage of the latter method is that it provides well focused protein zones. In order to 

preserve integrity and to maximize the yield of PSII megacomplexes, a mild detergent such 

as n-dodecyl-α-D-maltopyranoside is often used. We solubilized thylakoid membranes from 

Arabidopsis thaliana leaves using this detergent and modified the gradient of the resolving 

gel in order to achieve optimal resolution of pigment-protein complexes of the highest 

molecular weight. Figure 1a shows that a combination of these approaches ensured a clear 

separation of PSII- and PSI-containing supercomplexes and PSII megacomplexes at the 

expense of the small protein complexes/proteins such as trimeric or monomeric LHCII (see 

the band at the bottom part of the gel).  

To clarify the band assignment, we measured chlorophyll fluorescence from the 

whole gel at room temperature using a gel imager (Figure 1a). As the quantum yield of PSII 

fluorescence at room temperature is much higher than the quantum yield of PSI 
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fluorescence, this measurement enabled us to identify both types of photosystems. Using 

this approach, PSI supercomplexes (PSI core with LHCI) were identified in a relatively dense 

band with undetectable fluorescence (see Fig. 1a). In native electrophoresis of pigment-

protein complexes from thylakoid membranes (BN-PAGE, CN-PAGE), PSII core dimer 

migrates close to the PSI supercomplex because it has similar molecular weight (e.g. Lípová 

et al., 2010; Järvi et al., 2011). In our gel, PSII core dimer is represented by a very faint green 

band, which can be observed just below the PSI supercomplex band and which has high 

chlorophyll fluorescence yield. The fluorescence imaging of the gel further revealed that the 

green bands above the PSI supercomplex band are highly fluorescent, i.e. that they contain 

PSII. Based on the analogy with many papers dealing with native electrophoresis of 

chlorophyll-containing proteins from thylakoids (e.g. Järvi et al., 2011; Albanese et al., 2016), 

we designated the group of the bands above the PSI supercomplex band as PSII 

supercomplexes and PSII megacomplexes. 

It is clearly visible that the amount of isolated PSII megacomplexes is much smaller 

compared to the amount of supercomplexes. A lower yield of PSII megacomplexes can be 

caused either by their lower stability during the isolation procedure (both solubilisation and 

separation by CN-PAGE) or by their lower abundance in the thylakoid membrane. In order to 

characterize the structure and the composition of the separated megacomplexes, we excised 

the corresponding green band from the gel, extracted the pigment-protein megacomplexes 

by spontaneous elution and performed their detailed structural characterization by single 

particle EM and image analysis.  

  

PSII megacomplexes with specifically associated supercomplexes 

Figure 1b shows an electron micrograph of a negatively stained specimen, where 

several PSII megacomplexes of different shape can be distinguished. Image processing of 

large amount of projections (about 50 000) selected from almost 12 000 micrographs 

revealed the presence of thirteen different types of megacomplexes. Each megacomplex 

consisted of two PSII supercomplexes. Based on the mutual position of individual PSII 
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supercomplexes, the PSII megacomplexes could be divided into two groups. While in the first 

group, representing a major part of megacomplexes (about 80 % of the data set), the PSII 

supercomplexes associate in parallel (Figure 2a-f), the second group (about 20 % of the data 

set) represents PSII supercomplexes interacting in a non-parallel manner (Figure 2g-m). In 

order to reveal the architecture of individual megacomplexes in detail, the EM projection 

maps were fitted with the pseudo-atomic X-ray model of the PSII supercomplex (Caffarri et 

al., 2009). It is obvious that most of the megacomplexes are formed by two copies of the 

complete C2S2M2 supercomplex (Figure 3), with an exception of one megacomplex that lacks 

one M trimer (Figure 3l). Interestingly, the detailed image analysis revealed the presence of 

additional LHCII trimers in some of the megacomplexes (Figure 3e, f, g, k). These LHCII 

trimers are not regular constituents of PSII supercomplexes and so far have been assumed to 

be “free” in the thylakoid membrane. Our results indicate that these trimers can interact 

with PSII supercomplexes at so far uncharacterized binding sites.  

 

Electron microscopy of grana membranes 

In order to investigate the physiological relevance of the PSII megacomplexes 

separated using CN-PAGE, we searched for the megacomplexes also on the level of isolated 

grana membranes. Figure 4a shows an example of electron micrograph of the grana 

membrane with resolved densities of PSII complexes. Projections of individual PSII 

complexes were selected and processed by image analysis. If there are any specific 

interactions between some of these neighbouring PSII complexes in the grana membrane, 

they should be revealed as distinct classes after the image processing. Indeed, image analysis 

revealed five specific classes with resolved densities of pairs of PSII core complexes (Figure 

4b-f). Based on their mutual distance and orientation, we were able to relate these pairs to 

the corresponding class averages of PSII megacomplexes separated using CN-PAGE (Figure 

4g-k). Using this approach, the PSII megacomplexes with both parallel and non-parallel 

association of PSII supercomplexes were identified in the granal thylakoid membrane,the 

parallel associations being about two times more abundant than the non-parallel ones. This 
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result provides evidence that the PSII megacomplexes separated using CN-PAGE represent 

native PSII structures appearing in thylakoid membranes. 

 

Discussion 

Structural studies of plant PSII revealed its remarkable ability to form variable types 

of PSII supercomplexes, consisting of PSII core and Lhcb proteins. Moreover, the proximity of 

PSII supercomplexes in the grana membrane enables the formation of larger assemblies, i.e. 

PSII megacomplexes or even structures of higher order (see Dekker and Boekema, 2005; 

Kouřil et al., 2012 for reviews). Assembly/disassembly of PSII supercomplexes or 

megacomplexes modulates the antenna size of PSII, which was found to have an influence 

on the overall photochemical yield (e.g. Amarnath et al., 2016). These changes of higher PSII 

organization can represent one of the responses of plants to dynamic changes of 

environmental conditions such as light intensity (Ballottari et al., 2007; Kouřil et al., 2013). A 

recent theoretical study indicates that the excitation can move diffusively through the 

antenna proteins within a radius of about 50 nm until it reaches the reaction center 

(Amarnath et al., 2016). As the dimensions of the PSII supercomplex C2S2M2 are 20 nm x 33 

nm, the excitation can thus be shared within the whole megacomplex formed by two 

supercomplexes.  

Our structural analysis of PSII megacomplexes separated using CN-PAGE revealed 

that a majority of them is formed by the parallel association of two PSII supercomplexes 

(Figure 2a-f, 3a-f). The reason for their abundance can be their higher structural stability 

when compared to the megacomplexes formed by the non-parallel association of PSII 

supercomplexes. Alternatively, it could reflect a fact that the megacomplexes with PSII 

supercomplexes associated in parallel originate from solubilized semi-crystalline arrays, 

which appear occasionally in grana membranes (Boekema et al., 1999a; Boekema et al., 

1999b; Boekema et al., 2000; Yakushevska et al., 2001a; Yakushevska et al., 2001b; Kirchhoff 

et al., 2007; Daum et al., 2010; Kouřil et al., 2013).  
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In the most abundant megacomplexes, PSII supercomplexes interact in parallel via 

core complexes, M trimers, Lhcb5 and Lhcb6 proteins (Figure 3a-c). Obviously, the 

involvement of all these components in the interaction increases the overall stability of 

megacomplexes, resulting in their relatively high abundance. However, it seems that just the 

interaction between the Lhcb5 and the core complex is strong enough for the formation of 

the “parallel” PSII megacomplex (Figure 3d). Moreover, novel types of PSII megacomplexes 

which consists of the parallel supercomplexes and additional LHCII trimers were revealed 

(Figure 3e, f). The additional LHCII trimers seem to be indispensable for the stability of these 

megacomplexes as no analogous PSII megacomplexes lacking these additional trimers were 

detected. 

In addition to the parallel association of the PSII supercomplexes into 

megacomplexes, the PSII megacomplexes with non-parallel orientation of supercomplexes 

were detected for the first time (Figure 3g-m). The supercomplex interactions within these 

megacomplexes are, as in the previous case, mediated by core complexes, S and M trimers, 

Lhcb5 and Lhcb6 proteins and additional LHCII trimers, although not all components are 

always involved in the megacomplex formation. Due to the asymmetric structure, these 

megacomplexes lack the possibility to form an arrangement similar to two-dimensional 

crystals.  

 Another interesting question that can be at least partially answered by our structural 

study is which subunits are, in general, essential for the formation of PSII megacomplex. 

Their identification will help to understand a regulatory mechanism controlling the 

formation and dissociation of these megacomplexes. We propose that the contribution of 

the Lhcb5 in the PSII megacomplex formation is the most significant, as it participates to 

some extent in the formation of all types of PSII megacomplexes, even in those where the 

Lhcb6 and the M trimer are not involved (Figure 3d-f).  

In the grana membrane, the majority of PSII supercomplexes seems to be randomly 

organized (Figure 4) (see also Kouřil et al., 2013). However, the observed variability in the 

architecture of the PSII megacomplexes separated using CN-PAGE indicates that what 

originally looked like complete randomness can at least partially be explained by the 
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abundance of specific megacomplex forms. Image analysis of PSII supercomplexes within the 

grana membrane revealed specific associations of PSII supercomplexes (both the parallel and 

non-parallel interaction), which nicely corresponded with the structures of PSII 

megacomplexes isolated using CN-PAGE (Figure 4). In the light of these results, we realize 

that the positions of interacting PSII supercomplexes that we observed previously in the 

cryo-tomogram of the grana membranes (Kouřil et al., 2011) do not have to be random, but 

can indeed be specific. 

Taken together, the two sets of characterized PSII megacomplexes (with parallel and 

non-parallel arrangement of PSII supercomplexes) indicate that there are more LHCII trimers 

bound in specific positions to PSII than has been considered previously (Dekker and 

Boekema, 2005). This fact reduces the pool of “free” LHCII trimers and supports the idea of a 

more defined packing of all PSII related components in the grana membrane. The packing of 

PSII supercomplexes with “free” LHCII trimers can be important for the regulation of 

effective PSII antenna size. A dynamic formation/disintegration of the PSII megacomplexes 

can efficiently manage the utilization of absorbed light energy by PSII supercomplexes, as it 

enables to change the contact between PSII reaction centers and adjacent antenna proteins. 

Nevertheless, a physiological significance and potential benefit of the formation of PSII 

megacomplexes under varying environmental conditions remains to be elucidated. 

 

Experimental procedures 

Plant material and sample preparation 

Arabidopsis thaliana plants were grown in a growth chamber at 21°C with a 

photoperiod 8h light/16h dark at irradiance of 100 μmol of photons m-2 s-1 of 

photosynthetically active radiation (400 – 700 nm). Thylakoid membranes were isolated 

from 8-weeks-old plants using the protocol described by (Dau et al., 1995). The chlorophyll 

content in final thylakoid membrane suspension was determined by a pigment extraction 

into 80% acetone (Lichtenthaler, 1987). Thylakoid membranes with 10 μg of chlorophylls 

were solubilized with n-dodecyl-α-D-maltopyranoside using the detergent:chlorophyll mass 
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ratio of 20 and supplemented with sample buffer (50 mM HEPES pH 7.2, 400 mM sucrose, 5 

mM MgCl2, 15 mM NaCl, 10% glycerol) to the final volume of 30 μl. Non-solubilized 

membranes were removed by a short centrifugation (22 000g, 4°C). After the centrifugation, 

the supernatant was immediately loaded onto a polyacrylamide gel with 4-8% gradient 

resolving gel and 4% stacking gel (Wittig et al., 2007). The electrophoretic separation was 

conducted in a Bio-rad Mini protean tetra cell system, started at the constant current of 4 

mA for 15 minutes and then continued at the constant current of 7 mA until the front 

reached the bottom of the resolving gel. The CN-PAGE gel was analyzed using a gel scanner 

Amersham Imager 600RGB (GE HealthCare Life Sciences, Japan). To visualize all the bands, 

the gel was scanned in transmission mode using white light illumination. The black and white 

image of the same gel was acquired in fluorescent mode to identify PSI- and PSII-containing 

bands. The excitation wavelength was 460 nm and the fluorescence signal was detected 

through a bandpass filter (690-720 nm). Subsequent elution of protein complexes from the 

gel and preparation of specimen for EM analysis was performed according to the procedure 

described by (Kouril et al., 2014).  

Grana membranes were obtained by a solubilization of thylakoid membranes using 

digitonin (0.5 mg of chlorophylls per ml, 0.5% digitonin in a buffer (20 mM HEPES pH 7.5, 5 

mM MgCl2). Incubation (20 min at 4 °C while slowly stirred) was followed by a centrifugation 

in an Eppendorf table centrifuge (5 min, 12 000g, 4°C). The pellet with the non-solubilized 

grana thylakoid membranes was used for EM analysis. 

