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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 | (PSI) and Photosystem Il (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.



Structure of Photosystems | and Il

Photosystem |

Photosystem 1 is a large, pigment-binding supercomplex working as a light-driven
plastocyanin:ferredoxin oxidoreductase. It is extraordinarily efficient with quantum vyield
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 A
resolution (Ben-Shem et al., 2003), when positions of sixteen subunits were determined:
twelve core subunits (PsaA - Psal) and four peripheral light harvesting subunits (Lhcal-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 Lhcal-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 A
(Amunts et al., 2007) and further to 3.3 A (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 A resolution,

which refined the current information about how the non-covalently bound cofactors



interact with each other and with the protein subunits within the supercomplex (Mazor et

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

Lhcad

Figure 1. The most recent X-ray structure of the plant PSI-LHCI supercomplex obtained at the 2.8 A
resolution. View from the stromal side. Twelve PsaA-Psal subunits of PSI including Lhcal-Lhca4 are
depicted. PsaF and Psal 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 middle 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 | 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



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 P;qo - 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), PsalL (18
kDa) and PsaO (10 kDa) form a peripheral cluster responsible for interaction of PSI with
phosphorylated LHCII, the light-harvesting complexes of PSIl (Lunde et al., 2000; Jensen et
al., 2004; Zhang and Scheller, 2004) and possibly also Psal (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). Psal (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.



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

Subunit Mass Gene
Function
name (kDa) location
PsaA 84 chloroplast Light harvesting, charge separation, electron transport,
coordination of P;qg, Ay, A; and Fy, binding of 80 chlorophylls, Lhca
PsaB 83 chloroplast
binding
PsaC 9 chloroplast Coordination of F, and Fg, ferredoxin binding
PsaD 18 nucleus ferredoxin binding
PsaE 10 nucleus ferredoxin binding
PsaF 17 nucleus plastocyanin binding, Lhca4 binding
PsaG 11 nucleus PSI stabilization, Lhcal binding
PsaH 11 nucleus LHCII binding, prevention of PSI trimerization
Psal 4 chloroplast LHCII binding (?)
Psal 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 |

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 Lhcal-6 (Jansson, 1999). The Lhcal-4 proteins are evenly

expressed and form two heterodimers assembled into a curved belt at the PsaF/Psal 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 Lhcal and Lhca4 proteins and

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

(Lhca4d). The other dimer is formed by Lhca2 and Lhca3 proteins. Lhca2 associates with PSI

core complex via PsaA and Psal) and Lhca3 interacts via PsaA and PsaK (Jansson et al., 1996;




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
Lhcal-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 Lhcal-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 Lhcal-6 proteins are summarized in Table 2.

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

Subunit name | Mass (kDa) | Bound cofactors

Lhcal 22 13 chlorophylls, 3 carotenoids
Lhca2 23 13 chlorophylls, 2 carotenoids
Lhca3 25 13 chlorophylls, 3 carotenoids
Lhcad 22 13 chlorophylls, 2 carotenoids
Lhca5s 24 13 chlorophylls, 2 carotenoids
Lhca6 25 -




Photosystem | 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 (lwai 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 | supercomplexes involved in state transitions

State transitions is a mechanism, by which plants balance the distribution of
excitation energy between PSIl and PSI upon changing light conditions (reviewed e.g. in

Allen, 1992; Wollman, 2001).

Upon light conditions, when PSIl is preferentially excited, over-reduction of
plastoquinone and the cytochrome bgf complex occurs. This over-reduction serves as a signal
for plant kinases STN7 and STN8, which phosphorylate light-harvesting complex of PSII
(LHCIl) and some proteins of the PSIl core complex (Bennett et al., 1980; Bellafiore et al.,
2005; Bonardi et al., 2005). Once phosphorylated, LHCII dissociates from PSIl and associates
with PSI to form PSI-LHCI-LHCII supercomplex (state 2). Effect of this transition is in lowering
of excitation pressure to PSIl 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. LHCIl 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 Koufil et al. (2005), which was long time after

discovery of state transitions (Bonavent.C and Myers, 1969; Murata, 1969; Bennett, 1977).



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 LHCIl 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 LHCIl weakly bound to PSII
supercomplex (Galka et al., 2012) or in the pool of free LHCIl (Wientjes et al., 2013).

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

Figure 2. Structure of the plant PSI-LHCI-LHCIlI supercomplex. Supercomplex is formed by PSI with
attached LHCI and trimeric LHCIl. The question marked areas represent the unassigned densities

probably occupied by some additional subunits. Stromal side view. Adapted from Jensen et al. (2007).



Oligomeric forms of Photosystem |

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 PSl 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 a-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 PSl 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 LHCIl during state transitions (Lunde et al., 2000). Examples of plant PSI

oligomers are shown in Figure 3.



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: PSl 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 | (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 Lhca6é 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 |, respectively (Baradaran et al., 2013)) into the electron

11



microscopy projection map of PSI-NDH supercomplex indicated subunits involved in mutual
interaction between PSI and NDH. This model proposes that while all Lhcal-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 Lhcab

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 bef 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 Il

Photosystem Il 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 vyield around 0.85 (Nelson and Ben-Shem, 2004). In
plants, it consists of two functional moieties: the PSIl core complex, which is usually present
as a dimer (C,) and a peripheral light harvesting complex (LHCII), formed by monomers or

trimers of specific light harvesting proteins.

Subunit composition of Photosystem Il 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 PSIl core complex. It
consists of four large intrinsic subunits (PsbA (D1), PsbB (CP47), PsbC (CP43), PsbD (D2)),
twelve small subunits (PsbE-F, PsbH, Psbl-M, PsbTc, PsbW, PsbX, PsbZ) and four extrinsic,

lumen exposed subunits (PsbO-Q, PsbTn).
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The central part of plant PSIl 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 Pggo 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, Psb) and PsblL) and lumen exposed ones (Psbl, 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 bssg (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 Mn4CaOs 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 PSIl subunits are summarized in Table 3.

13



Table 3. Subunit composition of plant Photosystem Il core complex with subunits functions and bound

cofactors.
Subunit Mass Gene

Function
name (kDa) location
D1 39 chloroplast Charge separation, electron transport, chlorophyll a, pheophytin
D2 39 chloroplast and electron transport chain cofactors coordination
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
Psbl 4 chloroplast Core complex stabilization or dimerization
Psb) 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
PsbwW 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 I

Light harvesting complex of PSII (LHCIl) 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 PSIl 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 Lhcbl — 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 Lhcbl, 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 PSIl core complex into larger assemblies via monomeric antenna. According to the
character of the binding to the PSIl 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 C,S,M, 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 PSIl 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 PSIl 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 C,S, supercomplexes were found in mutant lacking this subunit (Kovacs et al.,
2006). Moreover, it was also shown that Lhcb6 plays a role in PSIl 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 PSlI
megacomplexes. Moreover, it was shown that Lhcb5 may substitute Lhcbl and Lhch2
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 PSIl 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 PSIl upon
illumination and re-associates with PSIl 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 PSIl supercomplex in such a way that it resembles PSIl 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 PSll 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 PSIl 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

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

Lhcb3 29

Lhcb4 (CP29) | 31 9 chl g, 3 chl b, 1 chl a/b, 3 carotenoids
Lhcb5 (CP26) | 30 8 chl a, 4 chl b, 1 chl a/b, 3 carotenoids

Lhch6 (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 PSIl 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 LHCIl was obtained
using mildly solubilized spinach PSIl enriched membranes (Boekema et al., 1995). As the
outcome, the C,S; supercomplex at 25 A resolution was obtained. Revealed structure
provided the first details about organization of LHCII around PSIl core complex. However, as
the isolating procedures and instrumental facilities gradually improved, it was possible to
achieve higher resolution of larger PSII-LHCIl supercomplexes, as it is evidenced by spinach
C,S;M and C,S,M, supercomplexes obtained at 16 A resolution (Boekema et al., 1999b;
Boekema et al., 1999a). A next significant step forward was achieved in 2009, when a C,5;,M,
supercomplex at 12 A resolution was obtained from mildly solubilized Arabidopsis thaliana
thylakoid membranes (Caffarri et al., 2009). Obtaining of PSIl 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 PSlI

supercomplex is presented in Figure 4.
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Figure 4. Structure of Arabidopsis thaliana C,S5;M, supercomplex. (a) electron microscopy map of
supercomplex obtained at 12 A 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 C,S,
supercomplex was obtained using cryo electron microscopy at 3.2 A 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 C,S, supercomplex is presented in the Figure 5.
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Figure 5. Cryo electron microscopy structure of spinach C,S, supercomplex obtained at 2.8 A resolution.
(a) crystal structure of C,S, supercomplex, (b) schematic subunit depiction. Adapted from Wei et al.

(2016).

Larger assemblies of Photosystem Il

Photosystem Il 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 PSIl megacomplexes.

Two-dimensional crystals of Photosystem II

The first evidence of regular arrangements of PSIl 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 a-dodecyl maltoside (Boekema et al., 2000). In
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these membranes, regular arrangements of PSIl supercomplexes into long rows were
observed. After a detailed analysis, several types of crystal lattices were discovered. They
were composed of either C,S;M or C,S, supercomplexes. Later, another type of crystal
lattice was found in Arabidopsis thaliana, which was formed by C,S;M, supercomplex
(Yakushevska et al., 2001a). It was also shown that occurrence and lattice properties of the
PSIl 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 C,S, supercomplexes in high light variant compared to crystals
formed by C,S;M; 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 PSIl 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 bgf complex in the crowded membrane
(Kirchhoff et al., 2007) and regular arrangements of PSIl 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

guenching process (Niyogi et al., 2005).

21



Megacomplexes of Photosystem Il

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 a-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 PSIl megacomplex was discovered in Arabidopsis thaliana (Yakushevska et al., 2001b).
Later, the PSIl 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 PSIl 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 PSIl as published previously (Boekema et al., 1999b;
Boekema et al., 1999a; Yakushevska et al., 2001b), when we detected PSIl megacomplexes
arranged in parallel. However, we also detected several novel types of megacomplexes
formed by two PSIlI 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 PSIl 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 (pl) only. All native
electrophoretic applications apply exclusively neutral pH, which means that only acidic
proteins with pl 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,
a- and B- anomers can be distinguished. In the case of a-DDM, the side chain is connected to
the head in the axial position, while B-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 (a- or B-
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 PSIl 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 PSIl 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 PSIl supercomplex in such a way that it resembles PSIlI from evolutionary older

organism, alga Chlamydomonas reinhardltii.

The third paper (chapter 4.3) structurally characterizes PSIl 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 pmol of photons.m™.s™* 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 umol of photons.m™.s™

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 umol of photons.m'z.s'1 of

photosynthetically active radiation.

Isolation and solubilization of thylakoid and PSIl enriched
membranes

Thylakoid membranes from Arabidopsis thaliana and barley were isolated according
to (Dau et al., 1995)and PSIl enriched membranes from spruce were isolated according to

(Caffarri et al., 2009).

In all the cases, a constant amount of membranes (corresponding to 10 pg 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 ul (20% glycerol, 50 mM HEPES, 400 mM sucrose, 15 mM
NaCl, 5 mM MgCl,, 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 PSIl complexes, a
fluorescent image was acquired. The fluorescence quantum yield of PSl is very low at room
temperature compared to the high quantum vyield of fluorescence of PSIl, 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 PSIl 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 PSIl 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 B-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 B-DDM, a detergent a-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 a-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; PSIl mc:
megacomplexes of PSIl; PSI mc: megacomplexes of PSI; PSI tetra: tetramers of PSI; PSIl sc:
supercomplexes of PSIl; PSI sc: supercomplex of PSI; PSIl cc: core complex of PSIl; 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 B-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; PSIl sc:
supercomplexes of PSIl; PSI sc: supercomplex of PSI; PSIl cc: core complex of PSIl; 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 PSIlI supercomplexes. Thus, in our
case, it was necessary to unambiguously distinguish between the PSl-containing bands and
the PSlI-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 PSllI, 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 PSll-containing bands in the middle of both gels
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(Figures 6 and 7) as the PSIl supercomplexes. Just above the PSIl 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 a-DDM (Figure 6), two high molecular weight
PSI-containing bands were observed. In the case of the sample solubilized with B-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 a- or B-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
o-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; PSIl mc: megacomplexes of PSIl; PSI mc:
megacomplexes of PSI; PSI dim: dimers of PSI; PSIl 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
B-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; PSIl sc: supercomplexes of PSIl; PSI sc: supercomplex of PSI; PSII cc: core complex of PSIl; 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 B-DDM
contained two such bands (Figure 9), barely one band could be detected in barley sample
solubilized by a-DDM (Figure 8). However, for the reason that the two high molecular weight
PSI-containing bands in the barley sample solubilized by B-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 B-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 PSl-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 PSl-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 a-DDM showed higher level of intactness compared to B-DDM solubilized ones. This is
evidenced mainly by higher densities of bands with larger PSIl supercomplexes in the
samples solubilized by a-DDM (Figures 7 and 9) compared to samples solubilized by B-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 a- and B-DDM. These papers show that a-DDM preserves the complexes more
intact due to its milder solubilizing properties. The milder solubilizing action of a-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 a-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 PSIl megacomplexes from Arabidopsis thaliana

In the CN-PAGE gels with Arabidopsis thaliana and barley thylakoid membranes
solubilized by a-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 PSIl. To exclude the possibility that these PSll-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

PSIl megacomplexes formed of two C,S,M, 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 B-DDM (Figures 7 and 9), it highlights the milder solubilizing action of a-
DDM. Details of structural characterization of PSIl megacomplexes with proof of their

intactness are summarized in the chapter 4.3.

