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ABBREVIATIONS
10, - Singlet oxygen
APC - Allophycocyanin

BN/CN/SDS-PAGE - Blue and clear native/sodium dodecyl sulfate polyacrylamide gel
electrophoresis

CD - Circular dichroism

Chl - Chlorophyll

Cyt bef - Cytochrome bgf

DAS - Decay associated spectrum

B-DM - n-Dodecyl B-D-maltoside

DMBQ - 2,6-Dimethylbenzoquinone

EDTA - Ethylenediaminetetraacetic acid
EET - Excitation energy transfer

FNR - Ferredoxin/NADP" oxidoreductase
FPLC - Fast protein liquid chromatography
HPLC - High performance liquid chromatography
LAHG - Light-activated heterotrophic growth
Lr30 - 30 kDa rod linker proteins

Lr33 - 33 kDa rod linker proteins

LMC — Core membrane linker

LRC - Linker rod-core

LWC - Long wavelength chlorophyli

OD - Optical density

PAG - Photoautotrophic growth

PBS — Phycobilisome

PC - Phycocyanin



PMG - Photomixotrophic growth

PPFD - Photosynthetic photon flux density
PQ - Plastoquinone

PSI and PSII - Photosystem | and 11

ROS - Reactive oxygen species

TE - Terminal emitter



1. INTRODUCTION

1.1. General process of cyanobacterial photosynthesis

Cyanobacteria are ecologically important prokaryotes that also serve as the popular model
organism for studying photosynthesis. The approximately 2.3 billion years ago, cyanobacteria
started performing an oxygenic photosynthesis by utilizing the visible range of light (300-700
nm) (Yagishita et al 1997). These prokaryotic photosynthetic organisms are the ancestors of
plastids in algae and plants due to the evolutionary event of endosymbiosis (Hohmann-
Marriott & Blankenship, 2011). Since cyanobacteria show a strong homology with the
photosynthetic machinery of eukaryotes, it can be used as a suitable model organism to study
different aspects and regulation of photosynthesis that is often difficult to approach in higher
plants and algae. The further advantages of cyanobacteria are its rapid growth under
laboratory culture conditions and its immense metabolic flexibility (Eberhard et al., 2008).
Due to its simplicity of single cell system, it is easy to manipulate genetically when compared
to the complex multicellular systems. These advantages are also making the cyanobacterium
as an important model organism to conduct basic and applied research in the field of

photosynthesis, abiotic stress responses and many other cellular processes.

Photosynthesis is a process to convert light energy into chemical energy providing the
basic energy source for life on earth and for the oxygenic atmosphere. Similarly to all
eukaryotic photosynthetic organisms, in cyanobacteria, the photosynthetic electron transport
occurs in the thylakoid membrane. The thylakoids accommodate the photosystem | (PS 1),
photosystem Il (PS 1) as reaction centers (RCs), phycobilisome (PBS), cytochrome bgf (Cyt
bef), and ATP synthase as the major photosynthetic protein complexes. The small electron

transport molecules, such as plastoquinone (PQ) pool, plastocyanin (PC), cytochrome cg, and



ferredoxin (Fd) (Fig. 1) are also involved in the electron transport mechanism (Eberhard et al

2008, Hohmann-Marriott & Blankenship 2011).

sugars

Figure 1. Schematic representation of the photosynthetic electron transport in cyanobacteria.
Abbreviations: PBS, Phycobilisome; PSI, Photosystem I; PSII, Photosystem II; PQ,
Plastoquinone; Cyt b6f, Cytochrome b6f; PC, Plastocyanin; Fd, Ferredoxin; ATPase, ATP
synthase.

Initial event of cyanobacterial photosynthesis is the absorption of photons by the light-
harvesting antennae, the PBS. The excitation energy is transferred from the PBS to the
chlorophyll a (Chl a) molecules of PSII reaction center where the charge separation occurs
and initiates electron transport. These electrons reduce PQ and transferred from PQ pool to
the Cyt bgf complex and to a mobile electron carrier, the PC (Fig. 1). PC reduces the photo-
oxidized PSI reaction center Chl a molecules; the oxidized form of PSI reaction center is
induced by the electron transfer from PSI to reduce NADPH. The above-described electron
transport mechanism plays a major role in the proton transfer across the thylakoid membrane,
and the created proton motive force is used by the ATPase to convert ADP to ATP. The
produced ATP and NADPH are subsequently used to produce carbohydrates in the Calvin-

Benson cycle (carbon-fixation reactions).



1.2. The light harvesting complex of cyanobacteria
1.2.1. The structure of PBS

In cyanobacteria, red algae and glaucophytes, the main light-harvesting antenna is the
PBS: a giant, multi pigment-protein complex, which is often the most abundant protein
complex of the cell. The PBS contains 200-500 phycobilin pigments covalently bound to
apoproteins, the so-called phycobiliproteins which are heterodimers composed of a and B
subunits. Based on the spectral properties, the phycobiliproteins are divided into three groups:
phycoerythrins, phycocyanins, and allophycocyanin. These phycobiliproteins are combined
to form a hierarchically ordered PBS megacomplex by the support of specific linker proteins
(MacColl 1998, Ughy & Ajlani 2004). Depending on the species and growth conditions,
several types of PBSs can be found. The most common form is the hemidiscoidal type of
PBSs which possess six to eight peripheral rods attached to the central allophycocyanin

(APC) core complex (Chang et al 2015, Watanabe & lkeuchi 2013).