 

Electron microscopy and image processing 

Electron microscopy was performed on a Tecnai G2 20 Twin electron microscope (FEI, 

Eindhoven, The Netherlands) equipped with a LaB6 cathode, operated at 200 kV. Images 

were recorded with an UltraScan 4000 UHS CCD camera (Gatan, Pleasanton, CA, USA) either 

at 130,000x magnification (in case of isolated PSII megacomplexes) or at 80,000x 

magnification (in case of grana membranes) with a pixel size of 0.224 nm and 0.375 nm, 

respectively, at the specimen level after binning the images to 2048x2048 pixels. GRACE 
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software (Oostergetel et al., 1998) was used for a semi-automated acquisition of about 

12000 images, from which a data set of about 50 000 single particle projections of PSII 

megacomplexes separated by CN-PAGE was obtained. Single particle image analysis (see e.g. 

Boekema et al., 2009) was performed using GRIP and Relion software (Scheres, 2012). Image 

analysis revealed that about 75% of the projections from the data set could be assigned to 

one of the distinct classes. The remaining 25% of the data set represented projections of PSI-

NDH supercomplex (Kouřil et al., 2014), which co-migrated with the PSII megacomplexes 

during CN-PAGE separation, and projections of other unassigned particles. In the case of 

grana membranes, about 800 images were recorded and about 20 000 projections of PSII 

particles were manually selected. Image analysis using the Relion software revealed that 

about 35 % of the projections from the data set could be resolved into five specific classes, 

for which we were able to reliably determine the mutual orientation of the PSII core 

complexes. The remaining 65 % of the projections represented classes where the orientation 

could not be determined, either due to a low signal to noise ratio (i.e. a small number of 

particles) or due to non-specific interactions between the adjacent PSII complexes. 
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Figures 

 

Figure 1. Separation and imaging of Arabidopsis thaliana pigment-protein complexes. (a) CN-PAGE 

separation of pigment-protein complexes from thylakoid membranes solubilized by n-dodecyl-α-D-

maltopyranoside. The red frame indicates the band with megacomplexes subjected to elution and 

subsequent single particle electron microscopy analysis. The black and white image represents the 

chlorophyll fluorescence emission detected from the same gel. The fluorescence signal was detected 

through a bandpass filter (690-720 nm); the excitation wavelength was 460 nm. (b) A part of an electron 

micrograph of a negatively stained specimen with PSII megacomplexes. The colour frames highlight 

different forms of PSII megacomplexes. 
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Figure 2. Structural characterization of PSII megacomplexes. (a-f) represent the megacomplexes with 

parallel orientation of PSII supercomplexes, whereas images (g-m) represent the megacomplexes formed 

by two supercomplexes associated in non-parallel manner. Total sum of particles which contributed to 

the final images: a: 1637 (4%); b: 8411 (22%); c: 16928 (45%); d: 2105 (6%); e: 378 (1%); f: 779 (2%); g: 

1640 (4%); h: 418 (1%); i: 2789 (7%); j: 506 (1%); k: 582 (2%); l: 488 (1%); m: 1082 (3%). Percentage 

indicates a relative abundance of the particular form of PSII megacomplex. 
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Figure 3. Structural models of the PSII megacomplexes shown in Figure 2. (a -m) PSII megacomplexes 

fitted with the proposed PSII crystalline structure as published by (Caffarri et al., 2009). Individual PSII 

subunits are color-coded in the following manner: pale green: core complex; blue: M trimer; orange: S 

trimer; magenta: additional LHCII trimers; yellow: Lhcb4; green: Lhcb5; red: Lhcb6.  
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Figure 4. PSII megacomplexes found within an intact thylakoid membrane. (a) represents an example of 

electron micrograph of negatively stained thylakoid membrane isolated from Arabidopsis thaliana with 

densities corresponding to PSII core complex indicated by white arrows. (b -f) represent PSII 

megacomplexes found within the thylakoid membrane (the number of summed projections was 1838, 

2620, 940, 682, and 825, respectively); (g-k) represent their analogues found in the sample separated by 

CN-PAGE. (g-k) correspond to megacomplexes (a), (b), (h), (i) and (j), respectively from Figure 2. The red 

frames surround core complexes of individual PSII supercomplexes and highlight that the 

megacomplexes found in the thylakoid membrane match with those obtained using CN-PAGE. 
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5. Conclusions 

This thesis is focused on structural characterization of plant photosynthetic 

supercomplexes and megacomplexes by a combination of CN-PAGE and single particle 

electron microscopy. Combination of these two techniques represents a powerful method 

for structural studies of various complexes and using this approach, the structural 

characterizations of the PSI-NDH supercomplex isolated from barley, PSII megacomplexes 

isolated from Arabidopsis thaliana and PSII supercomplex isolated from Norway spruce were 

performed. These structural studies were published in two co-author and one first-author 

publications, which are attached to this thesis. The main conclusions are the following: 

 PSI-NDH supercomplex represents an association between PSI and NDH and we 

provided the very first structural evidence of its formation (chapter 4.1). We propose 

that the gradual formation and dissociation of the PSI-NDH supercomplex is involved in 

tuning of cyclic electron flow around PSI. 

 The structure of spruce PSII supercomplex represents the first structure of a 

photosynthetic complex isolated from gymnospermous plants (chapter 4.2). Moreover, 

we discovered that spruce (and also other members of Pinaceae and Gnetales families) 

are evolutionary deflected from other land plants, which has the impact in structure of 

their PSII supercomplexes. 

 PSII megacomplexes represent a lateral association between two PSII supercomplexes 

(chapter 4.3). We provided an evidence of their native origin, as they were also 

discovered in the level of native membrane. This is also an evidence of their 

physiological significance, which remains an object of further research. 
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Shrnutí 

Ve své dizertační práci jsem se věnoval optimalizaci izolace a strukturní charakterizaci 
rostlinných fotosyntetických superkomplexů pomocí transmisní elektronové mikroskopie, 
která ve spojení s obrazovou analýzou poskytuje strukturní informace o studovaném 
komplexu. 

Mezi hlavní studované objekty patřily  superkomplexy  fotosystému 1 (PSI) a 
fotosystému 2 (PSII). V obou případech se jedná o velké pigment-proteinové superkomplexy 
tvořené mnoha podjednotkami, jejichž hlavním úkolem je transformace absorbované 
světelné energie na energii chemickou. Tyto superkomplexy nejsou v rostlině přítomny 
volně, ale jsou vázané v thylakoidní membráně chloroplastů. Zmíněné superkomplexy 
mohou navíc asociovat s dalšími proteinovými komplexy thylakoidní membrány, případně i 
mezi sebou navzájem a vytvářet tak velké megakomplexy. 

Jedním z takových příkladů je tzv. PSI-NDH supercomplex,  který představuje asociaci 
mezi PSI a NDH a jehož existence byla již dříve předpovězena na základě různých 
biochemických analýz. V disertační práci je detailně popsána jeho strukturní charakterizace 
pomocí elektronové mikroskopie. Důležitým krokem předcházejícím samotné strukturní 
charakterizaci byla optimalizace podmínek pro izolaci zmíněného komplexu v 
dostatečné kvantitě i kvalitě. Optimalizace zahrnovala volbu vhodného rostlinného 
materiálu, který obsahoval dostatečné množství PSI-NDH superkomplexu a dále také výběr 
vhodného detergentu, který by účinně a šetrně superkomplex z thylakoidních membrán 
solubilizoval. Solubilizované thylakoidní membrány z ječmene jarního byly poté separovány 
pomocí bezbarvé nativní polyakrylamidové gelové elektroforézy (CN-PAGE), optimalizované 
pro separaci vysokomolekulárních komplexů. Strukturní analýza izolovaného PSI-NDH 
superkomplexu odhalila prvotní informace o jeho specifické organizaci a schopnosti NDH 
komplexu vázat dva komplexy PSI. 

Během optimalizace izolačních podmínek za účelem zisku dostatečného množství PSI-
NDH superkomplexu byly v CN-PAGE detekovány další proteinové pásy s komplexy o velmi 
vysoké molekulové hmotnosti. Následná strukturní analýza, která je v dizertační práci 
detailně popsána, ukázala, že zmíněný pás obsahoval několik typů megakomplexů tvořených 
dvěma PSII superkomplexy. Tyto megakomplexy tvořily dvě skupiny, ve kterých PSII 
superkomplexy interagovaly buď paralelně, nebo neparalelně. Megakomplexy s paralelně 
interagujícími fotosystémy byly objeveny již dříve, nicméně strukturní charakterizace 
megakomplexů s neparalelně interagujícími fotosystémy prezentovaná v dizertační práci byla 
provedena vůbec poprvé. Detekce PSII megakomplexů na úrovni izolované thylakoidní 
membrány indikuje jejich fyziologický význam a je předmětem dalšího výzkumu.  

Dalším studovaným objektem byl PSII superkomplex izolovaný ze smrku ztepilého. 
Smrk je zástupce nahosemenných rostlin, čeledi borovicovitých, a struktura prezentovaná 
v dizertační práci představuje úplně první strukturální studii PSII superkomplexu provedenou 
na zástupci zmíněné rostlinné skupiny. Strukturní analýza v kombinaci s genetickou analýzou 
vedla k nečekanému zjištění, že smrk a další zástupci čeledi borovicovitých jsou evolučně 
odchýleni od zbytku vyšších rostlin, což se projevilo i ve změně struktury PSII superkomplexu 
oproti ostatním zástupcům vyšších rostlin.  
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1. Introduction 

Photosynthesis is a process worth of an extraordinary respect since it remarkably 

participates on the maintenance of suitable living conditions on the Earth. It is performed 

mainly by two large supercomplexes known as Photosystem I (PSI) and Photosystem II (PSII), 

which have been studied for a long time and still, there are many dimensions awaiting their 

elucidation. It is obvious that especially functional properties of any assembly depend on the 

structure of individual subunits, which are responsible for its overall performance.  

The last few decades clearly showed that photosynthetic complexes can be 

successfully studied using the X-ray crystallography, which provided most of the structures 

at atomic resolution available today. However, the method requires a highly concentrated 

sample, with a maximally homogenous and pure form of a protein in order to crystallize. Any 

impurities or structural variabilities of the protein are undesirable. Nowadays, this technique 

is being gradually replaced by the state-of-the-art cryo electron microscopy, which does not 

demand for crystals. Nevertheless, it still requires homogenous and also concentrated 

specimen. These requirements are, however, very difficult to fulfil, especially in a case of 

fragile, transient or rare protein complexes. In this case, single particle electron microscopy 

of a negatively stained specimen was found to be a very convenient method. Moreover, if it 

is coupled with a proper separation technique like a clear native polyacrylamide gel 

electrophoresis (CN-PAGE), it represents a powerful tool for structural characterization of 

a broad range of proteins, including photosynthetic membrane proteins. 

The main aim of this thesis is the structural characterization of photosynthetic 

supercomplexes and megacomplexes of PSI and PSII using the CN-PAGE and single particle 

electron microscopy. In the Introduction part, a current knowledge of the structure of main 

photosynthetic complexes and their larger assemblies in higher plants is summarized. The 

experimental part of this thesis deals with an optimization of the experimental approach, 

which was used for isolation of large photosynthetic supercomplexes and megacomplexes. 

The last part of the thesis summarizes the performed and published research. 
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Structure of Photosystems I and II 

Photosystem I 

Photosystem I is a large, pigment-binding supercomplex working as a light-driven 

plastocyanin:ferredoxin oxidoreductase. It is extraordinarily efficient with quantum yield 

close to 1 and for this, it is considered as the most effective photovoltaic machine known so 

far (Nelson, 2009). 

Plant PSI is composed from two basic functional moieties: the central core complex 

and a peripheral light-harvesting complex (LHCI). Central core complex coordinates the 

components responsible for a light-driven electron transfer and binds chlorophyll a 

molecules, which serve for light-harvesting. LHCI, which forms a crescent-shaped belt at the 

periphery of PSI, significantly extends its light-harvesting capacity and its main function is the 

efficient supply of the core complex with excitation energy (Nelson and Ben-Shem, 2005; 

Nelson and Yocum, 2006; Jensen et al., 2007; Amunts and Nelson, 2008; Busch and Hippler, 

2011) 

Structure of plant PSI has been extensively studied by the X-ray crystallography 

method and the resolution and the structural information provided by this method gradually 

improved during the last years. The first crystal structure of plant PSI was obtained at 4.4 Å 

resolution (Ben-Shem et al., 2003), when positions of sixteen subunits were determined: 

twelve core subunits (PsaA - PsaL) and four peripheral light harvesting subunits (Lhca1-4). 

Although the relatively low resolution did not allow precise identification of important 

functional features, like interactions among subunits, it provided valuable information about 

the order of individual Lhca1-4 proteins attached at one side of the PSI core complex. Owing 

to improved crystallization conditions, the resolution could be later improved to 3.4 Å 

(Amunts et al., 2007) and further to 3.3 Å (Amunts et al., 2010), both revealing seventeen 

subunits in total. These improved models provided better insight into interactions among 

subunits and non-covalently bound cofactors (chlorophylls, carotenoids, Fe-S clusters and 

phyloquinones). Finally, the most recent plant PSI structure was obtained at 2.8 Å resolution, 

which refined the current information about how the non-covalently bound cofactors 
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interact with each other and with the protein subunits within the supercomplex (Mazor et 

al., 2015) (see Figure. 1). 