Optimization of separation conditions for a structural
characterization of spruce PSIl 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 PSIlI enriched membranes isolated
from young spruce seedlings. PSIl enriched membranes were selected in order to increase
the vyield 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 PSIl enriched membranes solubilized by a- or B-DDM

are shown in Figure 11.
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Figure 11. Electrophoretic separation of spruce PSIl enriched membranes solubilized by increasing
amount of a- or B-DDM. (a) colour image of gel with sample solubilized by a-DDM (b) colour image of gel
with sample solubilized by B-DDM. 2-16: DDM/chl ratio; mf: membrane fragments; PSIl sc:
supercomplexes of PSIl; PSIl cc: core complex of PSIl; 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
PSIl and their assignment was performed in analogy with previous experiments (Figures 6-9).
Figure 11 shows that solubilization of membranes by B-DDM provides more dense bands.
Thus, for the structural characterization of the PSIl supercomplex, solubilization was
performed at B-DDM/chl ratio 12. At this ratio, the uppermost PSIlI supercomplex band
subjected to structural analysis seemed to be the densest. The results of structural analysis
showed that the architecture of spruce PSIl 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 PSIl supercomplexes and genomic analysis are summarized in the chapter

4.2.
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It is also interesting that the solubilization with B-DDM provided much denser bands
with PSIl supercomplexes, than solubilization with a-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 PSIl 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 PSIl 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
guantitative 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 pl 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 PSIl 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 PSIl 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 PSIl megacomplexes; classes 5 and 8
represent PSIl 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 | and
NAD(P)H dehydrogenase complex.

Reprint of: Kou¥il R, Strouhal O, Nosek L, Lenobel R, Chamrad |, Boekema EJ, Sebela M and
Ilik P. Plant Journal 77: 568-576, (2014)
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SUMMARY

Cyclic electron transport (CET) around photosystem | (PSI) plays an important role in balancing the ATP/
NADPH ratio and the photoprotection of plants. The NAD(P)H dehydrogenase complex (NDH) has a key
function in one of the CET pathways. Current knowledge indicates that, in order to fulfill its role in CET, the
NDH complex needs to be associated with PSI; however, until now there has been no direct structural infor-
mation about such a supercomplex. Here we present structural data obtained for a plant PSI-NDH super-
complex. Electron microscopy analysis revealed that in this supercomplex two copies of PSI are attached to
one NDH complex. A constructed pseudo-atomic model indicates asymmetric binding of two PSI complexes
to NDH and suggests that the low-abundant Lhca5 and Lhca6é subunits mediate the binding of one of the
PSI complexes to NDH. On the basis of our structural data, we propose a model of electron transport in the
PSI-NDH supercomplex in which the association of PSI to NDH seems to be important for efficient trapping
of reduced ferredoxin by NDH.

Keywords: clear native electrophoresis, Hordeum vulgare, single particle electron microscopy, PSI-NDH
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INTRODUCTION

In oxygenic photosynthesis, light reactions are driven by
photosystem | (PSI) and photosystem Il (PSIl), two multi-
subunit protein complexes embedded in the thylakoid
membrane. The photosystems cooperatively transfer elec-
trons released from water molecules via plastoquinone
(PQ), cytochrome (cyt) bg/f complex and plastocyanin to
ferredoxin (Fd). Electron transport is coupled with the
translocation of protons across the thylakoid membrane,
which contributes to the generation of a transmembrane
ApH gradient utilized by ATP synthase to produce ATP.
The fate of electrons transported to Fd depends on
whether PS| operates in linear (LET) or cyclic (CET) elec-
tron transport. In LET, Fd reduces NADP* via ferredoxin-
NADP* oxidoreductase (FNR) to NADPH, which is utilized
in various biosynthetic pathways. In CET, electrons are dri-
ven back to the PQ pool and cyt bg/f complex and this con-
tributes to the formation of a transmembrane ApH gradient
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and thus ATP synthesis without the net production of
NADPH. Since it has been reported that LET by itself can-
not meet the ATP demands of a plant even under optimal
environmental conditions, CET has been generally recog-
nized as an important electron transfer pathway in photo-
synthetic organisms (see Kramer et al., 2004; Munekage
et al., 2004; Shikanai, 2007). Moreover, a temporary change
in the relative contribution of LET and CET to overall elec-
tron transport can balance the changing ATP/NADPH
demands of a plant under varying environmental condi-
tions (for a review see Kramer et al., 2004).

There are currently two main CET pathways that are con-
sidered to operate around PSI. One of them depends on
the PROTON GRADIENT REGULATION5S (PGR5) and PGR5-
LIKE1 (PGRL1) complex (Munekage et al., 2002; DalCorso
et al., 2008). The PGRL1 complex could be the elusive
Fd-PQ reductase (FQR), as has been recently proposed by
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Hertle et al. (2013). The other pathway depends on NAD(P)
H dehydrogenase (NDH; Burrows et al., 1998; Kofer et al.,
1998; Shikanai et al., 1998). The PGR-dependent pathway
has been proposed to play an essential role in the balanc-
ing of the ATP/NADPH ratio and in plant photoprotection
(via energy-dependent non-photochemical quenching, qg)
under naturally fluctuating environmental conditions (see
Munekage et al., 2002, 2004; Kramer et al., 2004). While
this function of the PGR-dependent pathway is generally
accepted, the role of the NDH-dependent pathway is still a
matter of debate. Studies based on mutants with impaired
NDH function indicate that the NDH pathway is not essen-
tial for photosynthesis under normal conditions (e.g.
Munekage et al, 2004). Nevertheless, its importance
becomes more evident under stress conditions, when this
pathway seems to participate in protection against oxida-
tive stress by preventing over-reduction of the chloroplast
stroma (for a review see Shikanai, 2007). Indeed, when
transgenic tobacco plants with a disrupted NDH function
were exposed to stresses preferentially inhibiting CO, fixa-
tion (e.g. Horvath et al., 2000; Li et al., 2004), i.e. when
these plants were experiencing conditions leading to
stroma over-reduction, their photosynthetic rate or qg
induction were reduced in comparison to the wild type
(WT). Also a recent study with high cyclic electron flow
(hcef) Arabidopsis mutants, which have constitutively
impaired function of the Calvin-Benson cycle, has shown
that under such conditions the NDH pathway enhanced qe
and augmented production of ATP (Livingston et al., 2010).
Generally, it seems that plants stressed by the factors lead-
ing to the over-reduction of chloroplast stroma utilize
NDH-dependent CET for both maintenance and photopro-
tection of the photosynthetic function.

The discovery of the chloroplast NDH complex was
based on the identification of 11 plastid genes, ndhA-
ndhK, which are homologs of genes encoding subunits of
mitochondrial complex | (Matsubayashi et al., 1987). Later
it was shown that chloroplast NDH is even more similar to
bacterial respiratory complex | (NDH-1), except for three
bacterial subunits (NuoE-G) whose homologs are missing
in the chloroplast NDH. These subunits form the NADH-
binding domain in NDH-1 (Friedrich and Scheide, 2000)
and therefore their absence indicates that the electron-
binding domain in the NDH complex of photosynthetic
organisms is probably different. The identity of the elec-
tron donor-binding domain in chloroplast NDH has been
unknown until recently, when three specific subunits
(CRR31, CRRJ and CRRL) were suggested to form the Fd-
binding site (Yamamoto et al, 2011). This finding has
prompted the reconsideration of the generally accepted
idea that NAD(P)H is a direct electron donor to the chloro-
plast NDH complex. Except for the difference in the elec-
tron-binding domain, the photosynthetic NDH complexes
have been found to contain other specific subunits which
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are missing in bacterial NDH-1 (see Battchikova et al.,
2011; Ifuku et al, 2011; Peng etal., 2011, for recent
reviews). Currently, high-resolution structural data are
available only for bacterial NDH-1 (Baradaran et al., 2013).
The crystal structures of its counterparts in either cyano-
bacteria or higher plants are still missing, but electron
microscopy (EM) studies of cyanobacterial NDH-1 com-
plexes revealed that it has an L-shaped structure similar to
bacterial NDH-1 (Arteni et al., 2006).

The original idea that chloroplast NDH forms a super-
complex with PSI in the thylakoid membrane was formu-
lated on the basis of data obtained using blue-native
polyacrylamide gel electrophoresis (BN-PAGE) and the
subsequent biochemical characterization (Aro et al., 2005;
Peng et al., 2008). Detailed studies of the PSI-NDH super-
complex in various Arabidopsis mutants by Shikanai’s
group revealed that two minor light-harvesting antenna
proteins, Lhcab and Lhca6, are required for the formation
of the supercomplex and for the efficient operation of the
NDH pathway (Peng et al., 2009) and that two copies of PSI
can be associated with the NDH complex (Peng and Shika-
nai, 2011). Nevertheless, detailed information about the
spatial interaction and stoichiometry of the components of
the PSI-NDH supercomplex has not been available so far.

In the study presented here we provide the first
structural evidence of the formation of the PSI-NDH
supercomplex. We isolated PSI-NDH supercomplexes
using high-resolution clear-native (CN)-PAGE under mild
conditions and used single-particle EM for their structural
characterization. Image analysis revealed the presence of
two forms of the PSI-NDH supercomplex. The larger one
consists of one NDH complex associated with two copies
of the PSI complex, whereas in the smaller one only one
PSI is bound to NDH. A comparison of the projection maps
of electron densities of the NDH-PSI supercomplex with
known atomic X-ray structures of the bacterial NDH-1 com-
plex (Baradaran et al., 2013) and PSI complex (Amunts
et al., 2010) enabled us to construct a pseudo-atomic
model, which provides a structural insight into the inter-
actions within the supercomplex and allows us to discuss
their implications for the function of NDH-dependent CET.

RESULTS AND DISCUSSION

We aimed at a high-yield separation of PSI-NDH super-
complexes from thylakoid membranes in an intact and
pure form as we were subsequently going to analyze them
using mass spectrometry (MS) and single-particle EM. We
decided to perform this separation using high-resolution
native PAGE. Generally, native PAGE performed in gels
with a gradient density starting at 4% acrylamide enables
separation of large protein supercomplexes with a molecu-
lar mass even exceeding 1 MDa in the form of well distin-
guished and focused bands. In our separation, we
preferred CN-PAGE to the more often used BN-PAGE
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because it generally works under milder conditions (Wittig
and Schagger, 2005).

As the chloroplast NDH complex in plants grown under
normal conditions was estimated to be only about 1-2% of
PSI on a molar basis (Peng et al., 2008), it was crucial to
carefully adjust the separation and isolation conditions to
yield a sufficient amount of the PSI-NDH supercomplex for
the subsequent analysis. In order to prepare a sample
enriched in intact PSI-NDH supercomplexes from thylakoid
membranes, we treated the membranes with a low con-
centration of n-dodecyl-B-o-maltoside (DDM). Under these
conditions, the solubilization of membrane protein com-
plexes from large grana was incomplete and the solubi-
lized protein fraction was enriched in protein complexes
from stroma thylakoids including the PSI-NDH supercom-
plex (Peng et al., 2008, 2009). The subsequent separation
of this protein fraction by CN-PAGE showed several green
bands containing PSI (Figure 1). Most of the PSII-LHCII
complexes remained unsolubilized or they were retained
on the top of the polyacrylamide gel.