Among cyanobacteria, Synechocystis sp. PCC 6803 (hereafter Synechocystis) is one of the
most widely applied model organisms, and its PBS is dominantly present as a hemidiscoidal
structure that contains phycocyanobilins as the only chromophores. The incident light mostly
excites the pigments of the PBS rods then the excitation energy is transferred to the APC
core. This PBS has six radial rods, each consists of up to three hexameric phycocyanin (PC)

units attached together by Lg%, Lg* and Lz rod linker proteins (Fig. 2).



Figure 2. A model of the hemidiscoidal structure of PBS (Arteni et al 2009). Side view (A)
and upward (B) view of PBS from the thylakoid membrane. Abbreviations: PC, Phycocyanin
(6 rods); APC, Allophycocyanin (3 cores); Lg™, Lg*°, Lg*®, Lgre, and Lc - linker proteins; T,
T8, B8 and M - four subunits of APC trimers.

The central core has three cylinders, each composed of four APC trimers. Some of the
APC core subunits are acting as terminal emitters (TES) i.e. ApcD, ApcE, and ApcF which
ensure the excitation energy transfer to the photosystems (Ashby & Mullineaux 1999). As an
antenna for PSI and PSII (Chang et al 2015), the PBSs absorb in the wavelength range of
500-650 nm, which is less efficiently absorbed by the Chl a molecules (380-495 and 625-740
nm). Recently, the structure of a 16.8 MDa PBS from a red alga Griffithsia pacifica at 3.5 A
resolution has been reported by using single-particle cryo-electron microscopy (Sarma et al
2016). This structure shows the important mechanisms behind the specific interactions
between linkers and chromophores. It also revealed the complicated assembly and the
complex mechanisms of energy transfer within the PBS and raises the question of similar

processing in the PBS of the less studied species.

1.2.2. PBS degradation process

Beside the light harvesting function, the PBSs also function as a nutrient reservoir.
Under macronutrient (e.g. nitrogen, phosphorus, and sulfur) limited conditions, the PBSs can
supply amino acid residues for the cell. During macronutrient starvation, in order to release

its important constituents, the PBSs go over a programmed proteolytic pathway (Schwarz &



Forchhammer 2005). Our present knowledge about PBS degradation was mostly obtained by
using Synechococcus elongatus sp. PCC 7942 (hereafter Synechococcus) and Synechocystis
strains (Schwarz & Forchhammer 2005). The studies in these species suggested that the
degradation pathway and its activation differ from species to species (Richaud et al 2001,

Schwarz & Forchhammer 2005), but the basic principles are similar.

PSII

Figure 3. The simplified model of the programmed PBS degradation process. NbIA protein
involved in the sequential (A) rod degradation followed by (B) core degradation of PBSs.

The recent studies revealed that phosphorylational modifications of the PBS proteins
are prerequisite for the directed PBS degradation (Sendersky et al 2014). The degradation is
initiated by the cleavage of rod linker proteins and concomitant shortening of the rods; these
events are essential for the further degradation of PBSs. Several proteins encoded by nbl
(non-bleaching) genes are involved in the PBS degradation (Collier & Grossman 1994, Baier
et al 2014). The NbIA protein is one of the key elements involved in PBS degradation and
functions as an adaptor for the PBS proteolytic enzyme (ClpC—ClpP) complex. The most
recent results suggest that NblA adaptor complex interacts with the N-terminus of -
phycocyanin (Bernat et al 2009), presents them to the ClpC-CIpP complex (Karradt et al
2008) which eventually performs the cleavage of the PBS. In contrast to the earlier

hypothesis that NbIA is required only for the rod degradation, recently it has been shown that



it is also necessary for the cleavage of PBS core in Synechococcus (Fig. 3) (Sendersky et al
2015). The protein products of some of the nbl genes, which participate in the PBS
degradation pathway, are not only overexpressed under starvation conditions but also under
high-light exposure (Kothe et al 2014). Involvement of the same proteins in the PBS
degradation under starvation and high-light treatment predicts a general degradation process

induced under different conditions. The alteration of the rod and core linker polypeptides are

accounted for the strong light conditions (Fig. 4).

A

Figure 4. The simplified model of the high light-induced effects on PBSs. (A) decoupled
PBS and (B) structurally distorted PBS.

The degradation of PBSs should also occur when the cells are not exposed to stress, but
probably at a lower rate. There must be a dynamic equilibrium between the assembly and
degradation of PBSs which ensures the optimal level of functional PBSs (Anderson et al
2012). However, the exact mechanism and its regulation are not completely elucidated. In
addition to the programmed degradation, some stress conditions such as UV-B light exposure
(Six et al 2007, Zolla et al 2003), high-light treatment (Rinalducci et al 2008, Tamary et al
2012) and presence of H,O, (Liu et al 2005a) can also lead to partially disassembled PBSs.

Nevertheless, these structural changes are different from those observed upon programmed
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degradation and are probably due to direct damage of proteins induced by extreme stress

conditions (Fig. 4).