 

 

Figure 1. The most recent X-ray structure of the plant PSI-LHCI supercomplex obtained at the 2.8 Å 

resolution. View from the stromal side. Twelve PsaA-PsaL subunits of PSI including Lhca1-Lhca4 are 

depicted. PsaF and PsaJ subunits are coloured in magenta and green, respectively. PsaC, PsaD and PsaE 

subunits are coloured in cyan, pink and blue, respectively. Yellow and orange spheres in the mid dle of 

the complex represent Fe-S clusters. Chlorophylls in the core complex are in green, chlorophylls a in LHCI 

in cyan and LHCI chlorophylls b in magenta, carotenoids are in blue. Adapted from Mazor et al. (2015). 

 

Subunit composition of plant Photosystem I core complex 

The most recent X-ray structural analysis of PSI (Mazor et al., 2015) showed that the 

core complex is composed of twelve stably bound subunits PsaA-PsaL (coordinating 156 

chlorophylls - nine of them are chlorophylls b, 32 carotenes and 14 lipids). Moreover, 

additional peripheral subunits, namely PsaN-PsaP and PsaR, were also revealed to be 

associated with the PSI core complex. However, PsaN subunit is only weakly bound to the 

PSI core and it is not considered as its stable part (Amunts et al., 2010). PsaO and PsaP are 
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subunits, which have not been identified yet in any crystal structure of plant PSI (reviewed in 

Busch and Hippler, 2011). By contrast, PsaR was identified within the crystal structure of 

plant PSI (Amunts et al., 2010), however its function is unclear. 

PsaA and PsaB represent the largest subunits of PSI, each formed by eleven 

transmembrane helices with the molecular mass of 84 and 83 kDa, respectively. They form 

the central heterodimer, which binds P700 - the special chlorophyll pair responsible for light 

driven charge separation and also several primary electron acceptors. PsaC is a small stromal 

subunit with molecular mass of 9 kDa and together with PsaD (18 kDa) and PsaE (10 kDa) 

subunits forms a docking site for ferredoxin - a soluble electron transporter (Hayashida et al., 

1987; Hoj et al., 1987). PsaF subunit with one transmembrane helix and with molecular mass 

of 17 kDa binds plastocyanin, the luminal electron donor (Farah et al., 1995) and was shown 

to be essential for transition of excitation energy from LHCI to PSI core complex (Haldrup et 

al., 2000). PsaG (11 kDa) and PsaK (9 kDa) are plant specific subunits with two 

transmembrane helices and play a role in stabilizing of the whole PSI supercomplex (Varotto 

et al., 2002) and in binding of LHCI to PSI (Ben-Shem et al., 2003). PsaH (11 kDa), PsaL (18 

kDa) and PsaO (10 kDa) form a peripheral cluster responsible for interaction of PSI with 

phosphorylated LHCII, the light-harvesting complexes of PSII (Lunde et al., 2000; Jensen et 

al., 2004; Zhang and Scheller, 2004) and possibly also PsaI (4 kDa) and PsaP (indistinct mass) 

subunits may be involved in binding of LHCII to PSI (Zhang and Scheller, 2004). Moreover, 

PsaL subunit plays a significant role in formation of trimeric PSI assemblies in cyanobacteria 

(Chitnis and Chitnis, 1993; Jordan et al., 2001) and in plants, this PsaL function is eliminated 

by a plant-specific PsaH subunit (Ben-Shem et al., 2003). PsaJ (6 kDa) and PsaN (10 kDa) are 

one transmembrane helix subunits required for formation of the plastocyanin binding 

domain (Fischer et al., 1999; Haldrup et al., 1999). PsaR is a small, peripheral, one 

transmembrane helix subunit containing large amount of adenines (Amunts et al., 2010) and 

there is no biochemical evidence for its role. Therefore, it remains unclear whether it is a 

stable and functional part of PSI. The subunits of plant PSI and their function are summarized 

in Table 1. 
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Table 1. Subunit composition of a plant PSI core complex with subunits functions and bound cofactors.  

Subunit 

name 

Mass 

(kDa) 

Gene 

location 
Function 

PsaA 84 chloroplast Light harvesting, charge separation, electron transport, 

coordination of P700, A0, A1 and FX, binding of 80 chlorophylls, Lhca 

binding 
PsaB 83 chloroplast 

PsaC 9 chloroplast Coordination of FA and FB, ferredoxin binding 

PsaD 18 nucleus ferredoxin binding 

PsaE 10 nucleus ferredoxin binding 

PsaF 17 nucleus plastocyanin binding, Lhca4 binding 

PsaG 11 nucleus PSI stabilization, Lhca1 binding 

PsaH 11 nucleus LHCII binding, prevention of PSI trimerization 

PsaI 4 chloroplast LHCII binding (?) 

PsaJ 6 chloroplast plastocyanin binding, Lhca2 binding 

PsaK 9 nucleus PSI stabilization, Lhca3 binding, LHCII binding 

PsaL 18 nucleus LHCII binding 

PsaN 10 nucleus plastocyanin binding 

PsaO 10 nucleus LHCII binding (?) 

PsaP - nucleus LHCII binding (?) 

PsaR - - - 

 

Light-harvesting complex of Photosystem I  

The main function of LHCI is to provide sufficient amount of energy into the reaction 

centre of PSI. Plant PSI relies on a nuclear encoded light-harvesting complex composed of six 

chlorophyll binding proteins Lhca1-6 (Jansson, 1999). The Lhca1-4 proteins are evenly 

expressed and form two heterodimers assembled into a curved belt at the PsaF/PsaJ side of 

the PSI reaction centre (Boekema et al., 2001; Ben-Shem et al., 2003; Amunts et al., 2007; 

Amunts et al., 2010). The composition of heterodimers and their position towards the 

reaction centre is not random. The first dimer is composed of Lhca1 and Lhca4 proteins and 

interacts with PSI core complex via PsaG and PsaB subunits (Lhca1) and via PsaF subunit 

(Lhca4). The other dimer is formed by Lhca2 and Lhca3 proteins. Lhca2 associates with PSI 

core complex via PsaA and PsaJ and Lhca3 interacts via PsaA and PsaK (Jansson et al., 1996; 
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Ben-Shem et al., 2003; Amunts et al., 2007; Amunts et al., 2010; Mazor et al., 2015). The 

individual Lhca proteins in the PSI-LHCI supercomplex are not mutually interchangeable, as it 

was shown on mutants lacking individual Lhca subunits (Wientjes et al., 2009). That analysis 

showed that missing Lhca protein leaves an empty space in the supercomplex structure. This 

indicates that binding of individual Lhca proteins to the PSI core complex is highly specific, 

only with the exception of Lhca4 subunit, which can be substituted with Lhca5 subunit. The 

Lhca1-4 subunits also contain so-called far-red chlorophylls responsible for far red 

absorption and fluorescence emission (Morosinotto et al., 2003), which is a characteristic 

feature of the PSI (Gobets and van Grondelle, 2001). 

The Lhca5-6 proteins represent subunits, which are expressed at a very low level 

(Klimmek et al., 2006). It means that these proteins bind to PSI in a substoichiometric 

amount with respect to other Lhca1-4 proteins. The exact role of Lhca5 and Lhca6 was 

unclear, until the mutants lacking these subunits were constructed. Analysis of plants lacking 

these subunits indicated their direct involvement in formation and stabilization of the PSI-

NAD(P)H dehydrogenase (PSI-NDH) supercomplex (Peng et al., 2009). This analysis showed 

that mutants without Lhca5 and Lhca6 subunits have impaired formation of the PSI-NDH 

supercomplex. The general properties of Lhca1-6 proteins are summarized in Table 2. 

 

Table 2. Subunits of plant Photosystem I light-harvesting complex with bound cofactors. 

Subunit name Mass (kDa) Bound cofactors 

Lhca1 22 13 chlorophylls, 3 carotenoids 

Lhca2 23 13 chlorophylls, 2 carotenoids 

Lhca3 25 13 chlorophylls, 3 carotenoids 

Lhca4 22 13 chlorophylls, 2 carotenoids 

Lhca5 24 13 chlorophylls, 2 carotenoids 

Lhca6 25 - 
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Photosystem I involved in formation of larger assemblies 

Plant PSI predominantly exists in the monomeric form in the thylakoid membrane 

(Kouril et al., 2005a). Nevertheless, this supercomplex also tends to form larger assemblies 

with other protein complexes like Cytb6f complex (Iwai et al., 2010), LHCII (Kouril et al., 

2005b), and NDH complex (Kouril et al., 2014). Moreover, PSI can associate even with each 

other and form oligomers as have been shown in several electron microscopy studies 

(Boekema et al., 2001; Kouril et al., 2005a). Thus, the following paragraphs will briefly 

describe those larger PSI associations: supercomplexes involved in so-called state transitions, 

PSI oligomers and PSI-NDH supercomplex. 

Photosystem I supercomplexes involved in state transitions  

State transitions is a mechanism, by which plants balance the distribution of 

excitation energy between PSII and PSI upon changing light conditions (reviewed e.g. in 

Allen, 1992; Wollman, 2001). 

Upon light conditions, when PSII is preferentially excited, over-reduction of 

plastoquinone and the cytochrome b6f complex occurs. This over-reduction serves as a signal 

for plant kinases STN7 and STN8, which phosphorylate light-harvesting complex of PSII 

(LHCII) and some proteins of the PSII core complex (Bennett et al., 1980; Bellafiore et al., 

2005; Bonardi et al., 2005). Once phosphorylated, LHCII dissociates from PSII and associates 

with PSI to form PSI-LHCI-LHCII supercomplex (state 2). Effect of this transition is in lowering 

of excitation pressure to PSII and in increased excitation of PSI. The whole process is 

reversible. When the pool of plastoquinone becomes oxidized, LHCII is dephosphorylated 

and migrates back to PSII (state 1) (Forsberg and Allen, 2001). In the state transitions, PsaH 

subunit plays a significant role. LHCII cannot transfer the excitation energy to PSI and the 

state transitions are impaired if the PsaH subunit is missing (Lunde et al., 2000). 

Despite there was ample functional evidence for state transitions, the structure of 

the PSI-LHCI-LHCII supercomplex was obscured for a long time. Its structure was for the first 

time demonstrated in Arabidopsis thaliana by Kouřil et al. (2005), which was long time after 

discovery of state transitions (Bonavent.C and Myers, 1969; Murata, 1969; Bennett, 1977). 
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This time delay was caused by the difficulty to purify the supercomplex with a sufficient yield 

due to its fragility and instability. It was shown that LHCII trimer together with PSI-LHCI 

supercomplex form a pear-shaped structure and that LHCII is to PSI attached at the PsaH 

side (Fig. 2). Origin of the LHCII trimer migrating towards PSI was also investigated and still 

remains the matter of debate. For instance, it was proposed that it may originate in the M 

trimer dissociating from the PSII supercomplex (Kouril et al., 2005b). Nevertheless, taking 

into consideration that M trimer specific subunit Lhcb3 (Caffarri et al., 2009) is not present in 

stromal thylakoids (Bassi et al., 1988), the M trimer in most probably not involved in state 

transitions. Further, it was also proposed that LHCII trimer, which associate with PSI during 

state transitions, may originate also in a specific subset of LHCII weakly bound to PSII 

supercomplex (Galka et al., 2012) or in the pool of free LHCII (Wientjes et al., 2013). 

Structure of PSI-LHCI-LHCII supercomplex is illustrated in Figure 2. 

 

 

Figure 2. Structure of the plant PSI-LHCI-LHCII supercomplex. Supercomplex is formed by PSI with 

attached LHCI and trimeric LHCII. The question marked areas represent the unassigned densities 

probably occupied by some additional subunits. Stromal side view. Adapted from Jensen et al. (2007). 
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Oligomeric forms of Photosystem I  

Electron microscopy analysis of mildly solubilized, chromatographically or 

electrophoretically purified thylakoid membranes also showed that PSI tends to form larger 

oligomeric forms like dimers, trimers and even tetramers. 

The first structure of PSI oligomers was reported in the thermophilic cyanobacterium 

Synechococcus (Boekema et al., 1987). Nevertheless, there was a question whether these PSI 

trimers represent native arrangements or an artificial association between solubilized PSI 

complexes. No details regarding the interactions between individual PSI supercomplexes 

could be concluded due to the limited resolution of trimers. Thus, as the individual PSI 

supercomplexes in trimers were rotationally symmetrical, this was taken as the main 

evidence of their nativity. Later, the formation of PSI trimers in Synechococcus was 

confirmed using the X-ray analysis (Jordan et al., 2001). This study also revealed that the 

trimerization domain is formed of PsaL, as the individual PSI interact via these subunits. 