We analyzed the separated green bands by MS and iden-
tified PSI in five green bands (bands 1-5; Figure 1). Based
on the MS analysis of the bands and the comparison of
our separation with similar separations using CN-PAGE,
BN-PAGE (e.g. Jarvi et al., 2011) or Deriphat-PAGE (e.g.
Lipova et al., 2010), we attributed the lightest PSl-contain-
ing band (band 5) to PSI monomer, which co-migrates with
the dimeric PSII core. Heavier PSI-containing bands, above
band 5 in Figure 1, represent the PSI/PSIl supercomplex

(1) Oligomeric PS| ————
(2) PSI-NDH supercomplex

T

(3) Oligomeric PS| ———

(4) PSI, PSII supercomplex
(5) PSI, PSII core dimer

s fu

Figure 1. Separation of pigment-protein complexes by clear native-PAGE.
Thylakoid membranes isolated from barley leaves were solubilized by
n-dodecyl-f-o-maltoside (DDM; 6 pl of 10% (w/v) B-DDM per 100 ug of
chlorophyll). PSI, photosystem |; PSII, photosystem II; NDH, NAD(P)H dehy-
drogenase.

(band 4) or PSI oligomers (bands 3 and 1). In band 2 we
detected a large number of NDH subunits together with
PSI subunits, thus we attributed this band to the PSI-NDH
supercomplex (Table 1).

Band 2 was excised and the supercomplexes were
extracted from the gel by spontaneous elution and directly
used for structural analysis using single-particle EM.
Inspection of electron micrographs revealed the presence
of two forms of PSI-NDH particle, which differed in size
(Figure 2a). Image analysis of about 11 000 single-particle
projections indicated that the larger particle consists of
two PSI complexes attached to the sides of one NDH com-
plex, which can be clearly recognized in the central part of
the projection map due to the typically curved shape of the
membrane arm and the very strong density of the hydro-
philic arm (Figure 2b). The smaller particle contains only
one copy of the PSI complex and one copy of NDH
(Figure 2c). The assignment of the NDH complex indicates
that the projection maps obtained for both the smaller and
larger PSI-NDH supercomplexes represent views from the
stromal side of the thylakoid membrane. Due to the fact
that the PSI-NDH supercomplexes were separated by
CN-PAGE as a single band (i.e. they have the same
molecular mass), the smaller particles have to be consid-
ered as artificial breakdown products. Since there are
hardly any free PSI complexes in the electron micrographs
(Figure 2a), it is likely that the dissociation of one PSI from
the supercomplex does not take place during the final
preparation of the EM specimen but most probably one
PSI remains in the gel during the elution of the PSI-NDH
supercomplexes. Interestingly, the image analysis revealed
only one form of the smaller supercomplex, where the
single PSI complex is bound to the outer part of the curved
membrane arm of the NDH complex (Figure 2c). This
implies that the binding of PSI at this site is stronger than
the binding of PSI to the inner part of the curved mem-
brane arm of the NDH.

We constructed a pseudo-atomic model of the PSI-NDH
supercomplex by fitting the EM projection map with the
known X-ray structures of the plant PSI complex (Amunts
et al., 2010) and the entire bacterial NDH-1 complex from
Thermus thermophilus (Baradaran et al., 2013). The latter
was used as an approximation of the ‘core part’ of the
chloroplast NDH complex due to a high homology
between 11 chloroplast NDH (NdhA-K) and bacterial NDH-
1 (Ngo4-14) subunits (see Peng et al., 2011; for the nomen-
clature of these subunits). The validation of the model was
based on the comparison of the EM projection map with
the two-dimensional projection map of the PSI-NDH super-
complex generated from the pseudo-atomic model com-
posed of the truncated X-ray structures (Figure 2e).

The pseudo-atomic model shows that the EM projection
map of the chloroplast NDH complex is well fitted with the
membrane subunits of NDH-1. Nevertheless, compared
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Table 1 A summary of the identified photosystem | (PSI)-NAD(P)H dehydrogenase (NDH) complex subunits isolated from barley

UniProt accession code Mowse Peptide Spectral Sequence
Protein or AGI code Organism score counts counts  coverage (%)
PSI complex PsaA splATE9J1 H. vulgare 789/355 22/11 83/31 21.3/12.7
PsaB ATCG00340 A. thaliana 493/449 1014 51/39  13.4/14.7
PsaD trIF2EJP2 H. vulgare 393/326  13/10 53/47  47.3/41
PsaE triMOYUC4 H. vulgare 181117  6/3 20/16  42.9/32.7
PsaF trIF2E4W0/trIM0Y678 H. vulgare 220/563 5/13 21/57 14.5/29.9
PsaG trIMOYYL3/trIF2DE22 H. vulgare 84/91 2/3 6/8 23.2/11.9
PsaH trIMOWPHO H. vulgare 147/180  4/6 25/24  23.1/29.6
PsaK trIMOYAU7 H. vulgare 175/75 5/2 17/9 34.4/13
PsaL splP23993 H. vulgare 262/168  8/5 24/13  30.6/15.8
Lhca1 trIMOV8T9 H. vulgare 342/138  10/5 38/19  30.4/17
Lhca2 trIMOXHH9 H. vulgare 240138  4/3 15/13  12.9/9.4
Lhca3 trlF2D9M7 H. vulgare 341/89 8/2 31/8 23.8/8.9
Lhca4 trIMOW877/trIF2CRC1 H. vulgare 312111 8/2 34/9 27.9/8.6
Lhcab trIMOUPG7/trIMOUPG6  H. vulgare 182/123  4/5 12/9 16.3/25.9
Lhcab trIMOV4V6 H. vulgare 114/127  4/3 16/10  11.4/8.1
NDH membrane subcomplex NdhA splP92432/ATCG01100  H. vulgare/A. thaliana 214/141 4/4 14/10 9.7111.7
NdhC splA1E9J6 H. vulgare /47 -1 /4 -9.2
NdhD spl003060 H. vulgare 168/160  4/6 12/11 6.4/8
NDH subcomplex A NdhH spl098691 H. vulgare 416/290 1113 54/21  24.2/27.2
Ndhl ATCG01090 A. thaliana 106/~ 3/- 13/~ 15.1/-
NdhJ trIMOVEF6 H. vulgare 105/132  3/3 13/15  17.9/19.1
NdhK splQ85XC3 H. vulgare 228/213  6/7 25/22  17.3/16.9
NdhL trIF2CUR7 H. vulgare 69/~ 3/- 7/- 9.9/~
NdhM trIMOVHJ2 H. vulgare 239/85 73 22/9 37.2/20.9
NdhN triIMOXNR3 H. vulgare 397/99 12/2 46/8 61/14
NdhO trIMOUSN8 H. vulgare 163/169  4/5 17/9 25.2/21.3
NDH subcomplex B NDF1 trIF2D3G1 H. vulgare 605/401 14/14 60/34  21.1/26
NDF2 trlF2D932 H. vulgare 720/308 18/8 70/32 36/22.7
NDF6 trlF2CPQ4 H. vulgare 238/81 73 16/6 32.6/22.5
NDH18 trlF2DWH9 H. vulgare /81 -3 /5 -/15.3
PQL trIMOXTT4 H. vulgare 79/49 3/2 9/5 15.2/11.6
Lumen subcomplex PPL2 trIMOXDEO H. vulgare 231/185  6/6 31/15 15.3/21
CYP20-2  trIF2CTD7 H. vulgare 134/112 6/4 13/9 18.1/15.6
FKBP16-2  trlF2DIC1 H. vulgare 182/57 6/2 19/7 23.8/7
PQL trIF2CTW7 H. vulgare 1471127 3/4 22/10  16.2/17.6
NDH electron donor-binding  NdhU trIF2DY44/trlF2D6X3 H. vulgare 168/102  4/4 15/9 18.4/18

Basic protein identification statistics is related to trypsin/chymotrypsin digestion. Individual proteins are named according to Peng et al.

(2011) and Ifuku et al. (2011).

with the generated projection map, in the EM projection
map we observed a stronger density variation in the mem-
brane arm of the NDH. Our MS analysis (Table 1) suggests
that this difference can be attributed to the presence of
additional subunits, specific to the chloroplast NDH com-
plex (see Ifuku et al, 2011; Peng et al., 2011). An unas-
signed strong density of the hydrophilic arm (blue asterisk,
Figure 2d) may also represent subunits specific to the chlo-
roplast NDH complex. We might speculate that the addi-
tional density comes from the recently discovered CRR31,
CRRJ and CRRL subunits, which form the Fd-binding
domain in the chloroplast NDH (Yamamoto et al., 2011).
One of these subunits, CRRL (NdhU), was indeed identified
in the PSI-NDH supercomplex by the MS analysis (Table 1).

Fitting of the PSI complexes was facilitated by resolved
strong densities of the PSI core complex at the periphery

© 2013 The Authors

of the supercomplex, which indicates that the PSI com-
plexes interact with the membrane domain of the NDH
through their light-harvesting antenna proteins. Inspection
of the pseudo-atomic model shows that the PSI complex at
the outer part of the curved membrane domain binds to
NdhD and NdhF subunits through Lhca2/4 proteins.
Involvement of the NdhD and NdhF subunits in association
with PSI and NDH is in agreement with earlier biochemical
data (Peng et al., 2009). The other PSI complex, which is
attached to the inner part of the curved membrane
domain, interacts with NdhB/D/F subunits mainly through
Lhca2/4, where Lhca4 is also in the vicinity of NdhE and
NdhG. The pseudo-atomic model indicates that Lhcal is
facing the area of strong density corresponding to the
hydrophilic arm, which overlaps the tip of the NDH
membrane arm.
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The fact that PSI binds to NDH in two different ways is
quite unusual. To facilitate their binding, PSI complexes
possibly need ‘help’ from additional proteins. There is an
unassigned protein density between the Lhca2/3 of the left
PSI complex and the NdhD/B subunits (Figure 2d). The
area is large enough to accommodate additional light-har-
vesting proteins or another Ndh subunit, specific to the
chloroplast NDH complex. We propose that the unassigned
area contains minor light-harvesting proteins, Lhca5 and/or
Lhca6, which were found to play a critical role in super-
complex formation (Peng et al., 2009). This is supported by
our MS analysis, which identified both Lhca5 and Lhca6 in
the PSI-NDH supercomplex (Table 1). The proposed loca-
tion of the Lhca5/6 proteins is in agreement with the cross-
linking studies, which indicate that Lhcab associates with
PSI complex at the Lhca2/3 site (Lucinski et al., 2006). Nev-
ertheless, a complete absence of association of PSI to NDH

Figure 2. Structural characterization of the pho-

tosystem | (PSI)-NAD(P)H dehydrogenase
(NDH) supercomplex by single-particle electron
microscopy.

(a) Examples of two raw electron micrographs
of a negatively stained specimen with two
forms of the PSI-NDH supercomplex. A more
abundant larger form is highlighted in the blue
box, a smaller form in the yellow box.

(b) Averaged projection map of the larger PSI-
NDH supercomplex (sum of 4608 particles) con-
sisting of the NDH complex and two copies of
the PSI complex.

(c) Averaged projection map of the smaller
PSI-NDH supercomplex (sum of 1031 particles)
containing single copies of both NDH and PSI
complex.

(d) Structural assignment of the larger PSI-NDH
supercomplex based on fitting with the X-ray
structures of the PSI complex (Amunts et al.,
2010) and the respiratory complex | (Baradaran
et al., 2013; the Protein Data Bank accession
numbers 3LW5 and 4HEA, respectively). The
PSI complex is shown in green with highlighted
Lhca proteins (Lhcal in red, Lhcad in yellow,
Lhca2 in cyan, Lhca3 in magenta). Subunits of
the membrane part of the respiratory complex
are shown in orange (NdhF), green (NdhD), sal-
mon (NdhB), warm pink (NdhE), pale cyan
(NdhG) and blue (NdhA and NdhC). The hydro-
philic arm is in light-orange. Nqo1-3 subunits,
which are missing in the chloroplast NDH com-
plex, were omitted in the model. The blue aster-
isk indicates an unassigned density area of the
hydrophilic arm.