1.3. Cyanobacterial photosystems: structure and function

1.3.1. Photosystem |

Photosystem | (PSI) is one of the major pigment-protein complexes of the oxygenic
photosynthetic organisms; it is required for Fd and NADP-reduction. In PSI, the excitation
energy trapping is faster than in PSII (Palsson et al 1998). The evolutionarily conserved PSI
structure possesses a high sequence homology from prokaryotic cyanobacteria to higher
plants. Hence, cyanobacterial PSI can be applied as a model system for investigating the
mechanism of energy transfer within the PSI core complex of plants. On the other hand,
while PSI complexes are present as monomers in plants, those are preferentially organized
into oligomers in cyanobacteria (Kruip et al 1994, Watanabe et al 2011). Most of the well-
studied cyanobacterial species possess trimeric PSI complexes and these trimers seem to have
a major physiological role at low light intensities (Fromme et al 2001) or elevated
temperatures (Klodawska et al 2015). Although the exact functions of trimers have not been
clarified yet, it seems that trimeric structure can improve the efficiency of the energy
conversion (Karapetyan et al 1999). Until now, a high resolution (2.5 A) X-ray analysis of the
complete trimeric PSI was only obtained from a thermophilic cyanobacterium,
Thermosynechococcus elongatus (hereafter T. elongatus) (Jordan et al 2004). This complex is
a homotrimer of multiprotein subunits where each monomer contains 127 cofactors including
Chl a, P-carotene molecules and lipids (phosphatidyl-glycerol and monogalactosyl-
diglyceride). The monomers consist of 12 protein subunits; among those PsaA and PsaB are

the biggest and most of the cofactors are bound to these proteins (Fig. 5).
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Figure 5. PSI trimeric complex of Thermosynechococcus elongatus at 2.5 A resolutions as
seen from the stromal side of thylakoid membrane (Jordan et al 2001). Each monomer
representation (I, Il and I1l) shows different structural components. The arrangement of
transmembrane a-helices is shown as cylinders and different protein subunits are labeled (1).
Lumenal loop regions are represented as ribbons (I1). Complete set of cofactors (Il):
quinones and Chls (blue), iron and sulfur atoms of the three Fe;S, clusters (orange and yellow
spheres, respectively); Antenna system: Chl a (yellow), carotenoids (black) and lipids
(turquoise).

The oligomerization of PSI is ensured by a central domain containing the PsaL
protein (Chitnis & Chitnis 1993, Klodawska et al 2015). The association of PsaL into the
monomeric complex is stabilized by other subunits (i.e. Psal and PsaM) and three -carotene
molecules (Grotjohann & Fromme 2005, Toth et al 2015). This domain also contains the Ca**
that is presumed to support the trimerization (Fromme et al 2001). Partial structure of PSI
monomer of Synechocystis has been also obtained and revealed some structural differences
between the two species (Mazor et al 2014), but further studies are needed to reveal the exact

structure of trimeric PSI from Synechocystis.
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In cyanobacteria, around 90% of the total Chl a is bound to PSI as a consequence of
the higher Chl a content of PSI (96 Chl a/monomer) than PSII (35 Chl a/monomer) (Fromme
et al 2001, Gunerken et al 2015) and as high as 90 % of the total Chl a molecules are
associated with PSI complexes relative to PSII (Rakhimberdieva et al 2001, Tian et al 2011).
Around 5-10% of the PSI associated Chls absorb light energy at longer wavelengths; these
are the so-called red-shifted or long-wavelength Chls (LWCs). The LWCs were proposed to
originate from ChI-Chl interactions induced by the aggregation of Chls within the PSI
complex (Fromme et al 2001, Mazor et al 2014). Generally, the number of LWCs is higher in
the PSI trimers than in monomers in the studied cyanobacterial species, but their amount and
spectral properties vary among species (EI-Mohsnawy et al 2010, Gobets & van Grondelle
2001). The difference in the number of LWCs in trimers and monomers were explained by
the presence of Chl a dimers at the trimerization domain of PSI which was also observed
from T. elongatus (Jordan et al 2001) and the interaction between these two Chls is probably
interrupted upon monomerization. The number of LWCs was mostly calculated based on
spectroscopic data (Gobets & van Grondelle 2001). The presence of LWCs in the
Synechocystis PSI monomer structure has also been also confirmed. Synechocystis contains
less LWCs than T. elongatus, but those LWCs are found in a similar orientation in the two
species (Mazor et al 2014). In the present study, we also consider the amount of LWCs as an

indicator for the organization of PSI complex.

In trimeric PSI complexes, a high amount of carotenoids, mostly -carotenes were
observed (Ashikawa et al 1986, Bautista et al 2005, EI-Mohsnawy et al 2010). In agreement
with these results, 22 B-carotenes per monomer were resolved in the crystal structure of PSI
from T. elongatus (Jordan et al 2001). These B-carotenes are important elements of the PSI
complex influencing its structure (Toth et al 2015) and function (Bautista et al 2005).

Moreover, the previous work in our laboratory demonstrated that even the xanthophyll
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deficiency (i.e. the lack of oxygenated carotene derivatives) reduces the amount of PSI

oligomers in Synechocystis (Toth et al 2015).