A search for similar PSI associations in plants was also performed (Boekema et al., 

2001). In that study, PSI dimers, trimers and tetramers were discovered in pea thylakoid 

membranes mildly solubilized by α-dodecyl maltoside. However, as the electron microscopy 

analysis showed, all found PSI oligomers represented artificial assemblies probably created 

as the artefact of solubilization. The individual PSI supercomplexes in the PSI oligomers had 

mirror symmetry and different handedness, which certainly does not reflect the situation in 

the native membrane. Comparable research was repeated later with digitonin as the 

detergent and similar dimeric, trimeric and tetrameric PSI structures were discovered (Kouril 

et al., 2005a). Regrettably, results of this electron microscopic analysis agreed with the 

former findings, i.e. that the found plant PSI oligomers likely represent artificial associations. 

Based on these results, it was concluded that native plant PSI exists in monomeric form. The 

trimerization of plant PSI is moreover hindered by the PsaH subunit (Ben-Shem et al., 2003), 

which shields the PsaL subunits responsible for PSI trimerization in cyanobacteria (Chitnis 

and Chitnis, 1993). Presence of PsaH in plant PSI is important as it enables association of 

plant PSI with LHCII during state transitions (Lunde et al., 2000). Examples of plant PSI 

oligomers are shown in Figure 3. 
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Figure 3. Plant PSI oligomers. (a-c) Artificial plant PSI oligomers as published by Boekema et al., (2001); a: 

PSI dimer composed of two up and down oriented monomers; b: PSI trimer, where two monomers have 

the same orientation as in dimer, next monomer is associated at different position; c: PSI tetramer 

formed as dimer of dimers. (d-f) Plant PSI oligomers discovered during optimization of native separation 

technique (Experimental approach chapter, unpublished data); d, e: PSI tetramers; f: PSI pentamer. 

 

PSI-NDH supercomplex 

The PSI-NDH supercomplex represents the assembly of PSI with NAD(P)H 

dehydrogenase and its native structure was revealed recently with a significant contribution 

of our group (chapter 4.1). 

NDH complex is localized in stromal thylakoids and its existence was firstly suggested 

after tobacco and liverwort Marchantia polymorpha chloroplast genome sequencing 

(Ohyama et al., 1986; Shinozaki et al., 1986). It is involved in one of the pathways of cyclic 

electron flow (CET) around PSI (known as NDH-dependent pathway), which is essential for 

preventing of stroma over-reduction and also contributes to balancing of ATP and NADPH 

production (Shikanai, 2007). Thus, association of NDH with PSI seems to be beneficial for 

execution of these functions. 

The plant NDH complex is composed of more than 20 subunits. It can be divided into 

five subcomplexes: A and B subcomplexes, EDB (electron donor binding), membrane and 

lumen subcomplexes (Peng et al., 2011; Shikanai, 2016) and shares a homology with 
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mitochondrial respiratory complex I (Efremov et al., 2010). Membrane subcomplex contains 

NdhA-NdhG subunits, subcomplex A contains NdhH-NdhO subunits, subcomplex B contains 

NDF1, NDF2, NDF4, NDF6 and NDH18 subunits and lumen subcomplex is composed of PPL2, 

CYP20-2, FKBP16-2 and PQL subunits. Nevertheless, exact function of all these subunits is 

still not fully clarified. EDB subcomplex represents recently discovered moiety of NDH and 

consists of NdhT, NdhU and NdhS subunits (Yamamoto et al., 2011). These subunits are 

suggested to form a ferredoxin binding site. Due to the fact that NDH binds ferredoxin, the 

chloroplast NDH may be reconsidered to be an ferredoxin dependent plastoquinone 

reductase, instead of generally accepted NAD(P)H dehydrogenase. 

Existence of the PSI-NDH supercomplex was firstly evidenced in 2008 (Peng et al., 

2008). Authors electrophoretically separated mildly solubilized Arabidopsis thaliana 

thylakoid membranes and discovered a high molecular weight band, which was after 

subjection to biochemical analysis attributed to association of PSI with NDH. Later, it was 

shown that association with Lhca5 and Lhca6 minor antenna is required for the efficient 

operation of the PSI-NDH supercomplex using the mutants lacking these Lhca subunits (Peng 

et al., 2009). The NDH complex is also stabilized by interaction with PSI especially under 

stress conditions (Peng and Shikanai, 2011). A structural model of PSI-NDH supercomplex 

with two copies of PSI attached to one copy of NDH was also proposed (Peng et al., 2011). 

Nevertheless, no structural evidence was available. There is also a recent indication that 

NDH-dependent CET might play a role in the regulation of photosynthetic redox state at low 

light condition (Yamori et al., 2015). 

In our work (chapter 4.1), we provided the first structural characterization of the PSI-

NDH supercomplex. We used mildly solubilized barley thylakoid membranes separated by 

native electrophoresis and band corresponding to PSI-NDH was structurally characterized by 

electron microscopy and image analysis. Our results correspond with previous propositions, 

as we revealed one NDH complex interacting with two copies of PSI. Also a minor form with 

only one PSI copy was discovered, but this was attributed to dissociation of the complete 

supercomplex during sample preparation. Fitting of crystal structures of PSI and NDH (or its 

analogue – respiratory complex I, respectively (Baradaran et al., 2013)) into the electron 
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microscopy projection map of PSI-NDH supercomplex indicated subunits involved in mutual 

interaction between PSI and NDH. This model proposes that while all Lhca1-4 subunits to 

some extent participate in the interaction, only NdhA-G subunits of the membrane NDH 

subcomplex are involved in the interaction. The model also shows some unassigned 

densities in the PSI-NDH supercomplex, which likely correspond to attached Lhca5 or Lhca6 

antennas. 

In the PSI-NDH supercomplex, the ferredoxin reduced at the acceptor side of PSI 

passes to NDH, where it reduces plastoquinone. Reduced plastoquinone then transfers 

electrons back to PSI via cytochrome b6f complex and the cyclic pathway is completed. 

Ferredoxin can be alternatively reduced by NAD(P)H through the reverse reaction of FNR 

(ferredoxin:NAD(P)H oxidoreductase), which can associate with NDH (Hu et al., 2013). For 

more structural and functional details, see chapter 4.1. 

Photosystem II 

Photosystem II is a large, multisubunit pigment-protein supercomplex embedded in 

grana regions of thylakoid membranes and it works as a light-driven water:plastoquinone 

oxidoreductase with high quantum yield around 0.85 (Nelson and Ben-Shem, 2004). In 

plants, it consists of two functional moieties: the PSII core complex, which is usually present 

as a dimer (C2) and a peripheral light harvesting complex (LHCII), formed by monomers or 

trimers of specific light harvesting proteins.  

 

Subunit composition of Photosystem II core complex  

The most recent cryo electron microscopy structural analysis of the plant PSII 

supercomplex (Wei et al., 2016) showed a detailed architecture of the PSII core complex. It 

consists of four large intrinsic subunits (PsbA (D1), PsbB (CP47), PsbC (CP43), PsbD (D2)), 

twelve small subunits (PsbE-F, PsbH, PsbI-M, PsbTc, PsbW, PsbX, PsbZ) and four extrinsic, 

lumen exposed subunits (PsbO-Q, PsbTn). 
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The central part of plant PSII core complex is formed by large D1, D2, CP43 and CP47 

subunits. D1 and D2 subunits form central heterodimer, which constitutes the 

photochemical reaction centre P680 and where light driven charge separation takes place. 

Both D1 and D2 are formed by five helices of molecular mass 39 kDa and bind six chlorophyll 

a molecules and two pheophytins. CP43 and CP47 are six helix subunits with mass of 43 and 

47 kDa. They fulfil the function of inner antenna, which means that they participate in light 

harvesting and coordinate 14 and 16 chlorophyll a molecules, respectively. These subunits 

also play an important role in energy transfer from outer light harvesting complex into the 

reaction centre. Moreover, it was shown that D1 together with CP43 are involved in 

coordinating of manganese cluster in oxygen evolving complex (Wei et al., 2016). 

The group of twelve small subunits can be divided into stromal exposed ones (PsbE, 

PsbF, PsbH, PsbJ and PsbL) and lumen exposed ones (PsbI, PsbK, PsbM, PsbTc, PsbW, PsbX 

and PsbZ). All those subunits do not bind any pigment molecule and are present as one 

helical proteins only, with the exception of double helix PsbZ subunit. They pursue several 

functions, i.e. enhance dimerization of core complexes (PsbL, PsbM, PsbTc), stabilize the 

core complex (PsbE, PsbF, PsbJ, PsbK and PsbX), mediate association of outer light harvesting 

complex (PsbH, PsbW and PsbZ) and bind cytochrome b559 (PsbE, PsbF) (Shi and Schroder, 

2004; Wei et al., 2016). 

PsbO, PsbP, PsbQ represent extrinsic, lumen exposed subunits with molecular masses 

of 33, 20 and 17 kDa constituting a heterotrimeric assembly known as oxygen evolving 

complex. This complex coordinates a Mn4CaO5
- cluster, which is responsible for water 

oxidation. Electrons released from oxidized water molecule are forwarded to electron 

transport chain and molecular oxygen is released to the environment (Umena et al., 2011; 

Wei et al., 2016). Function of PsbTn (5 kDa) is not clarified (Shi and Schroder, 2004). The 

basic properties of plant PSII subunits are summarized in Table 3. 
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Table 3. Subunit composition of plant Photosystem II core complex with subunits functions and bound 

cofactors. 

Subunit 

name 

Mass 

(kDa) 

Gene 

location 
Function 

D1 39 chloroplast Charge separation, electron transport, chlorophyll a, pheophytin 

and electron transport chain cofactors coordination D2 39 chloroplast 

CP43 43 chloroplast 
Light harvesting, chlorophyll a binding 

CP47 47 chloroplast 

PsbE 9 chloroplast Core complex stabilization or dimerization 

PsbF 4 chloroplast Core complex stabilization or dimerization 

PsbH 8 chloroplast Association of core complex with LHCII 

PsbI 4 chloroplast Core complex stabilization or dimerization 

PsbJ 4 chloroplast Core complex stabilization or dimerization 

PsbK 4 chloroplast Core complex stabilization or dimerization 

PsbL 4 chloroplast Core complex stabilization or dimerization 

PsbM 4 chloroplast Core complex stabilization or dimerization 

PsbTc 4 chloroplast Core complex stabilization or dimerization 

PsbW 6 chloroplast Association of core complex with LHCII 

PsbX 4 chloroplast Core complex stabilization or dimerization 

PsbZ 7 chloroplast Association of core complex with LHCII 

PsbO 33 nucleus Oxygen evolving complex 

PsbP 20 nucleus Oxygen evolving complex 

PsbQ 17 nucleus Oxygen evolving complex 

PsbTn 5 nucleus - 

 

Light-harvesting complex of Photosystem II  

Light harvesting complex of PSII (LHCII) is formed by different types of antenna 

proteins, which specifically associate at the periphery of the PSII core dimer. It fulfils several 

important tasks: it is responsible for a light harvesting and transfer of excitation energy to 

the reaction centre and it plays a crucial role in photoprotection of PSII against excessive 

light and photooxidative damage (Niyogi, 2000; Ruban et al., 2012; Ruban, 2016). 
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In plants, LHCII is composed of eight nuclear encoded pigment protein complexes 

named Lhcb1 – Lhcb8 (Ballottari et al., 2012). They are formed by three transmembrane 

helices and coordinate chlorophylls a, chlorophylls b and carotenoids in different ratios. 

Based on their occurrence, they can be generally divided into three subclasses. 

First subclass is formed by Lhcb1 – Lhcb3 proteins, which usually occur in the ratio of 

about 8:3:1 (Jansson, 1994) and represents so-called major antenna proteins. These proteins 

associate into homotrimers (composed of Lhcb1 or Lhcb2) or into heterotrimers (composed 

of Lhcb1, Lhcb2 and Lhcb3) and share in their structure a typical “WYGPDR” trimerization 

motif (Jansson, 1999). Detailed information about the architecture of the LHCII trimer is 

available from X-ray structure (Liu et al., 2004; Standfuss et al., 2005). Trimers associate with 

dimeric PSII core complex into larger assemblies via monomeric antenna. According to the 

character of the binding to the PSII core complex, the LHCII trimers were designated as “S” 

and “M” (Strongly and Moderately bound LHCII, respectively) (Dekker and Boekema, 2005; 

Kouril et al., 2012). Occasionally the core complex can associate also with “L” trimers 

(Loosely bound) (Boekema et al., 1999a). Single particle electron microscopy analysis of 

various land plant species indicates that the largest stable form of the PSII-LHCII 

supercomplex has a form of the C2S2M2 supercomplex. The Lhcb3 is present exclusively in 

the M trimer (Dainese and Bassi, 1991) and there are some indications that Lhcb2 is more 

likely present in the S trimer (Caffarri et al., 2009). Lhcb1 is evenly distributed among both 

the trimers (Caffarri et al., 2009). Moreover, it is interesting that there are up to eight LHCII 

trimers per one dimeric core complex (Peter and Thornber, 1991; van Oort et al., 2010). By 

considering the fact that dimeric PSII core complex can bind up to six trimers (Boekema et 

al., 1999a), this implies that there is a pool of free LHCII in thylakoid membrane, which may 

play a role e.g. in additional light harvesting (van Oort et al., 2010) and state transitions 

(Wientjes et al., 2013). 