(e) Projection map of the PSI-NDH supercom-
plex generated from the proposed pseudo-
atomic model at 20 A resolution.

complex was observed in the Arabidopsis /hca5-lhca6 dou-
ble mutant (Peng and Shikanai, 2011). In the light of this
finding, one would expect that Lhca5 and Lhca6 proteins
mediate binding of PSI complexes to both sides of the
NDH complex. The same conclusion can also be drawn
from a former study of individual Arabidopsis lhca5 and
Ihca6 single mutants, where only a smaller form of the
PSI-NDH supercomplex (one PSI complex/NDH) was
detected (Peng et al., 2009). However, our data imply that,
at least in barley, both Lhca5 and Lhca6 participate in bind-
ing of only one of the PSI complexes and support its
strong association with the NDH complex (Figure 2b-d).
The binding of the other PSI complex to NDH is weak,
which is evidenced by the fact that it can dissociate from
the intact PSI-NDH supercomplex during its elution from
the gel (see discussion above). Based on our current data
obtained for barley we can only speculate whether the
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Figure 3. Structure-functional model of the photosystem | (PSI)-NAD(P)H dehydrogenase (NDH) supercomplex in the thylakoid membrane.

Ferredoxin (Fd) binds to the hydrophilic arm of the NDH complex (continuous red arrows) upon its reduction at the acceptor side of the PSI complex (dotted
blue arrow). Then Fd reduces the plastoquinone (PQ) molecule, which is bound at the back side of the membrane arm of the NDH complex (continuous violet
arrow), via intermediate NDH electron carriers (dotted red arrow). Then the cyclic pathway is completed by a transfer of the electron from the PQ molecule back
to the PSI complex via the cyt bg/f complex and plastocyanine. Alternatively, Fd can be reduced by NAD(P)H through the reverse reaction of FNR, which is
attached to the NDH complex. In this way, the alternative reduction of Fd can alleviate the stromal over-reduction. The NDH complex may also function as a

proton pump. LHCI, light-harvesting complex I.

smaller PSI-NDH supercomplex formed in Arabidopsis
Ihca5 and [hca6 single mutants represents the complex
with the strongly or the weakly bound PSI. Nevertheless, a
complete absence of PSI-NDH supercomplexes in the Ara-
bidopsis lhca5-lhca6é double mutant indicates that (i) the
strongly bound PSI requires these minor antenna proteins
for its stable association with the NDH complex and (ii) the
interaction between the strongly bound PSI and NDH is
required for the association of the weakly bound PSI to the
NDH complex. However, further structural analysis of indi-
vidual Arabidopsis mutants is needed to fully clarify this
issue.

The question is, what benefit is brought by the organiza-
tion of NDH and PSl in such a peculiarly shaped supercom-
plex? Firstly, the binding of two PSI complexes along the
membrane arm of the NDH maximizes the interaction inter-
face between these complexes, which clarifies the stabiliza-
tion of the NDH complex observed when NDH is part of
the supercomplex (Peng and Shikanai, 2011). Secondly,
the formation of the supercomplex guarantees short dis-
tances between the hydrophilic arm of the NDH, which
most probably accommodates the Fd-binding domain, and
two PSI-Fd-binding sites (approximately 11 and 22 nm).
Further, the 2:1 stoichiometry between PSI and NDH in the
supercomplex can locally increase the population of
reduced Fd. Taken together, these facts suggest that super-
complex formation can make the trapping of the reduced
Fd by the NDH complex more efficient. This interpretation
coincides with the recent results of Yamamoto et al.
(2011), who showed the importance of Fd in the function
of the chloroplast NDH complex. These authors showed
that the NDH complex accepts electrons from Fd rather
than from NAD(P)H and thus they proposed that the chlo-
roplast NDH complex may function in a similar way to the
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PGRL1 complex, i.e. as the FQR (Hertle et al., 2013). From
this point of view, NDH-dependent CET might be much
more similar to PGR-dependent CET than previously
assumed.

Despite this similarity, we have to bear in mind that in
the case of NDH-dependent CET, NAD(P)H is widely
accepted as the main electron donor and therefore we can
ask what the exact role of Fd in this pathway is. We
hypothesize that within the PSI-NDH supercomplex, Fd
can be reduced at the expense of NAD(P)H via the reverse
reaction of FNR bound to NDH complex. Indeed, there is
experimental evidence that the reverse reaction of FNR can
operate in vitro (Munekage et al., 2002; Shikanai, 2007; Hu
et al., 2013) and that FNR associates with NDH complex
(Quiles et al., 2000; Hu et al., 2013). The oxidation of NAD
(P)H via this alternative pathway can alleviate stroma over-
reduction, which is one of the proposed physiological roles
of NDH-dependent CET.

Based on our structural results and the discussion above
we suggest a structure-functional model of the PSI-NDH
supercomplex (Figure 3). In this model, electron transfer
between PSI complexes and the NDH complex is mediated
by Fd, which binds to the Fd-binding domain in the hydro-
philic arm of the NDH. Alternatively, Fd can be reduced by
NAD(P)H via the reverse reaction of FNR. The Fd then
reduces a PQ molecule via intermediate NDH electron car-
riers. Considering the structural homology of the chloro-
plast NDH with bacterial (Baradaran et al., 2013) and
cyanobacterial NDH-1 (Hu et al., 2013), we propose that the
PQ molecule also binds at the lower back side of the mem-
brane arm, which is freely accessible due to the architec-
ture of the PSI-NDH supercomplex. The proposed model
has to be verified by experiments focusing on a detailed
functioning of the PSI-NDH supercomplex.
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CONCLUSION

The first evidence of the existence of the PSI-NDH super-
complex was based on extensive biochemical studies
(Peng et al., 2008, 2009) and the absence of structural data
can be ascribed mainly to the low abundance of the NDH
complex in the thylakoid membrane. The fact that the NDH
content is generally as low as 1-2% of the total PSI content
(Peng et al., 2008) makes any structural analysis of the su-
percomplex rather challenging. An optimized mild separa-
tion of solubilized thylakoid membrane using CN-PAGE,
followed by MS of separated bands, allowed us to isolate
an intact PSI-NDH supercomplex with a yield sufficient for
single-particle structural analysis. The structural analysis
shows asymmetric binding of two PSI complexes to an
NDH complex and indicates the position of the Lhca5 and
Lhca6é antenna proteins of PSI, which are present in the
thylakoid at enigmatically low substoichiometric levels
(Ganeteg et al., 2004). These antenna proteins are probably
needed for the attachment of one of the two PSI com-
plexes to the low-abundant NDH.

The formation of the PSI-NDH supercomplex is another
factor supporting the hypothesis that the key reactions in
photosynthesis and in the mitochondrial respiratory chain
require a high level of organization. Besides the increase in
the stability of individual components, supercomplex for-
mation has important functional implications, which result
from possibly enhanced electron transfer rates and sub-
strate channeling (Dudkina et al., 2010). It has been
reported that in Chlamydomonas reinhardtii CET depends
on the formation of a PSI-LHCI-LHCII-FNR-cytbg/f-PGRL1
supercomplex (lwai et al., 2010). Here, we provide a struc-
tural evidence for PSI-NDH supercomplex formation in
higher plants. As the formation of the PSI-NDH supercom-
plex was found to be necessary for the efficient operation
of the NDH complex (Peng et al., 2009), it is essential for
proper function of the NDH-dependent pathway of CET.
The formation and dissociation of supercomplexes can
function as a switch between LET and CET. Different trig-
gers have been proposed to induce the formation of super-
complexes participating in CET, including a low ATP
content (Joliot and Joliot, 2002), a high NADPH concentra-
tion (Joliot and Johnson, 2011) or protein phosphorylation
(lwai et al., 2010). Nevertheless, further studies are neces-
sary to understand the exact mechanism governing the
reversible formation of these supercomplexes.

EXPERIMENTAL PROCEDURES
Plant material and sample preparation

Barley (Hordeum vulgare L. cv. Akcent) seedlings were grown in a
growth chamber with a 16-h/8-h light/dark photoperiod at 25°C.
During the light period, the seedlings were illuminated with a
white fluorescent lamp at an intensity of about 100 umol pho-
tons m~2sec™'  (400-700 nm). Thylakoid membranes were

isolated as described in Dau et al. (1995) and a quantity of thylak-
oids corresponding to 100 pg of chlorophyll was solubilized by
the addition of 6 ul of 10% (w/v) DDM. The mixture was supple-
mented with solubilizing buffer (50 mm HEPES, 400 mm sucrose,
15 mm NaCl, 5 mm MgCl,, pH 7.2) containing 10% (v/v) glycerol to
a final volume of 50 pl. After solubilization, membrane fragments
were removed by centrifugation (22 000 g, 4°C, 10 min). Then CN-
PAGE was performed with a 4-8% gradient resolving gel and 4%
stacking gel (Wittig et al., 2007). The separation started at a con-
stant current of 7 mA for 15 min and continued at a constant cur-
rent of 15 mA for an additional 2 h. The chlorophyll content was
determined by extraction and assay in 80% acetone (Lichtenthaler
and Buschmann, 2001).

Sample preparation and liquid chromatography (LC)-MS/
MS-based analysis of the PSI-NDH supercomplex

The PSI-NDH supercomplex separated by CN-PAGE was excised
from the gel slab and in-gel digested either with trypsin or chymo-
trypsin as described elsewhere (Shevchenko et al., 2006). The
resultant peptides were desalted on C18 microcolumns (Rappsil-
ber et al., 2007) and analyzed using a nanolLC-electrospray ioniza-
tion-ultrahigh resolution-quantitative time-of-flight LC-MS system
(Proxeon, Denmark, www.proxeon.com; Bruker Daltonik, Germany,
www.bruker.com). Protein identification was achieved by search-
ing the acquired data against a custom protein database with the
Mascot search algorithm (Perkins et al., 1999). For detailed infor-
mation on the digestion procedure, peptide desalting, LC-MS/MS
analysis and data processing see the Supporting Information
(Methods S1-S3, Tables S1 and S2, Data S1 and S2).

Electron microscopy and image processing

The gel stripe containing PSI-NDH supercomplexes was excised
from the CN-PAGE gel, chopped up and placed in an Eppendorf
tube with 50 pl of buffer (50 mm HEPES, 15 mm NaCl, 5 mm MgCl,,
pH 7.2) for 2 h at 4°C to achieve spontaneous elution of the super-
complexes. The solution was then directly used for EM specimen
preparation by negative staining with 2% uranyl acetate on a
glow-discharged carbon-coated copper grid. Electron microscopy
was performed on a Philips CM120 electron microscope
(www.fei.com) equipped with a LaBg filament operating at 120 kV.
Images were recorded with a Gatan 4000 SP (www.gatan.com) 4K
slow-scan charge-coupled device camera at 130 000x magnifica-
tion with a pixel size of 0.23 nm at the specimen level after bin-
ning the images to 2048 x 2048 pixels. GRACE software was used
for semi-automated data acquisition (Oostergetel et al., 1998). Sin-
gle-particle analysis was performed using crip software including
multi-reference and non-reference alignments, multivariate statis-
tical analysis and classification. A pseudo-atomic model of the
PSI-NDH supercomplex was created using PYMOL (DeLano, 2002).
Truncated versions and a two-dimensional projection map of the
generated model for the PSI-NDH supercomplex at 20A resolution
were generated using routines from the eman package (Ludtke
et al, 1999). A schematic model of the PSI-NDH supercomplex
was created using a free version of GooGLE skeTcHuP software.
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Introduction

Summary

¢ Photosynthesis in plants and algae relies on the coordinated function of photosystems (PS) |
and II. Their efficiency is augmented by finely-tuned light-harvesting proteins (Lhcs) connected
to them. The most recent Lhcs (in evolutionary terms), Lhcb6 and Lhcb3, evolved during the
transition of plants from water to land and have so far been considered to be an essential
characteristic of land plants.

* We used single particle electron microscopy and sequence analysis to study architecture and
composition of PSII supercomplex from Norway spruce and related species.