1.3.2. Photosystem 11

Photosystem 11 (PSII) is another multi-subunit protein complex of the thylakoid
membranes in photosynthetic organisms. It catalyzes a unique reaction in nature — the light-
induced mechanism of water oxidation (Yagishita et al 1998). Oxygen-producing PSII
pigment-protein complexes were first shown to exist primarily as dimers in a thermophilic
cyanobacterium, later confirmed in plants and red algae, as well (Boekema et al 1995, Zouni

et al 2005).

A high resolution structure of PSII has been obtained from T. elongatus (2.9 A) (Guskov
et al 2009) and Thermosynechococcus vulcanus (1.9 A) (Umena et al 2011). These studies
revealed that each monomer of PSII contains 20 protein subunits and many cofactors
including 35 Chl a molecules, 11 B-carotenes, more than 20 integral lipids (monogalactosyl-
diacylglycerol, digalactosyl-diacylglycerol, sulfoquinovosyl-diacylglycerol and phosphatidyl-
glycerol), 2 pheophytins, 2 plastoquinones, 2 heme irons, 1 non-heme iron, 4 manganese
cluster, more than 1500 water molecules and 3 chloride ion. Each monomer of PSII possesses

the antenna proteins CP47 and CP43, the main reaction center subunits D1 and D2 proteins

(Fig. 6).
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Figure 6. PSII dimeric structure of Thermosynechococcus elongatus at 2.9 A resolutions as
seen from the cytoplasmic side of thylakoid membrane (Guskov et al 2009). A black dash
line indicates the monomer-monomer interface. Different elements of structures have shown
in each monomers (I and II). (I) Cylindrical structures are exhibiting the helical parts, D1
subunits (yellow), D2 (orange), CP43 (magenta), CP47 (red). Cofactors are shown in stick
mode: Chl a (green), Carotenoids (orange), heme (blue), Pheophytin (yellow), PQ (red), the
Mn,Ca cluster (red and orange spheres). (11) Lipids and detergent molecules (yellow).

Chl a molecules are bound to the PSII reaction center and funnel the excitation energy
to the reaction center where charge separation occurs. PSII uses two types of PQ molecules
(Qa and Qg) as mobile electron carriers to perform electron transport towards the Cyt bgf
complex (Lamberg & Bren 2016, Barber et al 1997). PSII is the major source for the
production of harmful reactive oxygen species (ROS), especially singlet oxygen (Krieger-
Liszkay et al 2008) under high light stress. Singlet oxygen is highly reactive and unstable
form of oxygen which has a well-known damaging effect on proteins. The D1 protein is the

most sensitive to singlet oxygen but it also reacts with lipids and nucleic acids.

In cyanobacteria, the extra-membranous PBSs are attached to the PSII complex at its
cytoplasmic side, whereas in plants the membrane-embedded light-harvesting antenna Il is

surrounded by PSII complexes (Lamberg & Bren 2016).
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1.4. The structure, function, and biosynthesis of carotenoids

Carotenoids are the most widely spread pigments in nature. They are polyunsaturated
hydrocarbon substances which are classified into two subgroups, the oxygen containing
xanthophylls and the carotenes (oxygen free). Carotenoids are tetraterpenoids containing a
long conjugated chain of double bonds which determines their light absorption (400-500 nm)

properties (Sonoike et al 2001).

In photosynthetic organisms, together with tocopherol, carotenoids are the most important
elements of the non-enzymatic antioxidant system (Latifi et al 2009) and also capable to
quench triplet excited states of Chls (Frank & Cogdell 1996, Domonkos et al 2013).
Accordingly, in cyanobacteria the partial elimination of carotenoids decreases the stress
tolerance of the cells against high-light intensities (Schafer et al 2005, Zhu et al 2010); the
cells with complete carotenoid deficiency appeared to be extremely light sensitive and could
be maintained only in the dark under light-activated heterotrophic growth conditions (Sozer
et al 2010). Besides the protective functions, carotenoids are also important for the assembly
and stabilization of photosynthetic complexes in cyanobacteria (Sozer et al 2010, Toth et al
2015), as well as in plants (Croce et al 2002, Fiore et al 2012, Dall'Osto et al 2013,
Santabarbara et al 2013). The previous results in our laboratory suggested that complete
carotenoid deficiency also influence the PBS structure and evokes the presence of
unconnected PC rods and PBSs with shorter rods (Toth et al 2015). Although an indirect
effect of carotenoids on PBS structure is more likely, further studies are needed to investigate

the correlation between the carotenoid composition and the PBS organization.

Due to their physicochemical properties, the carotenoids are preferentially embedded into
lipid bilayers or integrated into pigment-protein complexes (Domonkos et al 2013). In

cyanobacteria, most of the B-carotene is bound to the PSs (Jordan et al 2001, Gunerken et al
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2015) and to some less abundant proteins like high-light inducible proteins (HLIPS)
(Komenda & Sobotka 2016). Besides the protein location (Daddy et al 2015, Melnicki et al
2016), a substantial fraction of non-protein-bound xanthophylls are supposed to be present in
membranes (Dall'Osto et al 2013) where they can influence the molecular dynamics and
microviscosity of the membranes (Gruszecki & Strzalka 2005). Xanthophylls are often co-
purified with isolated PSI trimers but not considered as part of the complex ( Coufal et al
1989, Bautista et al 2005, Daddy et al 2015, Klodawska et al 2015) which predicts the
presence of xanthophylls within the thylakoid membrane at the vicinity of PSI. A wide range
of xanthophylls is present in various cyanobacterial species, depending on their natural
habitat and taxonomical position (Takaichi & Mochimaru 2007). In Synechocystis, the most
abundant xanthophylls are zeaxanthin, echinenone, and myxoxanthophyll. In spite of the high
amount of xanthophylls in the thylakoid membrane of Synechocystis, their exact localization
and structural roles in the photosynthetic complexes and the thylakoid organization have not
been completely unfolded yet. Several Synechocystis mutants have been generated by the

inactivation of various genes, which are involved in the carotenoid biosynthesis pathways

(Fig. 7).