The second group is formed by Lhcb4 (CP29), Lhcb5 (CP26) and Lhcb6 (CP24) proteins 

and represents so-called minor antennas. These proteins are in the PSII supercomplex 

present in monomeric form and they interconnect the core complex with the major trimeric 

LHCII (Caffarri et al., 2009). Lhcb4-6 also pursue several other functions, as it was studied on 
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plants lacking these subunits: Lhcb6 is essential for the M trimer binding (Caffarri et al. 

2009), as only C2S2 supercomplexes were found in mutant lacking this subunit (Kovacs et al., 

2006). Moreover, it was also shown that Lhcb6 plays a role in PSII photoprotection, as the 

plants lacking Lhcb6 had a significantly reduced capacity for non-photochemical quenching 

(de Bianchi et al., 2008). Lhcb6 was also found to be unique for land plants (Alboresi et al., 

2008) and might play a role in adaptation to aerial environment. Lhcb5 is involved in 

supercomplex stabilization, as the amount of supercomplexes was significantly reduced in 

the mutant lacking Lhcb5 (Yakushevska et al., 2003; Caffarri et al., 2009). In our work 

(chapter 4.3) we also propose that Lhcb5 is involved in formation or stabilization of PSII 

megacomplexes. Moreover, it was shown that Lhcb5 may substitute Lhcb1 and Lhcb2 

subunits in trimers in plants lacking these two subunits (Ruban et al., 2003). Lhcb4 was found 

to be essential for function and structural organization of PSII supercomplexes, as no large 

supercomplexes could be found in the mutant plants (Yakushevska et al., 2003; de Bianchi et 

al., 2011). Lack of this subunit also affects binding of S trimer and negatively influences non-

photochemical quenching capacity (de Bianchi et al., 2011). A crystal structure of the Lhcb4 

was solved recently (Pan et al., 2011). Minor antenna proteins also associate with major 

antennas into larger functional units, as it was shown on a pentameric complex composed of 

Lhcb4, Lhcb6 and the M trimer (Betterle et al., 2009). This unit disconnects from PSII upon 

illumination and re-associates with PSII during dark recovery, which was shown to be 

important for establishment of non-photochemical quenching. 

Moreover, as we have recently demonstrated (chapter 4.2), Lhcb6 and Lhcb3 

antennas are surprisingly not present in Pinaceae and Gnetales, subgroups of higher plants. 

Lhcb6 was considered to be plant specific subunit, which has, together with Lhcb3, evolved 

during transition of plants from water to land habitat. Their lack in Pinaceae and Gnetales 

modifies the PSII supercomplex in such a way that it resembles PSII from evolutionary older 

organisms and breaks the current dogma that these two subunits are essential for all land 

plants (for structural details and functional implications, see chapter 4.2). 

The last group of plant LHCII is represented by Lhcb7 and Lhcb8, the most recently 

discovered subunits. Lhcb7 is structurally similar to Lhcb5 and origin of Lhcb8 is in 
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reclassification of Lhcb4.3, one of isoforms of CP29 (Klimmek et al., 2006). Both of them are 

rarely expressed, i.e. they are present in substoichiometric amount and their function 

remains unclear (Ballottari et al., 2012). 

LHC-like proteins represent a special example of LHC proteins, from whom PsbS is 

worth of special interest. This is a four helix, pigment-less subunit, which plays a key role in 

process of non-photochemical quenching (Li et al., 2000). Recent data indicate that it 

associates with LHCII trimers and PSII core proteins (Gerotto et al., 2015; Correa-Galvis et al., 

2016), nevertheless it is probably not a specific part of the PSII-LHCII supercomplex (Caffarri 

et al., 2009). It also participates on PSII-LHCII structural reorganization upon high light 

condition (Betterle et al., 2009; Kereiche et al., 2010; Ruban et al., 2012) and impairs 

formation of PSII semi crystalline arrays (Kereiche et al., 2010). The basic properties of plant 

PSII light harvesting proteins are summarized in Table 4. 

 

Table 4. Subunits of plant LHCII with bound cofactors (if known exactly).  

Subunit name Mass (kDa) Bound cofactors 

Lhcb1 28 

8 chl a, 6 chl b, 4 carotenoids Lhcb2 29 

Lhcb3 29 

Lhcb4 (CP29) 31 9 chl a, 3 chl b, 1 chl a/b, 3 carotenoids 

Lhcb5 (CP26) 30 8 chl a, 4 chl b, 1 chl a/b, 3 carotenoids 

Lhcb6 (CP24) 28 - 

Lhcb7 40 - 

Lhcb8 30 - 

 

Structural characterization of the plant PSII -LHCII supercomplex 

In the last decades, a lot of effort has been put into solving a high resolution 

structure of the plant PSII-LHCII supercomplex. Attempts to solve a high resolution structure 

of a plant PSII-LHCII supercomplex using X-ray crystallography most likely failed due to the 

impossibility to purify the supercomplex in a homogeneous and stable form. Therefore, most 
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of the X-ray crystallography work has been performed on cyanobacterial PSII core complexes 

due to their greater stability (Zouni et al., 2001; Guskov et al., 2009; Umena et al., 2011). 

Due to the above-mentioned limitation, our knowledge about the architecture of the plant 

PSII-LHCII supercomplex comes from single particle electron microscopy studies combined 

with image analysis. 

 The first structural characterization of plant PSII with associated LHCII was obtained 

using mildly solubilized spinach PSII enriched membranes (Boekema et al., 1995). As the 

outcome, the C2S2 supercomplex at 25 Å resolution was obtained. Revealed structure 

provided the first details about organization of LHCII around PSII core complex. However, as 

the isolating procedures and instrumental facilities gradually improved, it was possible to 

achieve higher resolution of larger PSII-LHCII supercomplexes, as it is evidenced by spinach 

C2S2M and C2S2M2 supercomplexes obtained at 16 Å resolution (Boekema et al., 1999b; 

Boekema et al., 1999a). A next significant step forward was achieved in 2009, when a C2S2M2 

supercomplex at 12 Å resolution was obtained from mildly solubilized Arabidopsis thaliana 

thylakoid membranes (Caffarri et al., 2009). Obtaining of PSII supercomplex structure at such 

high resolution enabled sufficiently precise fitting of X-ray structures of individual PSII 

moieties (core complex and trimeric and monomeric LHCII) into the electron microscopy 

projection map. The structural model further allowed characterization of mutual interactions 

among PSII subunits and energy transfer routes (Kouril et al., 2012). Structure of such PSII 

supercomplex is presented in Figure 4. 
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Figure 4. Structure of Arabidopsis thaliana C2S2M2 supercomplex. (a) electron microscopy map of 

supercomplex obtained at 12 Å resolution. (b) fitting of X-ray structures into the supercomplex as 

proposed by Caffarri et al., (2009). Pale green: core complex; blue: M trimer; orange: S trimer; red: 

Lhcb6; green: Lhcb5; yellow: Lhcb4. Adapted from Caffarri et al. (2009).  

 

Recently, a breakthrough was achieved, when the 3D structure of the C2S2 

supercomplex was obtained using cryo electron microscopy at 3.2 Å resolution (Wei et al., 

2016). This study improved the current knowledge about the organization of the whole 

supercomplex, as precise localization of PsbO-Q subunits constituting the oxygen evolving 

complex was presented. A detailed insight into energy transfer pathways between antennas 

and core complex was also brought, as the exact positions of individual Lhcb proteins were 

located. The structure of this PSII C2S2 supercomplex is presented in the Figure 5. 
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Figure 5. Cryo electron microscopy structure of spinach C2S2 supercomplex obtained at 2.8 Å resolution. 

(a) crystal structure of C2S2 supercomplex, (b) schematic subunit depiction. Adapted from Wei et al. 

(2016). 

 

Larger assemblies of Photosystem II 

Photosystem II also tends to form larger assemblies in the grana membrane, which 

are, in contrast to PSI, formed exclusively between each other. Thus, the following 

paragraphs will briefly summarize current knowledge about formation of such associations, 

namely two-dimensional crystals and PSII megacomplexes. 

Two-dimensional crystals of Photosystem II  

The first evidence of regular arrangements of PSII supercomplexes into semi-

crystalline arrays was given several decades ago by freeze fracture analysis of thylakoid 

membranes (Garber and Steponkus, 1976; Simpson, 1978). Nevertheless, due to the limited 

resolving possibilities, no structural details could be concluded. The first reasonable results 

were obtained several years later after electron microscopy investigation of mildly 

solubilized spinach thylakoid membranes by α-dodecyl maltoside (Boekema et al., 2000). In 
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these membranes, regular arrangements of PSII supercomplexes into long rows were 

observed. After a detailed analysis, several types of crystal lattices were discovered. They 

were composed of either C2S2M or C2S2 supercomplexes. Later, another type of crystal 

lattice was found in Arabidopsis thaliana, which was formed by C2S2M2 supercomplex 

(Yakushevska et al., 2001a). It was also shown that occurrence and lattice properties of the 

PSII semi-crystalline arrays are dependent on growth conditions. In plants grown under high 

light conditions, the amount of semi-crystalline arrays was significantly reduced compared to 

normal and low light (Kouril et al., 2013). Moreover, there was a relative increase in semi-

crystalline arrays formed by C2S2 supercomplexes in high light variant compared to crystals 

formed by C2S2M2 in the other light variants, probably as the consequence of light induced 

disassembly of larger complexes. The formation of semi-crystalline arrays is also initiated by 

the adaptation of plants to low temperature (Garber and Steponkus, 1976) or by different 

conditions (e.g. high sugar concentration in the storage medium) used to store the isolated 

thylakoid membranes or chloroplasts (Semenova, 1995). 

The function of the PSII semi-crystalline arrays is still a matter of debates and several 

possibilities were proposed. It was suggested that these ordered arrays may serve to 

enhance diffusion of plastoquinone to cytochrome b6f complex in the crowded membrane 

(Kirchhoff et al., 2007) and regular arrangements of PSII may also participate on grana 

formation via mutual interactions of LHCII in the adjacent membrane layers (Yakushevska et 

al., 2001a; Daum et al., 2010; Kirchhoff et al., 2013; Tietz et al., 2015). It was also shown that 

formation of the semi-crystalline arrays is dependent on PsbS (Kereiche et al., 2010). In 

plants with normal or decreased level of PsbS, the formation of semi-crystalline arrays was 

unaffected, while no arrays were detected in the plants overproducing the PsbS. Thus, it was 

suggested that formation of these semi-crystalline arrays is also related to non-

photochemical quenching, since PsbS is involved in regulation of non-photochemical 

quenching process (Niyogi et al., 2005). 
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Megacomplexes of Photosystem II  

PSII megacomplexes represent a lateral and specific association of two PSII-LHCII 

supercomplexes. They were, for the first time, detected in chromatographically purified 

spinach thylakoid membranes mildly solubilized by α-dodecyl maltoside. The analysis of 

electron micrographs of that sample revealed three different in parallel arranged PSII 

megacomplexes (Boekema et al., 1999b; Boekema et al., 1999a) and later, another type of 

the PSII megacomplex was discovered in Arabidopsis thaliana (Yakushevska et al., 2001b). 

Later, the PSII megacomplexes were detected also in other studies (e.g. Caffarri et al., 2009; 

Jarvi et al., 2011), but they were not subjected to any structural characterization. The origin 

and a biological relevance of PSII megacomplexes were obscured since they were considered 

as building blocks or just fragments of two-dimensional crystals.  

In our work (chapter 4.3), we performed a thorough structural analysis of PSII 

megacomplexes from mildly solubilized Arabidopsis thaliana thylakoid membranes. Our 

results indicate similar arrangements of PSII as published previously (Boekema et al., 1999b; 

Boekema et al., 1999a; Yakushevska et al., 2001b), when we detected PSII megacomplexes 

arranged in parallel. However, we also detected several novel types of megacomplexes 

formed by two PSII supercomplexes interacting in a non-parallel manner. Importantly, we 

also brought evidence of native origin of both parallel and non-parallel megacomplexes as 

they were successfully detected at the level of native grana membranes. We also proposed 

their function in a tuning of utilization of absorbed light energy, however, this has to be 

elucidated in more detail in further studies. 
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Experimental techniques 

Electron microscopy represents a powerful tool for structural characterization of 

protein complexes, as it was demonstrated on several PSI and PSII supercomplexes and 

megacomplexes described in the previous chapter. To facilitate the electron microscopy 

analysis of protein complexes, a proper separation method is also desirable to purify the 

complex in a high quantity, purity and a native form. Nowadays, there are generally two 

native separation methods widely used. The first method represents an ultracentrifugation 

in sucrose gradient. This technique has been successfully used several times for a separation 

of large PSII-LHCII supercomplexes (e.g. Caffarri et al., 2009; Wei et al., 2016). However, this 

technique is vastly time consuming (a run usually takes about 16 h) and demanding for a 

very expensive equipment. On the other hand, native electrophoresis, which represents the 

second separation technique, brings several benefits compared to ultracentrifugation. It 

remarkably shortens the time needed for separation (it takes about 2 h) and uses relatively 

inexpensive equipment. The following paragraph will briefly introduce the issue of native 

polyacrylamide gel electrophoresis, namely the so-called clear native polyacrylamide gel 

electrophoresis (CN-PAGE), a separation technique successfully utilized in all our studies 

(chapters 4.1, 4.2, 4.3). It is followed by an insight into the basic principles of transmission 

electron microscopy and image analysis. 