¢ We have found that there are major land plant families that lack functional /hcb6 and lhcb3
genes, which notably changes the organization of PSII supercomplexes. The Lhcb6 and Lheb3
proteins have been lost in the gymnosperm genera Picea and Pinus (family Pinaceae) and
Gnetum (Gnetales). We also revealed that the absence of these proteins in Norway spruce
modifies the PSII supercomplex in such a way that it resembles its counterpart in the alga
Chlamydomonas reinhardtii, an evolutionarily older organism.

e Our results break a deep-rooted concept of Lhcb6 and Lhcb3 proteins being the essential
characteristic of land plants, and beg the question of what the evolutionary benefit of their loss
could be.

encoded by the lheb1-3 genes (lhcbm for evolutionarily older
species). Two trimers (S,) are bound strongly to the dimeric PSII

A key reaction of oxygenic photosynthesis, the photooxidation of
water to molecular oxygen, is carried out by photosystem IT (PSII),
a multi-subunit pigment-protein supercomplex. It consists of a
highly conserved core and light harvesting antenna (Kouril ez al.,
2012). The latter is much more prone to evolutionary changes
(Biichel, 2015). The huge variability of the antenna system was
crucial during the evolutionary adaptation of photosynthetic
organisms to different conditions (Jansson, 2006). The coloniza-
tion of land by plants required the presence of an efficient and
dynamic mechanism to control safe utilization of absorbed light
under variable environmental conditions.

Electron microscopy studies revealed that in land plants, the
largest stable PSII supercomplex consists of a PSII core dimer (C,)
bound by four trimeric light-harvesting proteins (LHCIIs),

808  New Phytologist (2016) 210: 808-814
www.newphytologist.com

core, while the other two are bound only moderately (M5). The
LHClIIs are specifically connected to PSII core via monomeric
antenna proteins Lhcb4—6 (Caffarri eral, 2009). This PSII
supercomplex, denoted as C,S;M,, has been observed in liverworts
(Harrer, 2003), the oldest land plants, as well as in angiosperms
(Caffarri et al., 2009; Koufil ez al., 2012) (see later Fig. 2b), which
belong to the most recent land plants. These findings led to a
formulation of the current concept that the C,S;M, PSII
supercomplex has been conserved throughout the evolution of
land plants. In green algae, their ancestors, the structure of the PSII
supercomplex is somewhat different (Tokutsu ez al., 2012; Drop
etal., 2014) — the M trimers have a different orientation and two
additional LHCII trimers (N,) are attached to form the C,S,M,N,
structure (see later Fig. 2¢). Since green algae lack Lheb6 proteins

© 2016 The Authors
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that mediate the attachment of the M trimers, the N trimers may
substitute their role by stabilizing the C,S;M,N, supercomplex
(Tokutsu et al., 2012; Drop et al., 2014).

The Lheb6 protein was found to be unique to land plants
(Alboresi etal., 2008). Another monomeric antenna protein,
Lhcb3, which is a part of the M trimer (Dainese & Bassi, 1991),
is also exclusive to land plants. Current knowledge strongly
implies that land plants benefit from the presence of both these
proteins. The interaction between Lhcb6 and Lheb3 is important
for the stable artachment of M to C,S, (Kovics etal., 2006;
Caffarri ezal., 2009; Koufil ez al., 2013). The proteins therefore
enable a flexible enlargement of the PSII antenna size, leading to
an optimal macro-organization of PSII supercomplexes and to
more efficient connectivity between PSIT cores (Kovics et al.,
2006; Caffarri etal., 2009). These factors are important in
achieving maximum efficiency of PSII photochemistry as well as
for effective photoprotective dissipation of absorbed light energy
(so-called nonphotochemical quenching) (Kovacs ezal, 2006).
Thus, the appearance of both Lhcb6 and Lheb3 is considered as a
milestone in the evolution of the PSII supercomplex, allowing the
transition of photosynthesizing organisms from the relatively
stable water habitat to land (Koziol ezal, 2007; Alboresi et al.,
2008; de Bianchi ezal., 2008; Biichel, 2015). However, here we
show that there are representatives of gymnosperms that lack
functional /hch6 and lhcb3 genes. Thus, our work breaks the
current concept that Lhcb6 and Lheb3 proteins in the light-
harvesting antenna of PSII are an essential characteristic of all
land plants.

Materials and Methods

Plant material and sample preparation

Norway spruce (Picea abies (L.) Karst.) (Semenoles, Liptovsky
Hridok, Slovakia) seedlings were grown in a growth chamber
with 16 h:8h, light:dark photoperiod at 21°C. Plants were
illuminated with white light at 100 pmol photons m 2s! (400
700 nm). PSII-enriched membranes were isolated from 18-d-old
spruce seedlings according to Caffarri ezal. (2009). Chlorophyll
content in the final suspension was determined spectrophoto-
metrically in 80% acetone according to Lichtenthaler &
Buschmann (2001). For the electrophoretic separation of PSII
supercomplexes, PSII membranes containing 10 pg of chloro-
phyll were solubilized with #-dodecyl-f-pD-maltoside (B-DDM)
at chlorophyll: B-DDM mass ratio of 12, supplemented with
sample  buffer (50mM HEPES  (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) pH 7.2, 400 mM sucrose, 15 mM
sodium chloride (NaCl), 10% glycerol) to a final volume of
30 pl. Nonsolubilized membranes were removed by centrifuga-
tion (20 000 g 10 min, 4°C) and samples were directly loaded
onto the gel. The clear native polyacrylamide gel electrophoresis
(CN-PAGE) separation procedure described by Wittig ezal.
(2007) was used with 4-8% gradient separation gel and 4%
stacking gel. The separation started at a constant current of 4 mA
for 15 min and continued at a constant current of 7 mA until the
front reached the bottom of the gel.

© 2016 The Authors
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Electron microscopy and image processing

PSII supercomplexes were eluted from excised CN-PAGE gel
bands according to Koufil ezal. (2014); the solution with eluted
supercomplexes was then directly used for electron microscopy
specimen preparation by negative staining with 2% uranyl acetate
on glow-discharged carbon-coated copper grids. Electron
microscopy was performed on a Tecnai G2 20 Twin electron
microscope (FEI, Eindhoven, the Netherlands) equipped with a
LaBg cathode, operated at 200 kV. Images were recorded with an
UltraScan 4000 UHS CCD camera (Gatan, Pleasanton, CA, USA)
at x13 000 magnification with a pixel size of 0.224 nm at the
specimen level after binning the images to 2048 x 2048 pixels.
GRACE software (Oostergetel etal., 1998) was used for semi-
automated acquisition of 4200 images, from which ¢ 80000
particle projections were selected. Single particle analysis was
performed using GRIP software (Groningen, the Netherlands)
including multireference and nonreference alignments, multivari-
ate statistical analysis and classification. )

The projection map with best resolution (14 A) was obtained for
the C,S,M supercomplex (Fig. 1d) and therefore this map was used
for the construction of a pseudo-atomic model of the PSII

—
)
-

PSI/PSII PSII supercomplexes
core

LHCII

Fig. 1 Separation and structural characterization of photosystem I (PSII)
supercomplexes. (a) Separation of PSII supercomplexes from Norway spruce
(Picea abies) by clear native polyacrylamide electrophoresis. PSII-enriched
membranes from spruce seedlings were solubilized in n-dodecyl-f-o-
maltoside. The red star indicates the band with the largest form of PSII
supercomplex, which was analyzed by electron microscopy. (b) Example of
raw electron micrograph of a negatively-stained specimen; three different
forms of the PSII supercomplexes are indicated: C,S.M, (solid line), C;5,M
(dashed line) and C,S; (dotted line). (c—e) Averaged projection maps of
supercomplexes (c) C;5,M, (sum of 1048 particles), (d) C;5,M (sum of
10000 particles) and (e) C,S, (sum of 4608 particles) revealed by single
particle electron microscopy.
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supercomplex and for the estimation of the mutual position of the
M and S trimers. The constructed model was also used for the
fitting of the spruce C,S,M, supercomplex (Fig. 2a). The resolu-
tion was measured using Fourier-ring correlation and the 30

criterion (Vanheel, 1987).

Identification of Lhcb homologs

Amino acid sequences of Lhcb1-6 proteins identified in
Arabidopsis thaliana (Lhcb1 isoforms: Lhebl.1, AT1G29920.1;
Lhcb1.2, AT1G29910.1; Lhebl.3, AT1G29930.1; Lhcbl.4,
AT2G34430.1; Lhcbl.5, AT2G34420.1; Lhcb2 isoforms:
Lheb2.1, AT2G05100.1; Lhcb2.2, AT2G05070.1; Lhceb2.3,
AT3G27690.1; Lheb3, AT5G54270.1; Lheb4 isoforms: Lheb4.1,
AT5G01530.1; Lhcb4.2, AT3G08940.2; Lhcb4.3,
AT2G40100.1; Lheb5, AT4G10340.1; Lheb6, AT1G15820.1)
were downloaded from the TAIR.10 database (Lamesch ezal.,
2012; hteps://www.arabidopsis.org/) and used for homology search
against the Picea abies genome and transcriptomes of the species
listed later, using the TBrasTN algorithm. The spruce genome
(Nystedt ez al., 2013) was downloaded from the Congenie database
(http://congenie.org/). Transcriptomes of Norway spruce and
closely related Picea and Pinus species (Picea abies, Picea glauca,
Picea sitchensis, Pinus bankdiana, Pinus contorta, Pinus pinaster,
Pinus sylvestris and Pinus tadea) were downloaded from the
PlantGDB database (Duvick eral, 2008; htep://www.plant-
gdb.org/). Transcriptomes of other Gymnosperm species (Cycas
rumphii, Ginkgo biloba, Podocarpus macrophyllus, Cryptomeria
Jjaponica, Seqouia sempervirens, Sciadopitys verticillata, Taxus
baccata, Gnetum gnemon) and representatives of ferns (Ceratopteris
richardii), lycophytes (Selaginella ~ moellendorffii), mosses
(Physcomitrella  patens), liverworts (Marchantia  polymorpha)
and algae (Chlamydomonas reinhardtii) were downloaded
from either the PlantGDB or Dendrome databases (http://den-
drome.ucdavis.edu/) (Supporting Information Table S1). In
addition, raw data from transcriptome/RNA sequencing using
Roche 454 technology were downloaded from the Sequence Read
Archive (SRA; http://www.ncbi.nlm.nih.gov/sra), when available.
If possible, at least one million reads were retrieved for each species.
The number of sequences and cumulative length of all databases
used for homology search are listed in Table S1. Each database was
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analyzed separately. First, scaffold/transcript with best BLast hit
was retrieved for each A. thaliana Lhcb protein using TBLastN
with default parameters, but e-value =1e-10. Subsequently, a
particular scaffold/transcript was compared with the full set of
A. thaliana proteins (TAIR.10) using the BrastX algorithm with
default parameters, but e-value = 1le-10. Best hits for all Lhcb
proteins in each database as well as best hits of particular scaffolds/
transcripts in TAIR.10 are listed in Table S2. Scaffolds/transcripts
matching reciprocally with a single A. thaliana Lhcb protein were
considered as representatives of a particular gene in the analyzed
species. The same strategy and dataset (transcriptomes and raw 454
data) were used to reveal the presence of transcripts for homologues
of A. thaliana PGR5 (AT2G05620.1; retrieved from TAIR.10)
and C. reinhardtii Lhesr proteins (Lhesrl, Cre08.g365900.t1.2;
Lhesr2, Cre08.g367500.t1.1;  Lhesr3,  Cre08.g367400.t1.1;
retrieved from PHyrozoME v.11; Goodstein eral, 2012;
https://phytozome.jgi.doe.gov). In the case Lhesr-like transcripts,
a particular scaffold/transcript was compared with the complete
C. reinhardtii proteome v.5.5 (Merchant et al., 2007; downloaded
from PHYTOZOME v.11) using the BrastX algorithm with default
parameters, but e-value = le-10.

Results and Discussion

Here we present for the first time the structure of the PSII
supcrcomplcx in a representative of gymnosperms, Norway
spruce (P. abies). Mildly solubilized PSII-enriched thylakoid
membranes were electrophoresed using  CN-PAGE, which
resulted in the separation of PSII supercomplexes into three
bands (Fig. 1a). The largest PSII supercomplexes, present in the
band with the shortest migration distance, were analyzed by
single particle electron microscopy and image processing.
Inspection of raw electron micrographs indicated the presence
of several forms of the PSII supercomplex, which differed in the
size of their antenna (Fig. 1b). Image analysis of ¢. 80 000 single
particle projections revealed structures C,S:M,, C,S;M and
C,S; (Fig. 1b—e). The largest, that is the most intact, supercom-
plex (C,S:M,) was further analyzed in detail. The smaller
supercomplexes represent degradation products of C,S:M,
supercomplexes, which disintegrate during the preparation of
the samples for electron microscopy analysis.