In Synechocystis, the first step of carotenoid biosynthesis is the condensation of two
molecules of geranylgeranyl diphosphate into phytoene, catalyzed by the phytoene synthase
enzyme (CrtB). The carotenoid synthesis includes subsequent isomerization steps which can
be catalyzed by the carotene isomerase (CrtH) enzyme or occur via non-enzymatic photo-
isomerization. Previous results showed that the non-enzymatic isomerization process
obtained by photo-isomerization without CrtH enzyme activity results in largely decreased

carotenoid content (Masamoto et al 2004, Toth et al 2015).
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Figure 7. The chemical structure of four carotenoid molecules (A) (Domonkos et al 2013)
and the major carotenoid biosynthesis pathways in Synechocystis (B). Abbreviations: CrtB,
phytoene synthase; CrtH, cis-trans carotene isomerase; CrtR, carotene -hydroxylase; CrtO,
carotene B-ketolase; CruF, y-carotene 1'-hydroxylase.

Despite the low carotenoid level, crtH mutant cells are capable of growing under
photoautotrophic conditions (Toth et al 2015) and maintain wild-type like growth rate and
PSII activity (Masamoto et al 2004). In the following steps of the carotenoid biosynthesis, y-
carotene is produced, which supplies the myxoxanthophyll and B-carotene synthesis in
parallel pathways.

Among accumulated carotenoids, B-carotene is also a key intermediate product for the
synthesis of hydroxylated zeaxanthin and ketolated echinenone derivatives (Domonkos et al
2013). Zeaxanthin is synthesized from B-carotene by the p-carotene hydroxylase (CrtR) by
sequentially adding hydroxyl groups at both ends of the molecule, whereas echinenone is
produced by B-carotene ketolase (CrtO), which introduces keto group at one end of B-
carotene (Masamoto et al 1998). The inactivation of both the crtR and crtO genes resulted in

the almost completely xanthophyll-deficient mutant, crtRO (Schafer et al 2005). Because the
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CrtR enzyme is also involved in the myxoxanthophyll biosynthesis (Lagarde & Vermaas
1999), the crtRO and crtR mutants accumulate myxoxanthophyll intermediate (deoxymyxol-
fucoside) at a low level. In Synechococcus, the CruF (C-1'-hydroxylase) enzyme is essential
for the synthesis of myxoxanthophyll (Zhu et al 2010). The disruption of cruF gene resulted
in the generation of a myxoxanthophyll (myxol-2' fucoside) deficient mutant without relevant
alteration in the amount of other carotenoid species. Using these mutants, sequential
elimination of different carotenoid forms could be obtained, which allows studying their

specific roles.
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2. AIMS

The present study was aimed at further investigating the influence of carotenoid
composition on the structure and organization of the major photosynthetic complexes. In the
proposed thesis, cyanobacterium Synechocystis sp. PCC 6803 was used as a photosynthetic
model organism. The main advantages of using this species are its entirely sequenced genome
and easy transformability. Carotenoids are the most abundant pigments in nature. They are
known to be important for photoprotection, regulation of the membrane properties, but less
information is available about their structural roles in the photosynthetic complexes. The
photosynthetic complexes should be organized and structurally interacted in the thylakoid

membrane to perform the efficient photosynthetic energy transfer.

The previous studies in our laboratory revealed that the absence or low level of
carotenoids lead to the co-existence of unconnected rod units and assembled PBSs with
shorter peripheral rods. It is rather surprising since the presence of carotenoids in the PBS

structure has not been reported. Therefore, our aim was;

1. To find out which specific carotenoid species involved and understand the mechanism
that eventually leads to the presence of unconnected PBS units, when the carotenoid

composition is altered.

A reduced level of PSI oligomers upon xanthophyll deficiency was also observed,
although xanthophylls are not considered to be part of any photosynthetic complexes in

cyanobacteria. But these predictions were not completely clarified. Hence, our aim was also;

2. To study, how xanthophylls influence the oligomerization of PSI in Synechocystis. More
specifically, which xanthophyll species contribute at what extent to the organization of

the PSI complex.
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3. MATERIALS AND METHODS

3.1. Organisms and growth conditions

Cyanobacterial cells were cultivated in BG11 medium supplemented with 5 mM
HEPES-NaOH (pH 7.5). Synechocystis wild type (WT), crtH (Masamoto et al 2001), psaL
(Klodawska et al 2015), PSI-/PSII- (Ermakova-Gerdes et al 1995), cruF, crtH/cruF (present
study) crtRO, crtR and crtO (generous gift from Kazumori Masamoto) mutant strains were
grown under photoautotrophic growth (PAG) conditions. The crtB mutant (Toth et al 2015)
and its corresponding WT cells were cultivated under light-activated heterotrophic growth

(LAHG) conditions on a rotary shaker (100 rpm) at 30 °C.