CN-PAGE 

Clear-native polyacrylamide gel electrophoresis represents a special type of 

electrophoresis nowadays conveniently used for separation of large and fragile protein 

complexes in native state. 

It was used for the first time in early nineties for separation of labile mitochondrial 

complexes and it is principally based on an older technique known as blue-native PAGE (BN-

PAGE) (Schagger et al., 1994). Nevertheless, the original setup of CN-PAGE had limited 

resolving possibilities and till these days, it had to undergo several improvement steps. 

Originally, the only difference between CN-PAGE and BN-PAGE lied in the complete 

absence of anionic dye Coomassie brilliant blue (CBB) in the case of CN-PAGE (Schagger et 
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al., 1994). Since the principle of BN-PAGE is based on the ability of this dye to adsorb to the 

protein complexes which sets them negative charge necessary for their movement in the 

electric field (Schagger and Vonjagow, 1991), a usage of CN-PAGE was limited due to the CBB 

absence to separation of complexes with certain isoelectric point (pI) only. All native 

electrophoretic applications apply exclusively neutral pH, which means that only acidic 

proteins with pI lower than the pH of electrophoretic system could be separated (because 

only those proteins have negative charge). The other “disadvantage” of original CN-PAGE 

setup was in a significantly prolonged separation and weak resolution of separated protein 

complexes (Schagger et al., 1994; Wittig and Schagger, 2005). On the other hand, the 

separation in absence of CBB provided several very important advantages. This dye 

significantly hampered estimation of catalytic activity of separated protein complexes and 

interfered with detection of fluorescently labelled proteins, which was conveniently 

overcome in the case of CN-PAGE. Moreover, there were some indications that CBB might 

disturb very weak protein-protein interactions and thus, CN-PAGE was considered to be the 

mildest electrophoretic technique (Wittig and Schagger, 2005). 

Therefore, there was an effort to combine advantages of both electrophoretic 

techniques. This resulted in the high resolution CN-PAGE, an improved method combining 

the resolving efficiency of BN-PAGE with an exceptional mildness of CN-PAGE (Wittig et al., 

2007). This was achieved by a mild, anionic detergent sodium deoxycholate present in 

a cathode buffer. This detergent incorporates into detergent micelles of solubilized protein 

complexes and sets them a negative charge, which is essential for their effective separation 

in the electric field. Moreover, to our best knowledge there is no evidence regarding any 

negative impact of this detergent on protein-protein interaction. 

The separation of protein complexes by native electrophoresis is usually performed 

using linear gradient polyacrylamide resolving gel. Obviously, gradient gel is used, when a 

mixture of proteins with broad range of molecular masses is separated. This is typically the 

case of photosynthetic membrane-bound complexes, which can have a form of large 

megacomplexes as well as small complexes. When the size of gel pores in the gradient gel 

meats with the size of a separated protein complex, the complex significantly decreases its 
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speed of movement in the gel and focuses in a sharp band. Thus, usage of the gradient gel is 

a beneficial way, how to separate individual proteins of different size from each other. The 

proper gradient constitution has to be also considered prior every experiment to achieve 

sufficient separation of complexes of interest. It is practically impossible to clearly resolve all 

individual protein complexes from a heterogeneous mixture and the gel density should be 

always adequate to molecular mass of complex of interest. The rule of thumb is: the larger 

complexes are to be resolved, the less concentrated gel has to be used (and vice versa). 

Consequently, a proper separation of larger complexes is at the expense of the smaller ones. 

Prior the separation of protein complexes by native electrophoresis, biological 

membranes have to be solubilized in order to extract the protein complexes from the lipid 

layer. For this purpose, detergents efficiently relieving lipid-lipid and lipid-protein 

interactions and maintaining even the weakest protein-protein interactions should be used. 

Nowadays, there are plenty of detergents suitable for extraction of protein complexes from 

biological membranes (Crepin et al., 2016). Nevertheless, as our long-term experience 

showed, dodecyl-maltosides (DDM) are the most suitable ones. Dodecyl-maltosides belong 

to the group of alkyl-glucosides, non-ionic detergents, which combine in their molecules a 

long hydrophobic alkyl chain with a large hydrophilic head group. In the case of DDM, the 

alkyl chain is formed by a non-branched twelve-carbon chain and the head group is 

composed of a maltose molecule. Based on the position of alkyl chain on the maltose head, 

α- and β- anomers can be distinguished. In the case of α-DDM, the side chain is connected to 

the head in the axial position, while β-DDM is connected in equatorial position (Seddon et 

al., 2004). Even though both these detergents share their basic chemical characteristics, 

their physical properties differ significantly. The best example of different physical properties 

is the different solubilizing power of both detergents, as evidenced e.g. by Pagliano et al., 

(2012) and Barera et al., (2012) and also by our results (see Experimental approach chapter). 

To achieve the optimal yield and resolution of complex of interest, proper detergent (α- or β-

DDM in our case) and its concentration have to be determined. For this purpose, a constant 

amount of membranes is usually treated with different detergents at increasing 

concentration. This is so-called detergent concentration line, which provides an outline of 

sample response. Using this approach, the suitable detergent and its concentration can be 
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determined to obtain specific complexes. As the results presented in the Experimental 

approach chapter imply, both DDM’s are useful in dependence on solubilized plant material 

and stability of studied protein complex. 

Single particle electron microscopy 

Single particle electron microscopy is a powerful technique used for both 2D and 3D 

structural characterization of protein complexes. It is highly suitable for protein assemblies, 

whose physical properties make difficult their structural characterization by other structural 

method like X-ray crystallography. Certainly, single particle electron microscopy provides 

several advantages compared to X-ray crystallography: there is no need to grow crystals, the 

biological sample does not need to be purified into homogeneity and high protein 

concentration and it is highly suitable for a study of large and often transient and unstable 

supercomplexes and megacomplexes. It combines transmission electron microscopy and 

image analysis (reviewed e.g. in Boekema et al., 2009). 

Transmission electron microscopy is an advanced technique, employing its high 

magnification capacity for visualization of small details, even within individual molecules. In 

principle, it is, to some extent, similar to a commonly known optical microscopy. However, it 

uses electrons instead of visible light. The limitation of optical microscopy lies right in the 

use of visible light (about 380-760 nm), since wavelength of photons is one of the resolution 

(and magnification) limiting factors. Wavelength of electron is dependent on voltage used 

for electron acceleration inside the electron microscope column and it can be up to 2.5 pm 

(if 200 kV acceleration voltage is used). This means that electron microscope may offer 

several orders of magnitude higher resolution than optical microscope. On the other hand, 

there are also several instrumental factors like aberration of lenses, which limit the final 

resolution of electron microscope. 

The general setup of transmission electron microscopy is the following: a path of 

electrons, which are emitted from an electron gun, is controlled and aligned by a set of 

lenses to form coherent and maximally monochromatic electron beam. These electrons then 

interact with a specimen, what affects their directions (i.e. the electrons are scattered by 
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interaction with the specimen). The scattered electrons, which carry now information about 

the specimen, further pass through the objective lens and through a set of projector lenses, 

where magnification occurs. Then they interact with a detector, which transforms the 

carried information into an image. 

In the electron microscopy, contrast of the image is one of the crucial factors, which 

has a great impact of the final results. A general origin of the contrast is in scattering of 

electrons on the specimen level and the scattering is directly proportional to the atomic 

number of elements, which form the specimen. Since the biological specimens are formed 

mostly of biomacromolecules composed of light elements (C, H, O, N), the scattering and 

resulting contrast is insufficient. A more sufficient contrast can be obtained by a negative 

staining (Brenner and Horne, 1959). In the negative staining, the biomacromolecules are 

embedded in heavy metal salt, whose heavy atoms strongly interact with electrons. The 

heavy metal salt surrounds the space around biomacromolecules and fills their cavities, but 

the hydrophobic protein interior remains untouched. This causes that the 

biomacromolecules project out from the background with a good contrast. Nevertheless, 

negative staining brings an inconvenience, as the complexes in the specimen may become 

deformed during the staining procedure. This undesirable deformation of complexes is 

avoided in cryo electron microscopy (Adrian et al., 1984), which represents an alternative for 

negative staining technique. In this technique, a liquid specimen containing 

biomacromolecules is rapidly frozen on the electron microscopy grid. Using this method, the 

biomacromolecules are embedded in a thin layer of amorphous ice and better reflect the 

genuine cellular aqueous situation of studied complexes. Since the contrast is caused 

preferentially by the difference between densities of ice and biomacromolecules, the 

contrast is much weaker compared to the negative staining. Due to this fact, it is uneasy to 

distinguish between complexes of interest and contaminants or breakdown products. Thus, 

the cryo electron microscopy is rather suitable for large and symmetric macromolecules, 

while negative staining is more suitable for smaller and structurally variable 

macromolecules. In cryo electron microscopy, the complexes are also present in all possible 

orientations as they are freely distributed in the ice. On the other hand, the complexes are in 
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negatively stained specimen adhered on the support carbon film and their spatial layout is 

limited. 

The biological samples are also highly sensitive to radiation damage and thus, the 

intensity of incident electron beam has to be minimized. This results in a low signal-to-noise 

ratio in the micrograph. To cope with this, image analysis is employed. 

Image analysis consists of three basic steps: alignment, classification and averaging. 

During the alignment step, all the individual projections of complexes (or any inspected 

particles) obtained by imaging of the specimen are arranged into the same direction. 

Classification, the second step, efficiently sorts out all different proteins in a heterogeneous 

dataset into individual classes. This step is able to distinguish even between very fine 

variances, if performed properly. However, this step is greatly time-consuming and 

demanding for high computing capacity. The last step, averaging, simply averages individual 

projections belonging to one class raised from the classification and significantly increases 

the signal-to-noise ratio. The higher amount of particles is summed, the higher resolution, 

contrast and structural information is achieved. Nowadays, the image analysis can be 

performed using various number of specialized software tools, such as XMIPP (Sorzano et al., 

2004), RELION (Scheres, 2012), Spider (Frank et al., 1996), EMAN (Ludtke et al., 1999) or 

IMAGIC (vanHeel et al., 1996). 

The final projection map of a protein complex can be fitted with the X-ray structures 

of its individual subunits (if accessible). This fitting significantly helps to understand the 

overall structure and organization of studied complex, interactions between subunits and it 

is also helpful for understanding of complex function. 



30 

 

2. Summary 

This thesis is aimed on the structural characterization of various plant photosynthetic 

complexes using a combination of CN-PAGE and single particle electron microscopy. Single 

particle electron microscopy is a powerful structural technique and provides ample 

structural information about a studied complex. In order to facilitate the structural 

characterization, optimization of a specimen preparation for electron microscopy is a very 

important step. The optimization is a complex process and comprises of several steps, as 

described in details in the chapter 3. Experimental approach. First of all, a proper plant 

material has to be selected. Then, conditions of a protein separation using CN-PAGE, 

including selection of a proper detergent and its concentration, are optimized. Final step 

involves extraction of separated protein complexes from the CN-PAGE gel and a preparation 

of specimen for electron microscopy. Once the workflow is optimized, it can be successfully 

applied in a structural study. The aim of my thesis was a structural characterization of three 

large protein assemblies involved in photosynthesis like the PSI-NDH supercomplex from 

barley, the PSII-LHCII supercomplex from Norway spruce and the PSII megacomplex from 

Arabidopsis thaliana. 

The first paper (chapter 4.1) deals with the structural characterization of the PSI-NDH 

supercomplex isolated from barley (Hordeum vulgare). The structural analysis revealed that 

one NDH complex binds up to two PSI supercomplexes, which are to NDH bound at 

asymmetric positions. Moreover, positions of rare Lhca5 and Lhca6 antennas stabilizing the 

whole supercomplex were indicated. As we discovered both supercomplexes with one and 

two PSI bound to NDH, it implies that gradual formation and dissociation of the PSI-NDH 

supercomplex may function as a tuning of cyclic electron flow around PSI. 