Fig. 2 Structural assignment of protein subunits of the photosystem II (PSI) supercomplex. (a) PSII supercomplexes from Norway spruce (Picea abies) and its
counterparts from (b) Arabidopsis thaliana and (c) Chlamydomonas reinhardtii. Averaged projection maps are shown for the C,S,M, supercomplexes from
Norway spruce and A. thaliana, and C;S:M,N, from C. reinhardtii (adapted from Drop et al., 2014). High-resolution structures were fitted to the projection
maps; the PSII core complex (C5, light violet) (Guskov et al., 2009), trimeric (the S, M and N trimerin blue, red and yellow, respectively) and monomeric (Lhcb4

and Lhcb5 in green, Lhcb6 in cyan) Lhcb proteins (Liu et al., 2004).
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We constructed a pseudo-atomic model of the C,S$,M,
supercomplex from spruce by fitting the electron microscopy
projection map with known PSII and Lhcb X-ray structures and
compared it with the models of the C,S;M, supercomplex from
A. thaliana, a representative of angiosperms, and with C,S,M,N,
from C. reinhardtii (Fig. 2). Itis clear that the position occupied by
the minor antenna protein Lheb6 in A. thaliana remains unoccu-
pied in the spruce PSII supercomplex. Due to the absence of Lhcb6,
the M trimer associates to the PSII core complex in a different
orientation, which has never been observed in land plants before.
The rotation of the M trimer by ¢. 52° enables its tighter association
with the S trimer, decreasing their mutual distance by ¢. 7 A (for
details see the Materials and Methods section). Interestingly, the
same orientation of the M and S trimers was recently observed in an
evolutionarily older organism, the green alga C. reinhardtii, which
also lacks the Lheb6 protein (Fig. 2¢) (Tokutsu ez al., 2012; Drop
etal., 2014).

The reason for the observed absence of the Lhcb6 protein in
separated PSII supercomplexes from spruce could either be the
downregulation of its transcription or translation or the absence of
the /hcb6 gene. To distinguish between these possibilities, we have
performed in silico analysis of the P. abies genome (Nystedt ez al.,
2013) and transcriptome using the Lhcb6 protein sequence from
A. thaliana. Basic local alignment search tool (BLAsT) was used to
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retrieve best reciprocal BLasT hits for Lheb1-6. The analysis clearly
reveals the absence of a genomic sequence corresponding to JichGas
well as of its transcript in P. abies. As in land plants the appearance
of Lheb6 coincides with Lheb3 (see earlier), we performed the same
analysis for /hcb3and obtained the same results. Moreover, we have
also observed the loss of the /hcb6 and lhcb3 gene products in the
transcriptomes of other Piceaand Pinusspecies, which implies that
this loss affects the whole pine family (Pinaceae) (Table 1). The
absence of transcripts for Lhcb6 and Lhcb3 proteins was also
observed in G. gnemon (Table 1), a representative of Gnetales
(Fig. 3). Importantly, we have found the lhcbGand lhcb3 transcripts
in transcriptomes of representatives of all other groups of
gymnosperms (cupressophytes, cycads, Ginkgoales) and of evolu-
tionarily older land plant groups (mosses, liverworts, lycophyrtes,
ferns) (Table 1; Fig. 3).

Although the absence of the Lheb6 protein in the structure of
PSII supercomplex from spruce is clearly visible, the absence of the
Lhcb3 protein in the PSII structure is not so evident (Fig. 2). The
Lhcb3 protein in the M trimer seems to be replaced by another
Lhcb protein, as was observed in the PSII supercomplex isolated
from A. thaliana mutant lacking Lhcb3 (Damkjer et al., 2009). In
spruce, however, the nature of the Lhcb3-replacing protein could
be unique as it enables a stable binding of the M trimer to the PSII
core complex at the absence of Lheb6 protein (Fig. 2a) (see the

Table 1 The presence of homologs of Arabidopsis thaliana Ihcb7-6 genes identified by the best reciprocal basic local alignment search tool (Bast) hit in

transcriptomes of selected organisms

Organism lhcb1 Ihcb2

Ihcb3

Ihcb4 Ihcb5 Ihcb6é Group

Chlamydomonas reinhardtii

&

Algae

Siel aginella moellendorffii

Note: In the case of P. abies, the analysis was also performed within its genome. Homologs of /hcb6 and Ihcb3 are clearly missing in the genome of P. abies (see
Supporting Information Table S1) and in the transcriptomes of Picea, Pinus and Gnetum species (see Table S2). Color coding corresponds to different plants
groups: bryophyte (orange), lycophytes (light blue), ferns (violet), gymnosperms (light green), gymnosperms lacking the lhcb3 and Ihcb6 genes (dark green),
angiosperms (gray). Homologs of A. thaliana Ihcb2 but not Ihcb7 were revealed for representatives of algae, liverworts, mosses and lycophytes by best
reciprocal Biast hit. However, in C. reinhardtii and P. patens LHCII trimeric proteins are encoded by /hcbm genes (C. reinhardtii), and Ihcbm and lhcb3 (P.
patens) genes, respectively (Ballottari et al., 2012). Generally, Lhcbm proteins could not be specifically associated with individual Lhcb proteins in A. thaliana.
Thus, the identified /hcb2 homologs (+) are most probably representatives of /hcbm genes.
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Introduction section). The origin of the substitute of the Lhcb3 in
spruce remains an intriguing question.

The sequence analysis, together with the structural changes in the
PSII supercomplex in spruce, indicates that the evolution of
Pinaceac and Gnetales is associated with significant modification of
the light-harvesting antenna system of PSII. According to current
phylogeny of plants, these groups are, despite their morphological
differences, considered to be sister groups and represent a crown
group of gymnosperms (Fig. 3) (see Bowe ez al., 2000; Chaw et 4l.,
2000; Clarke ez al., 2011; Wang & Ran, 2014, and references cited
therein). In the light of this phylogenetic tree it is reasonable to
assume that the loss of the genes for Lhcb6 and Lheb3 proteins has
occurred in a common ancestor of these groups, although
individual losses of the genes in each group cannot be excluded.

During evolution, every important mutation/genetic change
that s transferred to following generations offers some evolutionary
advantage. The question arises what could be the cause(s) for the
loss of Lheb6 and Lhcb3 and what benefit would it provide? An
important finding which offers the answer comes from the analysis
of PSII supercomplex of angiosperms acclimated to high light
conditions. Kouril eral. (2013) have observed that long-term
acclimation of A. thaliana to excess light leads to a selective
downregulation of the Lhcb6 and Lheb3 proteins, which further
leads to a transition of the most abundant PSII supercomplex
CyS:M5 to C5S,. This indicates that long-term  high light
conditions in the past might be the environmental factor that
affected the evolution of the common ancestor of Pinaceae and
Gnetales. These gymnosperm families evolved most probably in
the Triassic (Miller, 1999; Clarke et al., 2011; He et al., 2012), that
is, after the greatest extinction event in Earth history (Great Dying).
This catastrophe probably opened the canopy for a very long time
period (until middle Triassic) (Retallack ez @/, 1996; McElwain &
Punyasena, 2007), exposing those surviving plants to high light.

It is also important to mention that in contrast to all other land
plant groups, Pinaceae and Gnetales have also lost an entire set of
plastid genes for NAD(P)H dehydrogenase (NDH) (Braukmann

New Phytologist (2016) 210: 808-814
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Fig. 3 Phylogenetic tree of land plant groups

with indicated appearance and loss of Lhcb3
and Lhcbé6 proteins. The tree was made
according to Clarke et al. (2011).

etal., 2009). The NDH enzyme participates in one of two main
pathways of cyclic electron flow (CEF) around PSI. On the
contrary to the proton gradient regulation 5 protein (PGRS)
dependent pathway (Munekage ez al., 2002), which was found to
be essential for photosynthesis (Munekage ez al., 2004) and which
seems to be operational in Pinaceae and Gnetales families (based on
the presence of PGRS in their transcriptomes, Table S2), the
NDH-dependent electron pathway is not functional in these plant
groups. The NDH pathway is used by photosynthetic machinery of
stressed plants when the chloroplast stroma becomes over-reduced
(for review see Shikanai, 2007). This pathway is very important for
plants grown at low light, but for high light grown plants it does not
have significant physiological function (Yamori et al., 2015). This
finding again supports our hypothesis that the common ancestor of
Pinaceac and Gnetales evolved in high light conditions. It is also of
note that extant species of Pinaceae and Gnetales are high-light
tolerant, even though some of the evolutionarily more recent ones
(e.g. Gnetum species, Pinus krempfii) prefer shade conditions
(Brodribb & Feild, 2008; Feild & Balun, 2008).

The absence of the Lhcb6 protein in Pinaceae and Gnetales also
evokes a question related to the nonphotochemical quenching
(NPQ) of excess light energy, as Lhcb6 is known to play an
importantrole in NPQ of land plants. Based on a dramatic decrease
in NPQ observed in A. thaliana mutant lacking Lhcb6, it has been
suggested that the Lhcb6, with associated M trimer, provides an
interaction site for PsbS (Kovics e al., 2006), a protein indispens-
able for fastand full activation of NPQ (Li et a/., 2000). Thus, it can
be assumed that in Pinaceae and Gnetales, the mode of action of
PsbS is different (due to the lack of Lhcb6) and/or thatan additional
protein is involved in the NPQ process. The structural similarities
between the PSIT supercomplexes from green alga C. reinhardtii
and Norway spruce (Fig. 2) raise a question whether they also share
similar NPQ features. In all photosynthetic organisms evolution-
arily older than vascular plants (except of red algae), the NPQ
depends on stress-related light harvesting complex (Lhesr) (Koziol
etal., 2007; Peers et al., 2009). Therefore, we performed additional
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analysis of transcriptomes, which revealed /Jbesr-like transcripts in
some species of Pinaceae family (P. glauca, P. sitchensis, P. abiesand
P. pinaster) (Table S2). Thus, both the lack of the Lhcb6 protein
and a possible presence of the Lhesr protein indicate that Pinaceae
can have a different mechanism of NPQ, which requires further in-
depth investigation.

In conclusion, our results show that Pinaceae and Gnetales
are exceptional land plant groups that deserve particular
attention in plant physiology. The absence of Lhcb6 and Lhcb3
proteins revealed in this work changes the organizaton of
antenna complexes in PSII supercomplex, which indicate that
these plants use a different strategy to cope with changing light
conditions.
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Summary

Plant photosystem Il (PSIl) 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 PSIl supercomplexes can further interact in
thylakoid membrane, forming PSIl megacomplexes. So far, only megacomplexes consisting
of two PSII supercomplexes associated in parallel have been observed. Here we show that
the forms of PSIl megacomplexes can be much more variable. We performed single particle
electron microscopy (EM) analysis of PSIl megacomplexes isolated from Arabidopsis thaliana
using clear-native polyacrylamide gel electrophoresis. Extensive image analysis of a large
data set revealed that besides the known PSIl 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 PSIl 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 PSIl to form various larger assemblies, which may
control photochemical utilization of absorbed light energy in plants in changing

environment.

Significance statement

Plant photosystems Il (PSll) form multi-subunit pigment-protein supercomplexes,
which can associate into larger PSIl megacomplexes. Extensive structural analysis of isolated
PSII megacomplexes revealed their remarkable structural variability. Besides the known PSlI
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 Il (PSIl) 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 | (PSI) and cytochrome bgf
complex, it participates in the production of energetically rich molecules of ATP and NADPH,

which drive reactions of CO, assimilation.