Under PAG conditions, the cells were illuminated with continuous white light using
35 umol photons m™ s* PPFD (Photosynthetic Photon Flux Density). For photomixotrophic
growth (PMG) conditions, the media was supplemented with 10 mM glucose. Under LAHG
conditions, BG11 was supplemented with 10 mM glucose and daily light pulses of 20 pumol
photons m™ s PPFD were provided for 10 min. For oxygen polarography, the cultures were
grown under 40 pmol photons m™? s PPFD of continuous white light at 3 % CO.-enriched
atmosphere. High-light treatment was induced by 600 umol photons m? s™ for WT, and crtH
and 35 pmol photons m? s PPFD for crtB cells, respectively. Mutant cells were maintained
in the presence of the appropriate antibiotics, 20 pg ml™ of kanamycin for crtH and crtR,
spectinomycin for crtO, cruF, and crtB strains, respectively. For the double mutant crtRO
and crtH/cruF cells, 20 pg ml™? kanamycin and spectinomycin were added. For the
experiments, the cells were cultivated without antibiotics and used in their logarithmic

growth phases.
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3.2. Construction of Synechocystis PCC 6803 mutants

The cosmid clone cs0508 provided by S. Tabata, was cut with the restriction enzyme
Hindlll. A 3.6 kb fragment containing the putative cruF gene (sll0814) was cloned between
the Smal and EcoRV sites of pMPMA3 (Mayer 1995) A part of the putative cruF gene
coding region was removed by Smal-EcoRI digestion and replaced with a Q cassette (Sozer
et al 2010). This construct was used to transform into WT and crtH mutant cells of
Synechocystis. Transformants were selected under photomixotrophic growth conditions on
BG11 agar plates supplemented with glucose and gradually increasing amounts of
spectinomycin by several restreaking of single colonies. Complete segregation was confirmed
by PCR using the primers cruF forward (5-TTAGCGGCACCTACTTTG-3') and cruF

reverse (5'-TCTGCGTTGAGTTGAGTC-3’) and by pigment analysis using HPLC.

3.3. Measurement of cell density and chlorophyll concentration

Measurements of cell density and Chl concentration were performed by a Shimadzu
UV-1601 spectrophotometer. The cell density of the cultures was determined by measuring
optical density at 750 nm (OD+sp). For measuring absorption spectra of the cells, OD75o was
adjusted; non-transparent sides of cuvettes were positioned toward the detector to decrease
the effect of light scattering. Spectra were corrected to the light scattering measured at 750
nm. For calculation of phycobilin (630 nm) to Chl (683 nm) peak ratio, the amplitudes were
estimated by the use of reference wavelength at 750 and 550 nm, respectively. The Chl
concentration was calculated from absorbance at 665 nm, using 90% methanol extract

(Meeks & Castenholz 1971).
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3.4. 77 K fluorescence emission spectroscopy

Low-temperature fluorescence emission spectra (615800 nm) were measured using
spectrofluorometer (Fluorolog-3/Jobin—Yvon—-Spex Instrument S.A., Inc.) equipped with a
liquid nitrogen cryostat. Prior to the measurements, cells containing 2 pg of Chls were
filtered onto the surface of a Whatman GF/C glass microfiber filter disc (25 mm diameter),
dark adapted for 5 min and frozen in liquid nitrogen. Due to the low Chl concentration in case
of crtB and PSI-/PSII- mutant strains, 1 ml of cell suspensions adjusted to 0.35 OD5, were
filtered. Fluorescence was excited at 590 and 436 nm from the same sample without changing
its orientation. The emission spectra excited at 590 and 436 nm were corrected for
photomultiplier sensitivity and normalized to the fluorescence intensity at 720 nm obtained
upon 436 nm excitation, otherwise as it is indicated in figure legends. For investigating the
contribution from LWCs of PSI complexes, 2 nm emission slit combined with 4 s integration

time was applied. For each spectrum, three biological samples were averaged.

3.5. Circular-dichroism spectroscopy

CD spectra were recorded with a JASCO J-815 dichrograph. Measurements were
carried out at room temperature using 3 nm band-pass and 1 nm step size. The Chl
concentration of the cell, thylakoid or PSI complex suspensions were adjusted to 10 pg ml™*
and measured in a cuvette with 1 cm optical path length (Klodawska et al 2015). For
obtaining CD spectra after CN-PAGE, the PSI-containing bands were excised and placed
between glasses and the uncovered part of the glass was masked. The recorded CD spectra
were baseline-corrected using the corresponding buffers or transparent gel slices and then
normalized to the 680 nm Chl absorption band. For each spectrum, three biological replicates
were measured. To determine the amplitude of the 515 nm CD band, 550 nm was used as a

reference wavelength.
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3.6. Time-resolved fluorescence spectroscopy

Time-correlated single-photon counting was performed according to (Reguera et al
2007) using a FluoTime 200 spectrometer (PicoQuant, Germany) equipped with a
microchannel plate detector (Hamamatsu, Japan) and a PicoHarp 300 TCSPC system
(PicoQuant). Room- temperature fluorescence decays were recorded with picoseconds
resolution from cells in vivo at wavelengths between 620 and 720 nm with excitation pulses
at 580 nm, 0.1 pJ pulse energy and 20 MHz repetition rate, generated by a WhiteLase
supercontinuum laser (NKT Photonics, UK). The fluorescence decays were analyzed by

global lifetime fitting (Friebe et al 2017).