The second paper (chapter 4.2) describes the structural characterization of the PSII 

supercomplex isolated from Norway spruce (Picea abies). Spruce belongs to the group of 

gymnospermous plants (family Pinaceae) and we provided the first structural analysis of PSII 

supercomplex isolated from this plant group. Moreover, using an extensive genomic analysis 

we also discovered that the group of land plants including families Pinaceae and also 
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Gnetales lack genes for Lhcb3 and Lhcb6 subunits, which has a noticeable impact on the 

structural organization of PSII supercomplexes. These two subunits have evolved during 

transition of plants from water to land and were considered to be characteristic for all land 

plants. Their absence in these plant groups breaks the current evolutionary dogma and 

modifies PSII supercomplex in such a way that it resembles PSII from evolutionary older 

organism, alga Chlamydomonas reinhardtii. 

The third paper (chapter 4.3) structurally characterizes PSII megacomplexes isolated 

from Arabidopsis thaliana. These megacomplexes are formed of two PSII supercomplexes, 

which mutually interact in parallel and in non-parallel. The structural characterization of 

megacomplexes interacting in non-parallel was performed for the first time. The presence of 

both groups of megacomplexes was also detected on the level of native grana thylakoid 

membrane, which is an evidence of their nativity and thus a physiological significance.  
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3. Experimental approach 

Methods 

Plant material 

Arabidopsis thaliana plants were grown for 8 weeks in soil in a growth chamber at 

21°C with a photoperiod of 8h light and 16h dark at 100 μmol of photons.m-2.s-1 of 

photosynthetically active radiation. 

Barley (Hordeum vulgare) plants were grown for 8 days in perlite in a growth 

chamber at 25°C with a photoperiod of 16h light and 8h dark at 100 μmol of photons.m-2.s-1 

of photosynthetically active radiation. 

Spruce (Picea abies) plants were grown for 18 days in perlite in a growth chamber at 

21°C with a photoperiod of 16h light and 8h dark at 100 μmol of photons.m-2.s-1 of 

photosynthetically active radiation. 

Isolation and solubilization of thylakoid and PSII enriched 
membranes 

Thylakoid membranes from Arabidopsis thaliana and barley were isolated according 

to (Dau et al., 1995)and PSII enriched membranes from spruce were isolated according to 

(Caffarri et al., 2009). 

In all the cases, a constant amount of membranes (corresponding to 10 μg of 

chlorophylls) was treated with a certain amount of detergent. The detergent amount is 

defined as the mass ratio of detergent to chlorophylls (DDM/chl). Prior the electrophoretic 

separation, the mixture of membranes with detergent was supplemented with sample 

buffer to the final volume of 30 μl (20% glycerol, 50 mM HEPES, 400 mM sucrose, 15 mM 

NaCl, 5 mM MgCl2, pH 7.2) and centrifuged (10 minutes, 20000g) to remove nonsolubilized 

material. 
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CN-PAGE 

In all our experiments, CN-PAGE (Wittig et al., 2007) as the separation technique was 

used. Because we aimed on complexes of high molecular weight, we modified the gel 

concentration in order to resolve the large complexes at the expense of the smaller ones. 

We used 4-8% gradient resolving gel with 4% stacking gel. The electrophoretic separation 

was performed using the Bio-Rad Mini-PROTEAN Tetra Cell system. 

Gel imaging 

After electrophoresis, the gels were scanned using a gel scanner Amersham Imager 

600RGB. To visualise all the bands in the gel, an ordinary image upon white light illumination 

in transmission mode was acquired. To distinguish between PSI and PSII complexes, a 

fluorescent image was acquired. The fluorescence quantum yield of PSI is very low at room 

temperature compared to the high quantum yield of fluorescence of PSII, which 

unambiguously discriminates both types of photosystems. Excitation was performed at 460 

nm, detection of fluorescence was performed using a band-pass filter (690-720 nm). 

Electron microscopy and image analysis 

Electron microscopy was performed using several electron microscopy 

configurations: 1) using Philips CM120 electron microscope equipped with a LaB6 filament 

operating at 120 kV. Images were recorded with a Gatan 4000 SP 4K slow-scan CCD camera 

at 130000x magnification with a pixel size of 0.23 nm at the specimen level after binning the 

images to 2048 x 2048 pixels, 2) Tecnai G2 20 Twin electron microscope equipped with a 

LaB6 cathode, operated at 200 kV. Images were recorded with an UltraScan 4000UHS CCD 

camera at 130000x magnification with a pixel size of 0.224 nm at the specimen level after 

binning the images to 2048 x 2048 pixels. 

Image analysis was performed using GRIP (GRoningen Image Processing), XMIPP 

(Sorzano et al., 2004) and RELION (Scheres, 2012) software including multireference and 

nonreference alignments, multivariate statistical analysis and classification. 
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Optimization of separation method for structural 
characterization of photosynthetic supercomplexes and 
megacomplexes 

Plant PSI and PSII are large, multisubunit photosynthetic pigment-protein 

supercomplexes performing light-driven reactions. Extensive information regarding their 

structure is available (in detail reviewed e.g. in Busch and Hippler, 2011; Shen, 2015). 

Moreover, both PSI and PSII supercomplexes tend to form larger associations with other 

protein complexes and also with each other (summarized in chapter 1). Although these large 

associations perform physiologically important functions, information regarding their 

structural organization is still rather limited. Thus, we focused our attention to reveal 

structures of some of them. 

Isolation of the PSI-NDH supercomplex 

Selection of plant material and optimization of solubilization  

Although there was ample functional and biochemical evidences for the existence of 

the PSI-NDH supercomplex (Peng et al., 2008; Peng et al., 2009; Peng and Shikanai, 2011), 

the information regarding its structural organization was missing. 

The PSI-NDH supercomplex was originally isolated from Arabidopsis thaliana 

thylakoid membranes solubilized by β-DDM using BN-PAGE (Peng et al., 2008). Thus, we 

decided to structurally characterize the PSI-NDH supercomplex from the same plant 

material. Moreover, as we expected that this supercomplex might be too fragile, we tested, 

in addition to β-DDM, a detergent α-DDM as well for its milder solubilizing action. To 

optimize yield of the PSI-NDH supercomplex using CN-PAGE separation, we treated thylakoid 

membranes with gradually increased amounts of individual detergents (Figures 6 and 7). 
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Figure 6. Electrophoretic separation of Arabidopsis thaliana thylakoid membranes solubilized by 

increasing amount of α-DDM. (a) colour image of the gel, (b) room temperature fluorescence of 

supercomplexes from the same gel. 2-16: DDM/chl ratio; mf: membrane fragments; PSII mc: 

megacomplexes of PSII; PSI mc: megacomplexes of PSI; PSI tetra: tetramers of PSI; PSII sc: 

supercomplexes of PSII; PSI sc: supercomplex of PSI; PSII cc: core complex of PSII; LHCm/t: LHC 

monomers and trimers; fp: free pigments. Designation of individual bands is substantiated in the text.  
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Figure 7. Electrophoretic separation of Arabidopsis thaliana thylakoid membranes solubilized by 

increasing amount of β-DDM. (a) colour image of the gel, (b) room temperature fluorescence of 

supercomplexes from the same gel. 2-16: DDM/chl ratio; PSI mc: megacomplexes of PSI; PSII sc: 

supercomplexes of PSII; PSI sc: supercomplex of PSI; PSII cc: core complex of PSII; LHCm/t: LHC 

monomers and trimers; fp: free pigments. Designation of individual bands is substantiated in the text.  

 

As we aimed preferentially on the PSI-NDH supercomplex, we expected comparable 

results as originally published by Peng et al., (2008). In that study, a combination of BN-PAGE 

separation with a western-blotting analysis revealed two high molecular weight bands 

containing PSI and NDH subunits just above bands with PSII supercomplexes. Thus, in our 

case, it was necessary to unambiguously distinguish between the PSI-containing bands and 

the PSII-containing bands in both the CN-PAGE gels (in Figures 6 and 7). This was achieved by 

the fluorescence imaging of both the gels (details are in the part Methods). Using this 

method, bands containing the PSI supercomplex can be identified due to a lack of room 

temperature fluorescence. Thus, the fluorescence imaging unambiguously revealed the 

position of the PSI supercomplex. Further, it became clear that the group of bands above the 

PSI supercomplex contain PSII, as they were highly fluorescent. By comparing of our results 

with other papers dealing with the electrophoretic separation of pigment-protein complexes 

from thylakoid membranes (Jarvi et al., 2011; Kouril et al., 2016; Pavlovic et al., 2016), we 

took the liberty to assign the group of PSII-containing bands in the middle of both gels 
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(Figures 6 and 7) as the PSII supercomplexes. Just above the PSII supercomplexes, the 

fluorescence imaging of both the gels (Figures 6 and 7) revealed the presence of faint high 

molecular weight PSI-containing bands most likely corresponding to the bands detected by 

Peng et al., (2008). In the sample solubilized by α-DDM (Figure 6), two high molecular weight 

PSI-containing bands were observed. In the case of the sample solubilized with β-DDM, only 

one high molecular weight PSI-containing band was detected (Figure 7). Nevertheless, 

densities of all these high molecular weight PSI-containing bands seemed to be insufficient 

for structural characterization of the PSI-NDH supercomplex. Therefore, we decided to test 

another plant species in order to determine whether it is possible to obtain these high 

molecular weight PSI-containing bands with a higher yield. For this purpose, barley plants 

(Hordeum vulgare) were tested. Thylakoid membranes from barley were subjected to the 

same solubilizing conditions as thylakoid membranes from Arabidopsis thaliana (i.e. 

membranes were solubilized by both α- or β-DDM) and results of their electrophoretic 

separation are shown in the Figures 8 and 9. 
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Figure 8. Electrophoretic separation of barley thylakoid membranes solubilized by increasing amount of 

α-DDM. (a) colour image of the gel, (b) room temperature fluorescence of supercomplexes from the 

same gel. 2-16: DDM/chl ratio; mf: membrane fragments; PSII mc: megacomplexes of PSII; PSI mc: 

megacomplexes of PSI; PSI dim: dimers of PSI; PSII sc: supercomplexes of PSII; PSI sc: supercomplex of 

PSI; PSII cc: core complex of PSII; LHCm/t: LHC monomers and trimers; fp: free pigments. Designation of 

individual bands is substantiated in the text.  
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Figure 9. Electrophoretic separation of barley thylakoid membranes solubilized by increasing amount of 

β-DDM. (a) colour image of the gel, (b) room temperature fluorescence of supercomplexes from the 

same gel. 2-16: DDM/chl ratio; PSI mc: megacomplexes of PSI; PSI tetra: tetramers of PSI; PSI dim: dimers 

of PSI; PSII sc: supercomplexes of PSII; PSI sc: supercomplex of PSI; PSII cc: core complex of PSII; LHCm/t: 

LHC monomers and trimers; fp: free pigments. Designation of individual bands is substantiated in the 

text. 

 

In the terms of high molecular weight PSI-containing bands, the electrophoretic 

separation of barley thylakoid membranes provided opposite results compared to 

membranes isolated from Arabidopsis thaliana: whereas barley sample solubilized by β-DDM 

contained two such bands (Figure 9), barely one band could be detected in barley sample 

solubilized by α-DDM (Figure 8). However, for the reason that the two high molecular weight 

PSI-containing bands in the barley sample solubilized by β-DDM (Figure 9) were much denser 

then the corresponding bands in the Arabidopsis thaliana sample (Figure 7), the thylakoid 

membranes isolated from barley and solubilized by β-DDM were selected for the structural 

characterization of the PSI-NDH supercomplex. 

When the proper plant material providing sufficiently dense high molecular weight 

PSI-containing bands was selected, suitable amount of detergent (DDM/chl ratio) had to be 

chosen. After considering the impact of detergent on the densities of bands in the detergent 

concentration line (Figure 9, values 2-16), the ratio eight was selected as the most proper. At 
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this ratio, densities of both high molecular weight PSI-containing bands seemed to be 

equally dense. 

After brief electron microscopy screening of both the high molecular weight PSI-

containing bands, we discovered that PSI-NDH supercomplex is present in the lower one. 

Structural characterization of the PSI-NDH supercomplex is described in the chapter 4.1.  

On the other hand, electron microscopy inspection of the upper band revealed that 

the band did not contain PSI-NDH supercomplex, as it was indicated in the paper by Peng et 

al. (2008). Instead, the band was composed of tetrameric PSI megacomplexes. Figure 10 

represents preliminary structural characterization of such tetrameric PSI supercomplexes 

(unpublished data). However, as it was published already (Kouril et al., 2005a), native plant 

PSI is present in monomeric form and these PSI tetramers likely represent artificial 

aggregates. 

 

 

Figure 10. Tetrameric PSI supercomplexes. (a, b) structures represent two types of tetrameric PSI 

associations discovered in a CN-PAGE gel (Fig. 9). 

 

Moreover, at low detergent concentrations, faint PSI-containing bands appeared in 

the middle of both CN-PAGE gels with barley sample (Figures 8 and 9). To reveal their 

composition, complexes from these bands were subjected to electron microscopic analysis. 