Plant PSIl consists of a dimeric core complex (C,) and a variable number of light-
harvesting proteins (Lhcb1-6), which form light-harvesting complex Il (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 C, via monomeric antenna proteins Lhcb4 (also called
CP29), Lhcb5 (CP26), and Lhcb6 (CP24). According to the strength of their binding to C,, the
LHCII trimers were designated as “S” and “M” (strongly and moderately bound LHCII,
respectively) (Dekker and Boekema, 2005; Koufil et al., 2012). Occasionally, C, can associate
also with the “L” (loosely bound) trimers (Boekema et al., 1999a). Single particle electron
microscopy (EM) analysis of PSIl in various land plant species indicates that the C,S;M,
supercomplex is the largest stable form of PSIl supercomplex. In this supercomplex, the C,
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 C,S,M, 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 C,S,M, supercomplex. This modified supercomplex is unique among land
plants (Koufil 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 PSlI

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 C, (Peter and Thornber, 1991; van Oort et al., 2010; Koufil et al., 2013). However, the
binding capacity of C, 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 PSIl 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; Koufil et
al., 2012). However, in some cases, a preference for parallel association of PSIl
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 PSIlI supercomplexes involves C,, the M
trimers and the minor antenna proteins Lhcb5 and Lhcb6. The S trimers and the Lhcbh4
protein were also shown to be able to mediate the interaction between supercomplexes,
however, only in the case of smaller C,S, 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; Kouril 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. Koufil 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 PSIl supercomplexes from
Arabidopsis thaliana to form variable types of megacomplexes. Apart from the known
parallel association of two PSIl 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 PSlI
megacomplexes can optimize photochemical utilization of absorbed light energy under

variable environmental conditions.

Results

Separation of PSIl megacomplexes using CN-PAGE

PSIl 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. Jarvi 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 PSIl megacomplexes, a mild detergent such
as n-dodecyl-a-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 PSl-containing supercomplexes and PSIl 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 vyield of PSII

fluorescence at room temperature is much higher than the quantum vyield 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), PSIl core dimer
migrates close to the PSI supercomplex because it has similar molecular weight (e.g. Lipova
et al., 2010; Jarvi 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
PSIl. Based on the analogy with many papers dealing with native electrophoresis of
chlorophyll-containing proteins from thylakoids (e.g. Jarvi et al., 2011; Albanese et al., 2016),
we designated the group of the bands above the PSI supercomplex band as PSIl

supercomplexes and PSIl 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 PSIl 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.

PSIl megacomplexes with specifically associated supercomplexes

Figure 1b shows an electron micrograph of a negatively stained specimen, where
several PSIl 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 PSIlI supercomplexes. Based on the mutual position of individual PSII
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supercomplexes, the PSIl 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 PSIl 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 PSIl supercomplex (Caffarri et
al., 2009). It is obvious that most of the megacomplexes are formed by two copies of the
complete C,S,M; 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 PSIl supercomplexes and so far have been assumed to
be “free” in the thylakoid membrane. Our results indicate that these trimers can interact

with PSIl supercomplexes at so far uncharacterized binding sites.

Electron microscopy of grana membranes

In order to investigate the physiological relevance of the PSIl 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 PSIl 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 PSIl 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 PSIl megacomplexes separated using CN-PAGE (Figure
4g-k). Using this approach, the PSII megacomplexes with both parallel and non-parallel
association of PSIl 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 PSIl 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
PSIl supercomplexes in the grana membrane enables the formation of larger assemblies, i.e.
PSIl megacomplexes or even structures of higher order (see Dekker and Boekema, 2005;
Koufil et al.,, 2012 for reviews). Assembly/disassembly of PSIl supercomplexes or
megacomplexes modulates the antenna size of PSIl, 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; Koufil 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 C,S;M; are 20 nm x 33
nm, the excitation can thus be shared within the whole megacomplex formed by two

supercomplexes.

Our structural analysis of PSIl megacomplexes separated using CN-PAGE revealed
that a majority of them is formed by the parallel association of two PSIlI 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; Koufil 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” PSIl megacomplex (Figure 3d). Moreover, novel types of PSIl 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 PSIl megacomplexes lacking these additional trimers were

detected.

In addition to the parallel association of the PSIl supercomplexes into
megacomplexes, the PSIl 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 PSIl 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 PSIl megacomplex formation is the most significant, as it participates to
some extent in the formation of all types of PSIl megacomplexes, even in those where the

Lhcb6 and the M trimer are not involved (Figure 3d-f).

In the grana membrane, the majority of PSIlI supercomplexes seems to be randomly
organized (Figure 4) (see also Kouril 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 PSIl supercomplexes within the
grana membrane revealed specific associations of PSIl supercomplexes (both the parallel and
non-parallel interaction), which nicely corresponded with the structures of PSlI
megacomplexes isolated using CN-PAGE (Figure 4). In the light of these results, we realize
that the positions of interacting PSIl supercomplexes that we observed previously in the
cryo-tomogram of the grana membranes (Koufil et al., 2011) do not have to be random, but

can indeed be specific.

Taken together, the two sets of characterized PSIl megacomplexes (with parallel and
non-parallel arrangement of PSIlI supercomplexes) indicate that there are more LHCII trimers
bound in specific positions to PSIl 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 PSIlI related components in the grana membrane. The packing of
PSIl supercomplexes with “free” LHCII trimers can be important for the regulation of
effective PSII antenna size. A dynamic formation/disintegration of the PSIl megacomplexes
can efficiently manage the utilization of absorbed light energy by PSIlI 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

b oof

photoperiod 8h light/16h dark at irradiance of 100 pmol of photons m? s
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 ug of chlorophylls

were solubilized with n-dodecyl-a-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 MgCl,, 15 mM NaCl, 10% glycerol) to the final volume of 30 pl. 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 PSll-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 MgCl,). 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 (FEl,
Eindhoven, The Netherlands) equipped with a LaBg 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 (Koufil 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 PSIl 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 PSIl complexes.
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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-a-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 PSIl megacomplexes. (a-f) represent the megacomplexes with
parallel orientation of PSIl 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%); |: 488 (1%); m: 1082 (3%). Percentage

indicates a relative abundance of the particular form of PSIl megacomplex.
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Figure 3. Structural models of the PSIl megacomplexes shown in Figure 2. (a-m) PSIl 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: Lhcbé6.
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Figure 4. PSIl 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 PSIl 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 PSIl 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, PSIl megacomplexes
isolated from Arabidopsis thaliana and PSIl 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:

e 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.

e The structure of spruce PSIl 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 PSIl supercomplexes.

e PSll megacomplexes represent a lateral association between two PSIl 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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Shrnuti

Ve své dizertacni praci jsem se vénoval optimalizaci izolace a strukturni charakterizaci
rostlinnych fotosyntetickych superkomplexi pomoci transmisni elektronové mikroskopie,
ktera ve spojeni sobrazovou analyzou poskytuje strukturni informace o studovaném
komplexu.

Mezi hlavni studované objekty patfily superkomplexy fotosystému 1 (PSl) a
fotosystému 2 (PSIl). V obou pfipadech se jedna o velké pigment-proteinové superkomplexy
tvorené mnoha podjednotkami, jejichz hlavnim ukolem je transformace absorbované
svételné energie na energii chemickou. Tyto superkomplexy nejsou v rostliné pfitomny
volné, ale jsou vazané v thylakoidni membrané chloroplastl. Zminéné superkomplexy
mohou navic asociovat s dalSimi proteinovymi komplexy thylakoidni membrany, pfipadné i
mezi sebou navzajem a vytvaret tak velké megakomplexy.

Jednim z takovych ptikladd je tzv. PSI-NDH supercomplex, ktery pfedstavuje asociaci
mezi PSI a NDH a jehoZ existence byla jiz dfive predpovézena na zdkladé rlznych
biochemickych analyz. V disertacni préci je detailné popsana jeho strukturni charakterizace
pomoci elektronové mikroskopie. DuleZitym krokem predchazejicim samotné strukturni
charakterizaci byla optimalizace podminek pro izolaci zminéného komplexu v
dostatecné kvantité i kvalité. Optimalizace zahrnovala volbu vhodného rostlinného
materialu, ktery obsahoval dostate¢né mnozstvi PSI-NDH superkomplexu a dale také vybér
vhodného detergentu, ktery by ucinné a Setrné superkomplex z thylakoidnich membran
solubilizoval. Solubilizované thylakoidni membrany z je¢mene jarniho byly poté separovany
pomoci bezbarvé nativni polyakrylamidové gelové elektroforézy (CN-PAGE), optimalizované
pro separaci vysokomolekuldrnich komplex(. Strukturni analyza izolovaného PSI-NDH
superkomplexu odhalila prvotni informace o jeho specifické organizaci a schopnosti NDH
komplexu vazat dva komplexy PSI.

Béhem optimalizace izola¢nich podminek za ucelem zisku dostate¢ného mnozstvi PSI-
NDH superkomplexu byly v CN-PAGE detekovany dalsi proteinové pdasy s komplexy o velmi
vysoké molekulové hmotnosti. Ndsledna strukturni analyza, kterda je v dizertaéni praci
detailné popsana, ukdazala, Ze zminény pdas obsahoval nékolik typd megakomplex( tvorenych
dvéma PSIl superkomplexy. Tyto megakomplexy tvofily dvé skupiny, ve kterych PSII
superkomplexy interagovaly bud’ paralelné, nebo neparalelné. Megakomplexy s paralelné
interagujicimi fotosystémy byly objeveny jiz dfive, nicméné strukturni charakterizace
megakomplexd s neparalelné interagujicimi fotosystémy prezentovana v dizertac¢ni praci byla
provedena vibec poprvé. Detekce PSIl megakomplex( na udrovniizolované thylakoidni
membrany indikuje jejich fyziologicky vyznam a je pfedmétem dalSiho vyzkumu.

Dalsim studovanym objektem byl PSIlI superkomplex izolovany ze smrku ztepilého.
Smrk je zastupce nahosemennych rostlin, ¢eledi borovicovitych, a struktura prezentovand
v dizertacni praci predstavuje Uplné prvni strukturdlni studii PSIl superkomplexu provedenou
na zastupci zminéné rostlinné skupiny. Strukturni analyza v kombinaci s genetickou analyzou
vedla k ne¢ekanému zjisténi, Ze smrk a dalSi zastupci Celedi borovicovitych jsou evoluéné
odchyleni od zbytku vyssich rostlin, coZ se projevilo i ve zméné struktury PSIl superkomplexu
oproti ostatnim zdstupcim vyssich rostlin.



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 | (PSI) and Photosystem Il (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.



Structure of Photosystems | and Il

Photosystem |

Photosystem 1 is a large, pigment-binding supercomplex working as a light-driven
plastocyanin:ferredoxin oxidoreductase. It is extraordinarily efficient with quantum vyield
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 A
resolution (Ben-Shem et al., 2003), when positions of sixteen subunits were determined:
twelve core subunits (PsaA - Psal) and four peripheral light harvesting subunits (Lhcal-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 Lhcal-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 A
(Amunts et al., 2007) and further to 3.3 A (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 A resolution,

which refined the current information about how the non-covalently bound cofactors



interact with each other and with the protein subunits within the supercomplex (Mazor et

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

Lhcad

Figure 1. The most recent X-ray structure of the plant PSI-LHCI supercomplex obtained at the 2.8 A
resolution. View from the stromal side. Twelve PsaA-Psal subunits of PSI including Lhcal-Lhca4 are
depicted. PsaF and Psal 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 middle 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 | 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



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 P;qo - 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), PsalL (18
kDa) and PsaO (10 kDa) form a peripheral cluster responsible for interaction of PSI with
phosphorylated LHCII, the light-harvesting complexes of PSIl (Lunde et al., 2000; Jensen et
al., 2004; Zhang and Scheller, 2004) and possibly also Psal (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). Psal (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.



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

Subunit Mass Gene
Function
name (kDa) location
PsaA 84 chloroplast Light harvesting, charge separation, electron transport,
coordination of P;qg, Ay, A; and Fy, binding of 80 chlorophylls, Lhca
PsaB 83 chloroplast
binding
PsaC 9 chloroplast Coordination of F, and Fg, ferredoxin binding
PsaD 18 nucleus ferredoxin binding
PsaE 10 nucleus ferredoxin binding
PsaF 17 nucleus plastocyanin binding, Lhca4 binding
PsaG 11 nucleus PSI stabilization, Lhcal binding
PsaH 11 nucleus LHCII binding, prevention of PSI trimerization
Psal 4 chloroplast LHCII binding (?)
Psal 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 |

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 Lhcal-6 (Jansson, 1999). The Lhcal-4 proteins are evenly

expressed and form two heterodimers assembled into a curved belt at the PsaF/Psal 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 Lhcal and Lhca4 proteins and

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

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

core complex via PsaA and Psal and Lhca3 interacts via PsaA and PsaK (Jansson et al., 1996;




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
Lhcal-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 Lhcal-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 Lhcal-6 proteins are summarized in Table 2.