3.7. Photosynthetic oxygen polarography

Photosynthetic oxygen-evolving activity in intact cells of WT and crtH mutant strains
was measured with a Clark type oxygen electrode (Hansatech DW?2). In order to provide
efficient histidine (His) uptake by the cells, those were grown under 3 % CO,-enriched
atmosphere at 40 umol photons m? s PPFD of white light intensity for oxygen evolution
experiments. Prior to the measurements, the Chl concentration of the cells was adjusted to 5
ng mlI™ by centrifugation at 6000 g for 5 min and kept it on the shaker for at least 1 h. In each
measurement, 2 ml of cells were used and three replicates were measured. The oxygen-
evolving activity of intact cells was measured in the presence or absence of 5 mM histidine
(His) using 2300 pmol photons m™ s™ PPFD of white light. Singlet oxygen production was
calculated as described earlier (Rehman et al 2013). PSII activity was measured in the
presence of PSII electron acceptor, 0.5 mM 2,6-dimethylbenzoquinone (DMBQ), and for the
photoinhibition experiments of PSII activity, 0.25 mM lincomycin were added prior to the

illumination.
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3.8. Isolation of thylakoid membranes and cytosolic fraction

Thylakoids were isolated by breaking the freshly collected cells in medium A (25 mM
MES/NaOH buffer (pH 6.5), 10 mM CacCl,, 10 mM MgCl,) containing 25% glycerol, 0.5
mM phenyl-methanesulfonyl fluoride (PMSF) and 1 mM benzamidine by Bead Breaker at 5
times for 1 min using glass beads. The soluble fractions of WT LAHG and crtB LAHG cells
were pelleted out by 3000 g at 4 °C for 5 min. And for other cells (WT, crtRO, crtR, crtO,

cruF and psalL), the thylakoid membranes were collected at 35,000 g at 4 °C for 30 min.

The collected thylakoid membranes were solubilized with 1 or 2% n-Dodecyl B-D-
maltoside (B-DM) as it is indicated in the figure legends. Prior to the solubilization, the
thylakoid membranes were washed and resuspended in the medium containing 25 mM
MES/NaOH buffer (pH 6.5), 25 mM EDTA (ethylenediaminetetraacetic acid) and 25%

glycerol when it is indicated.

3.9. Sucrose density gradient separation of pigment-protein complexes
3.9.1. Isolation of phycobilisome

Phycobilisomes were isolated from Synechocystis of WT LAHG and crtB LAHG cells
according to (Toth et al 2015). The cells were pre-treated with 0.2 % lysozyme at 37 °C. The
cells were broken by an equal volume of glass beads (100 um) in 0.75 M K-Na phosphate
buffer (pH 7.0) using Bead Breaker at 5 times for 1 min. The thylakoid membranes were
pelleted by centrifugation at 15,000 g after the treatment of Triton X-100 (5%, w/v) at room
temperature. After centrifugation, the supernatant was treated again with Triton X-100 (3%,
wi/v) for 20 min before loading on to the discontinuous sucrose density gradient. The PBS-
containing layer was collected after centrifugation at 90,000 g for 20 h at 14 °C. The isolated
PBS samples can be stored at room temperature for further protein and spectroscopic

analysis.
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3.9.2. Isolation of photosystem |

Freshly isolated thylakoid membranes were washed by medium A (see section 2.9.) and
solubilized with 2% B-DM. The solubilized samples were layered on a stepwise (6 steps, 0.2—
0.9 M) sucrose gradient containing 20 mM HEPES (pH 7) and 0.05% of B-DM.
Centrifugation was performed at 220,000 g for 14 h at 4 °C. PSl-containing fractions of the
gradient were withdrawn by syringe. The collected fractions of different complexes were

frozen in liquid N and stored at —80 °C for further analysis.

3.10. Protein analysis

3.10.1. Determination of protein concentration and SDS-PAGE

The protein content of isolated PSI and PBSs was determined by the Bradford method
(Bradford 1976). Protein composition of isolated PBSs and soluble fractions were studied
using SDS-PAGE with 6 M Urea of 15 % acrylamide. The isolated PBSs were precipitated
by adding an equal volume of 20 % trichloroacetic acid and incubating on ice for 5 min. The
samples were denatured at 85 °C for 5 min in Laemmli buffer before loading. PBS samples
and cytosolic fractions containing 7.5 pg and 15 pg of total proteins, respectively, were

loaded into the wells. The separated proteins were stained with Coomassie Blue.