Unfortunately, no reasonable results indicating bands composition were obtained due to 

very low protein concentration in these bands. However, by considering of the relative 
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molecular weight of complexes present in mentioned bands and that fluorescence imaging 

clearly showed the presence of PSI, these bands were preliminarily assigned as dimers of PSI. 

It is also worth of interest that the complexes from thylakoid membranes solubilized 

by α-DDM showed higher level of intactness compared to β-DDM solubilized ones. This is 

evidenced mainly by higher densities of bands with larger PSII supercomplexes in the 

samples solubilized by α-DDM (Figures 7 and 9) compared to samples solubilized by β-DDM 

(Figures 6 and 8). This is in agreement with previously published papers (Barera et al., 2012; 

Pagliano et al., 2012), which were also dealing with separation of photosynthetic complexes 

solubilized by α- and β-DDM. These papers show that α-DDM preserves the complexes more 

intact due to its milder solubilizing properties. The milder solubilizing action of α-DDM is also 

clearly evident from less dense bands with LHC and free pigments and from higher amount 

of non-solubilized material stuck in the wells in both samples solubilized by α-DDM. 

Despite the original work, dealing with the isolation of the PSI-NDH supercomplex, 

used Arabidopsis thaliana thylakoid membranes (Peng et al., 2008), we found that barley 

thylakoid membranes are a better option as the PSI-NDH supercomplex was yielded in 

higher quantity in the barley sample. This implies that optimization of separation technique 

is an important step preceding structural analysis. 

Isolation of PSII megacomplexes from Arabidopsis thaliana 

In the CN-PAGE gels with Arabidopsis thaliana and barley thylakoid membranes 

solubilized by α-DDM (Figures 6 and 8), two high molecular weight bands appeared just on 

the top of resolving gels. The fluorescence imaging of the gels showed that both the bands 

contain PSII. To exclude the possibility that these PSII-containing bands represent fragments 

of insufficiently solubilized membranes, a brief electron microscopy inspection of complexes 

present in these bands was performed. The analysis showed that the uppermost band was 

composed of unspecific aggregates and membrane fragments (data not shown), which were 

likely formed as a solubilizing artefact or due to insufficient solubilization. On the other 

hand, the lower band contained a large amount of different megacomplexes, from whose 

PSII megacomplexes formed of two C2S2M2 supercomplexes were vastly prevailing. As these 
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high molecular weight PSII megacomplex bands were not present in gels with samples 

solubilized with β-DDM (Figures 7 and 9), it highlights the milder solubilizing action of α-

DDM. Details of structural characterization of PSII megacomplexes with proof of their 

intactness are summarized in the chapter 4.3. 

Optimization of separation conditions for a structural 
characterization of spruce PSII supercomplex 

It is known that land plants are generally divided into two major groups: 

gymnospermous and angiospermous plants. The photosynthetic apparatus of 

angiospermous plants is well explored, as it is evidenced by dozens of studies performed on 

Arabidopsis thaliana, pea, barley and many other representatives of this group (e.g. 

Boekema et al., 2001; Caffarri et al., 2009; Jarvi et al., 2011). On the other hand, structural 

information regarding photosynthetic complexes from gymnospermous plants was 

completely missing. Thus, we decided to perform structural characterization of the PSII 

supercomplex in Norway spruce (Picea abies), which represents the most abundant and 

economically the most significant member of gymnosperms. As we aimed on the structural 

characterization of the PSII supercomplex, we selected PSII enriched membranes isolated 

from young spruce seedlings. PSII enriched membranes were selected in order to increase 

the yield of the PSII supercomplexes. Optimization of solubilization conditions was 

performed in the similar way as in the case of Arabidopsis thaliana and barley. Results of 

electrophoretic separation of spruce PSII enriched membranes solubilized by α- or β-DDM 

are shown in Figure 11. 
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Figure 11. Electrophoretic separation of spruce PSII enriched membranes solubilized by increasing 

amount of α- or β-DDM. (a) colour image of gel with sample solubilized by α-DDM (b) colour image of gel 

with sample solubilized by β-DDM. 2-16: DDM/chl ratio; mf: membrane fragments; PSII sc: 

supercomplexes of PSII; PSII cc: core complex of PSII; LHCm/t: LHCII monomers and trimers; fp: free 

pigments. 

 

All the bands present in CN-PAGE gel (Figure 11) were composed of different forms of 

PSII and their assignment was performed in analogy with previous experiments (Figures 6-9). 

Figure 11 shows that solubilization of membranes by β-DDM provides more dense bands. 

Thus, for the structural characterization of the PSII supercomplex, solubilization was 

performed at β-DDM/chl ratio 12. At this ratio, the uppermost PSII supercomplex band 

subjected to structural analysis seemed to be the densest. The results of structural analysis 

showed that the architecture of spruce PSII is changed as a consequence of missing Lhcb6 

subunit. Thus, a genomic analysis in order to investigate gymnospermous plants’ light 

harvesting proteins was performed. Results imply that spruce is evolutionary deflected from 

other land plants, as it is lacking Lhcb6 and also Lhcb3 proteins. Details regarding structural 

characterization of PSII supercomplexes and genomic analysis are summarized in the chapter 

4.2.  
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It is also interesting that the solubilization with β-DDM provided much denser bands 

with PSII supercomplexes, than solubilization with α-DDM (Figure 11). This is in contrary with 

membranes from Arabidopsis thaliana and barley (Figures 6-9) and refers to possible 

different lipid composition of spruce thylakoid membranes. Results presented on Figure 11 

also clearly show that there were no PSII megacomplexes detected in the CN-PAGE gels with 

spruce sample. This can be caused by the missing minor antenna Lhcb6 in the spruce PSII 

(summarized in the chapter 4.2), as it is involved in the PSII megacomplexes formation 

(summarized in the chapter 4.3). 

Specimen preparation 

Once the bands with complexes of interest were obtained in sufficient density, a way 

how to get the complexes out of the gel on the electron microscopy support grid had to be 

found. There are several methods available. 

At first, a method enabling direct transfer of separated protein complexes from a 

native gel on the grid was recently described (Knispel et al., 2012). Using this method, the 

grid is placed directly onto a gel band and protein complexes spontaneously adhere on the 

grid surface. Nevertheless, we did not obtain any satisfying results using this method. We 

can speculate that protein complex properties (a size and shape) can make the method less 

suitable for photosynthetic membrane proteins.  

The other option is a pipetting of solution containing the protein complexes on the 

grid – thus the complexes had to be extracted from the gel into solution. Generally, there 

were two possibilities how to extract protein complexes from the gel into solution: electro 

elution and spontaneous elution. Electro elution represents a technique allowing fast and 

quantitative extraction of protein complexes from the gel. During this procedure, the eluted 

complexes ale electrically forced from a gel and retained on a hydrophobic membrane, 

where they concentrate. Nevertheless, as the photosynthetic complexes are largely 

hydrophobic, they frequently irreversibly aggregate on the hydrophobic membrane. Thus, 

their structural characterization is strongly hampered and this extraction technique seems to 

be useless for purposes of structural characterization of hydrophobic photosynthetic 
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complexes. Moreover, the electro elution requires specific and costly equipment. On the 

other hand, spontaneous elution of protein complexes represents an easy method without 

any demands for special equipment. It is based on a free diffusion of protein complexes from 

a cut gel stripe into an elution buffer. When a spontaneous elution is performed, a band (or 

bands) containing the complexes is excised from the gel. Then the gel stripe is chopped into 

smaller pieces to enhance the diffusion by increasing its surface and immersed into elution 

buffer in a micro tube. Volume of the elution buffer should be adjusted to the apparent 

concentration (density) of complexes in the gel stripe and should be as low as possible. On 

the other hand, the pieces of the gel have to be always fully immersed in the buffer. As it is 

described in the methodical part of the chapter 4.1, 30 μl of elution buffer was usually 

sufficient per one cut gel stripe. 

Based on our experience, the spontaneous elution should be performed in dark and 

cold conditions to minimize a risk of a disintegration of protein complexes. It is usually 

finished within two hours. A longer time had no significant effect on a higher concentration 

of protein complexes in the eluate. The density of a gel band subjected to elution was found 

to be the most critical aspect necessary for reaching sufficient protein concentration in the 

eluate. 

Figure 12 illustrates how the different gel band densities influence the amount of 

protein complexes present in the specimen. 
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Figure 12. Impact of band density on the amount of protein complexes present in the specimen. (a) left: 

electron micrograph with the PSI-NDH supercomplexes, right: electrophoretic separation of barley 

thylakoid membranes as presented in Fig. 9 with marked band used for specimen preparation, (b) left: 

electron micrograph with the spruce PSII supercomplexes, right: e lectrophoretic separation of spruce 

PSII enriched membranes as presented in Fig. 10 with marked band used for specimen preparation. Both 

excised bands were subjected to the same eluting conditions as described in chapter 4.1.  

 

 When the concentration of eluted proteins is too low, the solution can be further 

concentrated using special centrifugal columns, which are specifically meant for 

concentrating of protein solutions. These columns contain a hydrophobic membrane with a 

defined pore size, which retains large protein molecules and releases small solvent and 

buffer molecules during centrifugation. However, as in the case of electro elution, the 

photosynthetic complexes largely aggregate on the membrane. This fact emphasizes the 

importance of optimization of separation conditions to gain dense bands as much as 

possible. 

When the complexes were extracted from the gel into the solution, the specimen 

was prepared by pipetting the eluate on the glow-discharged carbon coated copper grid and 

negatively stained with 2% uranyl acetate. 
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Single particle Image analysis 

Single particle image analysis is a step following the specimen imaging. It aligns 

projections of the protein complexes present in electron micrographs and sorts them out 

according to their size and shape. As the specimen is usually prepared from one gel band, a 

homogenous sample of complexes is expected. The CN-PAGE used in our experiments was 

optimized for separation of large complexes and usually provides very good resolving ability. 

On the other hand, the specimen can be also very heterogeneous, as complexes of similar 

molecular weight are difficult to be well separated from each other If this is the case, the 

imperfectly resolved complexes can be additionally “separated” during image analysis. As an 

example, Figure 13 represents a result of such image analysis, i.e. its classification part, 

performed on a data set of PSII megacomplexes from Arabidopsis thaliana.  

 

 

Figure 13. Classification of megacomplexes from specimen obtained from the uppermost Arabidopsis 

thaliana band (Fig. 6). The numbered boxes represent individual classes of different megacomplexes. The 

classes 2-4, 6, 7, 9, 10, 12, 14, 18, 20-23, 26, 28-30 and 32 represent PSII megacomplexes; classes 5 and 8 

represent PSII supercomplexes; classes 11, 16 and 25 represent PSI-NDH supercomplexes; class 27 

represents oligomers of PSI and classes 1, 13, 15, 17, 19, 24 and 31 represent impurities or unspecific 

proteins. 
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The results presented in Figure 13 show that one band contained large amount of 

different megacomplexes, which could not be resolved during electrophoretic separation 

because of their similar molecular weight. The results presented in Figure 13 also imply that 

theoretically, the separation of solubilized complexes has not indispensably preceded their 

structural characterization as the image analysis can efficiently sort out different complexes. 

Nevertheless, it is important to realize that image analysis is greatly time-consuming and the 

time necessary for its execution significantly rises with increasing number of individual 

particles. Further, if the separation is not performed, it is necessary to acquire a large 

amount of micrographs to work with sufficiently large dataset. Thus, as the structural 

characterization is usually aimed to one complex, it is very convenient to work with a 

homogenous specimen. Therefore, the optimization of the purification step in order to gain 

maximally homogenous specimen should be always performed.  
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4. Conclusions 

This thesis is focused on structural characterization of plant photosynthetic 

supercomplexes and megacomplexes by a combination of CN-PAGE and single particle 

electron microscopy. Combination of these two techniques represents a powerful method 

for structural studies of various complexes and using this approach, the structural 

characterizations of the PSI-NDH supercomplex isolated from barley, PSII megacomplexes 

isolated from Arabidopsis thaliana and PSII supercomplex isolated from Norway spruce were 

performed. These structural studies were published in two co-author and one first-author 

publications, which are attached to this thesis. The main conclusions are the following: 

 PSI-NDH supercomplex represents an association between PSI and NDH and we 

provided the very first structural evidence of its formation (chapter 4.1). We propose 

that the gradual formation and dissociation of the PSI-NDH supercomplex is involved in 

tuning of cyclic electron flow around PSI. 

 The structure of spruce PSII supercomplex represents the first structure of a 

photosynthetic complex isolated from gymnospermous plants (chapter 4.2). Moreover, 

we discovered that spruce (and also other members of Pinaceae and Gnetales families) 

are evolutionary deflected from other land plants, which has the impact in structure of 

their PSII supercomplexes. 

 PSII megacomplexes represent a lateral association between two PSII supercomplexes 

(chapter 4.3). We provided an evidence of their native origin, as they were also 

discovered in the level of native membrane. This is also an evidence of their 

physiological significance, which remains an object of further research. 
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