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

Subunit name | Mass (kDa) | Bound cofactors

Lhcal 22 13 chlorophylls, 3 carotenoids
Lhca2 23 13 chlorophylls, 2 carotenoids
Lhca3 25 13 chlorophylls, 3 carotenoids
Lhcad 22 13 chlorophylls, 2 carotenoids
Lhca5s 24 13 chlorophylls, 2 carotenoids
Lhca6 25 -




Photosystem | 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 (lwai 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 | supercomplexes involved in state transitions

State transitions is a mechanism, by which plants balance the distribution of
excitation energy between PSIl and PSI upon changing light conditions (reviewed e.g. in

Allen, 1992; Wollman, 2001).

Upon light conditions, when PSIl is preferentially excited, over-reduction of
plastoquinone and the cytochrome bgf complex occurs. This over-reduction serves as a signal
for plant kinases STN7 and STN8, which phosphorylate light-harvesting complex of PSII
(LHCIl) and some proteins of the PSIl core complex (Bennett et al., 1980; Bellafiore et al.,
2005; Bonardi et al., 2005). Once phosphorylated, LHCII dissociates from PSIl and associates
with PSI to form PSI-LHCI-LHCII supercomplex (state 2). Effect of this transition is in lowering
of excitation pressure to PSIl 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. LHCIl 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 Koufil et al. (2005), which was long time after

discovery of state transitions (Bonavent.C and Myers, 1969; Murata, 1969; Bennett, 1977).



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 LHCIl 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 LHCIl (Wientjes et al., 2013).

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

Figure 2. Structure of the plant PSI-LHCI-LHCIlI supercomplex. Supercomplex is formed by PSI with
attached LHCI and trimeric LHCIl. The question marked areas represent the unassigned densities

probably occupied by some additional subunits. Stromal side view. Adapted from Jensen et al. (2007).



Oligomeric forms of Photosystem |

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 PSl 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 a-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 PSl 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 LHCIl 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: PSl 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 | (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 Lhcaé 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 |, 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 Lhcal-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 Lhcab

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 bef 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 Il

Photosystem Il 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 PSIl core complex, which is usually present
as a dimer (C,) and a peripheral light harvesting complex (LHCII), formed by monomers or

trimers of specific light harvesting proteins.

Subunit composition of Photosystem Il 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 PSIl core complex. It
consists of four large intrinsic subunits (PsbA (D1), PsbB (CP47), PsbC (CP43), PsbD (D2)),
twelve small subunits (PsbE-F, PsbH, Psbl-M, PsbTc, PsbW, PsbX, PsbZ) and four extrinsic,

lumen exposed subunits (PsbO-Q, PsbTn).
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The central part of plant PSIl 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 Pggo 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, Psb) and PsbL) and lumen exposed ones (Psbl, 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 bssg (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 Mn4CaOs 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 PSIl subunits are summarized in Table 3.
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Table 3. Subunit composition of plant Photosystem Il core complex with subunits functions and bound

cofactors.
Subunit Mass Gene

Function
name (kDa) location
D1 39 chloroplast Charge separation, electron transport, chlorophyll a, pheophytin
D2 39 chloroplast and electron transport chain cofactors coordination
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
Psbl 4 chloroplast Core complex stabilization or dimerization
Psb) 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
PsbwW 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 I

Light harvesting complex of PSII (LHCIl) 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 PSIl against excessive

light and photooxidative damage (Niyogi, 2000; Ruban et al., 2012; Ruban, 2016).

15




In plants, LHCII is composed of eight nuclear encoded pigment protein complexes
named Lhcbl — 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 Lhcbl, 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 PSIl 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 C,S5;M, 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 PSIl 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 PSIl 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 C,S, supercomplexes were found in mutant lacking this subunit (Kovacs et al.,
2006). Moreover, it was also shown that Lhcb6 plays a role in PSIlI 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 Lhcbl and Lhch2
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 PSIl 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 PSIl upon
illumination and re-associates with PSIl 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 PSIl 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 PSll 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 PSIl 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

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

Lhcb3 29

Lhcb4 (CP29) | 31 9 chl g, 3 chl b, 1 chl a/b, 3 carotenoids
Lhcb5 (CP26) | 30 8 chl a, 4 chl b, 1 chl a/b, 3 carotenoids

Lhch6 (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

18



of the X-ray crystallography work has been performed on cyanobacterial PSIl 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 PSIl enriched membranes (Boekema et al., 1995). As the
outcome, the C,S; supercomplex at 25 A resolution was obtained. Revealed structure
provided the first details about organization of LHCII around PSIl 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
C,S;M and C,S,M, supercomplexes obtained at 16 A resolution (Boekema et al., 1999b;
Boekema et al., 1999a). A next significant step forward was achieved in 2009, when a C,S,M,
supercomplex at 12 A resolution was obtained from mildly solubilized Arabidopsis thaliana
thylakoid membranes (Caffarri et al., 2009). Obtaining of PSIl 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 PSlI

supercomplex is presented in Figure 4.
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Figure 4. Structure of Arabidopsis thaliana C,S5;M, supercomplex. (a) electron microscopy map of
supercomplex obtained at 12 A 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 C,S,
supercomplex was obtained using cryo electron microscopy at 3.2 A 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 C,S, supercomplex is presented in the Figure 5.
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Figure 5. Cryo electron microscopy structure of spinach C,S, supercomplex obtained at 2.8 A resolution.
(a) crystal structure of C,S, supercomplex, (b) schematic subunit depiction. Adapted from Wei et al.

(2016).

Larger assemblies of Photosystem Il

Photosystem Il 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 PSIl megacomplexes.

Two-dimensional crystals of Photosystem II

The first evidence of regular arrangements of PSIl 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 a-dodecyl maltoside (Boekema et al., 2000). In
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these membranes, regular arrangements of PSIl supercomplexes into long rows were
observed. After a detailed analysis, several types of crystal lattices were discovered. They
were composed of either C,S;M or C,S, supercomplexes. Later, another type of crystal
lattice was found in Arabidopsis thaliana, which was formed by C,S;M, supercomplex
(Yakushevska et al., 2001a). It was also shown that occurrence and lattice properties of the
PSIl 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 C,S, supercomplexes in high light variant compared to crystals
formed by C,S;M; 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 PSIl 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 bgf complex in the crowded membrane
(Kirchhoff et al., 2007) and regular arrangements of PSIl 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

guenching process (Niyogi et al., 2005).
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Megacomplexes of Photosystem Il

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 a-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 PSIl megacomplex was discovered in Arabidopsis thaliana (Yakushevska et al., 2001b).
Later, the PSIl 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 PSIl 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 PSIl as published previously (Boekema et al., 1999b;
Boekema et al., 1999a; Yakushevska et al., 2001b), when we detected PSIl megacomplexes
arranged in parallel. However, we also detected several novel types of megacomplexes
formed by two PSIl 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 PSIl 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 (pl) only. All native
electrophoretic applications apply exclusively neutral pH, which means that only acidic
proteins with pl 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,
a- and B- anomers can be distinguished. In the case of a-DDM, the side chain is connected to
the head in the axial position, while B-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 (a- or B-
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

27



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

organism, alga Chlamydomonas reinhardltii.

The third paper (chapter 4.3) structurally characterizes PSIl megacomplexes isolated
from Arabidopsis thaliana. These megacomplexes are formed of two PSIlI 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 pmol of photons.m™.s* 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 umol of photons.m™.s™

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 pmol of photons.m'z.s'1 of

photosynthetically active radiation.

Isolation and solubilization of thylakoid and PSIl enriched
membranes

Thylakoid membranes from Arabidopsis thaliana and barley were isolated according
to (Dau et al., 1995)and PSIl enriched membranes from spruce were isolated according to

(Caffarri et al., 2009).

In all the cases, a constant amount of membranes (corresponding to 10 pg 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 ul (20% glycerol, 50 mM HEPES, 400 mM sucrose, 15 mM
NaCl, 5 mM MgCl,, 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 PSIl complexes, a
fluorescent image was acquired. The fluorescence quantum yield of PSl is very low at room
temperature compared to the high quantum vyield of fluorescence of PSIl, 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 PSIl 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 PSIl 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 B-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 B-DDM, a detergent a-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).

34



(@) (b)

2 4 6 8 10 12 14 16

Pl e 3 R RS e e SE—=F ¥ ¥
PSImc [

PSI-NDH
s o e g [
, 1 b ! 5 : IS 5 » " ’

bod e e e e e

PSISC+ PSII CC e bt it S (i i s

LHC m/t ——

fp AT

Figure 6. Electrophoretic separation of Arabidopsis thaliana thylakoid membranes solubilized by
increasing amount of a-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; PSIl mc:
megacomplexes of PSIl; PSI mc: megacomplexes of PSI; PSI tetra: tetramers of PSI; PSIl sc:
supercomplexes of PSIl; PSI sc: supercomplex of PSI; PSIl cc: core complex of PSIl; 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 B-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; PSIl sc:
supercomplexes of PSIl; PSI sc: supercomplex of PSI; PSIl cc: core complex of PSIl; 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 PSIlI supercomplexes. Thus, in our
case, it was necessary to unambiguously distinguish between the PSI-containing bands and
the PSlI-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 PSlI, 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 PSll-containing bands in the middle of both gels
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(Figures 6 and 7) as the PSIl supercomplexes. Just above the PSIl 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 a-DDM (Figure 6), two high molecular weight
PSI-containing bands were observed. In the case of the sample solubilized with B-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 a- or B-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
o-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; PSIl mc: megacomplexes of PSIl; PSI mc:
megacomplexes of PSI; PSI dim: dimers of PSI; PSIl 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
B-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; PSIl sc: supercomplexes of PSIl; PSI sc: supercomplex of PSI; PSIl cc: core complex of PSIl; 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 3-DDM
contained two such bands (Figure 9), barely one band could be detected in barley sample
solubilized by a-DDM (Figure 8). However, for the reason that the two high molecular weight
PSI-containing bands in the barley sample solubilized by B-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 B-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 PSl-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 PSl-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 a-DDM showed higher level of intactness compared to B-DDM solubilized ones. This is
evidenced mainly by higher densities of bands with larger PSIl supercomplexes in the
samples solubilized by a-DDM (Figures 7 and 9) compared to samples solubilized by B-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 a- and B-DDM. These papers show that a-DDM preserves the complexes more
intact due to its milder solubilizing properties. The milder solubilizing action of a-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 a-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 PSIl megacomplexes from Arabidopsis thaliana

In the CN-PAGE gels with Arabidopsis thaliana and barley thylakoid membranes
solubilized by a-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 PSIl. To exclude the possibility that these PSll-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 C,S,M, 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 B-DDM (Figures 7 and 9), it highlights the milder solubilizing action of a-
DDM. Details of structural characterization of PSIl megacomplexes with proof of their

intactness are summarized in the chapter 4.3.

Optimization of separation conditions for a structural
characterization of spruce PSIl 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 PSIlI enriched membranes isolated
from young spruce seedlings. PSIl enriched membranes were selected in order to increase
the vyield of the PSIl 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 PSIl enriched membranes solubilized by a- or B-DDM

are shown in Figure 11.
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Figure 11. Electrophoretic separation of spruce PSIl enriched membranes solubilized by increasing
amount of a- or B-DDM. (a) colour image of gel with sample solubilized by a-DDM (b) colour image of gel
with sample solubilized by B-DDM. 2-16: DDM/chl ratio; mf: membrane fragments; PSIl sc:
supercomplexes of PSIl; PSIl cc: core complex of PSIl; 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
PSIl and their assignment was performed in analogy with previous experiments (Figures 6-9).
Figure 11 shows that solubilization of membranes by B-DDM provides more dense bands.
Thus, for the structural characterization of the PSIl supercomplex, solubilization was
performed at B-DDM/chl ratio 12. At this ratio, the uppermost PSIlI supercomplex band
subjected to structural analysis seemed to be the densest. The results of structural analysis
showed that the architecture of spruce PSll 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 PSIl supercomplexes and genomic analysis are summarized in the chapter

4.2.
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It is also interesting that the solubilization with B-DDM provided much denser bands
with PSIl supercomplexes, than solubilization with a-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 PSIl 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 PSIl 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
guantitative 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 pl 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 PSIl 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.

46



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 PSIl 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 PSIl megacomplexes; classes 5 and 8
represent PSIl 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, PSIl megacomplexes
isolated from Arabidopsis thaliana and PSIl 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:

e 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.

e The structure of spruce PSIl 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 PSIl supercomplexes.

e PSll megacomplexes represent a lateral association between two PSIl 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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