3.10.2. BN- and CN-PAGE

Thylakoid membranes were isolated (see section 2.9.). The blue-native and clear-native
polyacrylamide gel electrophoresis (BN-PAGE and CN-PAGE) was performed at 4 °C in a
4-14 % polyacrylamide gel (Lagarde & Vermaas 1999, Komenda et al 2004). Samples were
loaded onto lanes at various Chl content as it is indicated in the figure legend (Fig. 25). The
Chl-containing protein bands were assigned based on their location in the gel (Kopecna et al

2012, Toth et al 2015).
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3.11. Chromatographic techniques
3.11.1. HPLC

Pigments were extracted from cells with an acetone—methanol mixture at a ratio of 7:2
and for the isolated PSI trimer, 80% of acetone was used. The extracted pigment solutions
were passed through a 0.2 um pore size PTFE syringe filter. Samples containing equivalent
amounts of Chls were separated using a 4.6 x 250 mm Cjig column with 4 pm particle size
(Synergi Hydro-RP 80A, Phenomenex). The column was equilibrated with the solvent of
acetonitrile:water:triethylamine (9:1:0.01). Pigments were eluted with one-step linear
gradient from 0 to 100% ethylacetate in 25 min at a constant flow rate of 1 ml min™* (Toth et
al 2015). The different pigments were identified according to their absorption spectrum and
retention time. The relative content of pigments was estimated based on peak areas in the
chromatograms recorded at 440 nm for xanthophylls (Mantoura & Llewellyn 1983), 664 nm
for Chl (Reguera et al 2006) and 454 nm for (3-carotene (Hiyama et al 1969), respectively and
on their corresponding extinction coefficients. The values are the mean + SD of at least three
independent experiments. The synechoxanthin peak was observed only in cells but its poor

resolution did not allow quantifying its amount.

3.11.2. FPLC

Purification of the PSI-containing fractions was achieved by using anion exchange
chromatography on a Mono Q HR 5/5 column. Elution of the PSI complexes from the
column was done with a linear gradient of MgSO4 (from 5 to 200 mM) in medium B (20 mM
MES/NaOH buffer (pH 6.5), 10 mM CaCl,, 10 mM MgCl,, 500 mM mannitol, 0.03 % B-DM
and 0.02 % sodium azide) at a flow rate of 0.4 ml min™ (Fromme & Witt 1998).The eluted

fractions containing PSI trimers and monomers were pooled. The samples were concentrated
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(Millipore, Amicon ultra, 2 ml, 100 K) and washed by medium A containing 0.03% p-DM.

The isolated complexes were frozen in liquid N and stored at —80 °C for further analysis.

3.12. Statistical analysis

Statistical analysis was performed using one-tailed Student’s t-test in OriginPro 9.0
(OriginLab, OriginPro Software, USA). Differences were considered statistically significant
with a P-value less than 0.05 (set at *P<0.05, **P<0.01). Each value represents the mean (z

SD) of at least three independent repetitions.
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4. RESULTS AND DISCUSSIONS

4.1. p-carotene influences the phycobilisome structure
4.1.1. Fluorescence emission of cells with modified carotenoid composition or lack of
photosystems

First of all, we have investigated the correlation between carotenoids composition and
the structure of PBS antennae. In order to broaden the spectrum of light available for
photosynthesis, the various elements of PBS have distinct spectral properties. Based on the
spectral inhomogeneity, fluorescence spectroscopy can provide information about the energy
transfer between and within the photosynthetic complexes. For instance, recording the
fluorescence emission at 77 K (liquid nitrogen temperature) allows to separate the
fluorescence emission from different complexes. This way, the emission spectra obtained
upon PBS excitation refer to the energy transfer within the PBS and also from PBS to
photosystems. Upon excitation, the phycocyanin (PC) rods emit fluorescence at 640-650 nm,
the allophycocyanin (APC) core at around 660 nm, and the terminal emitter (TE) of APC has

maximal fluorescence at 680 nm.

Intensities of the fluorescence signal obtained upon PBS excitation (590 nm) and
normalized to the PSI peak of emission spectra recorded upon Chl excitation (436 nm)
contains important information about the efficiency of EET. As a first step, we identified the
specific carotenoid class accountable for the previously observed unconnected PC units (Toth
et al 2015). Table 1 shows the pigment composition of the various mutants used in this study.
77 K fluorescence emissions of carotenoid biosynthesis mutants (Table 1) such as crtRO
mutant which is deficient in xanthophylls (zeaxanthin and echinenone), cruF mutant, which
is deficient in myxoxanthophyll, crtB mutant does not contain any carotenoids and the less

carotenoids containing crtH mutant were monitored and compared (Fig. 8A).
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Table 1. Distribution of the main carotenoid species in WT and partially carotenoid
depleted cells. Values are given as number of pigment molecules relative to 100 Chl
molecules. Each value represents the mean of at least three independent repetitions. *The
result is significant at P > 0.05 as compared to WT.

carotenoid WT crtRO cruF crtH PSI’ crtH crtH/
species /PSII® PMG cruF
Myxo- 6.9 - - 7.0 57.4 4.6 -
xanthophyll +3.1 2.0 +1.4* +2.9
Zeaxanthin 9.5 - 16.7 3.3 120.3 3.1 4.7
1.2 +0.8* +0.3* +0.5* +0.4* | £0.3*
Echinenone 6.4 - 8.1 1.9 18.6 1.6 3.1
1.3 +0.8 +0.7* £1.7* +1.4* | £0.4*
p-carotene 15.6 18.3 17.8 8.8 23.0 8.3 8.1
2.7 2.3 +1.8 +0.5* +1.9* +0.8* | £0.3*

In the almost completely xanthophyll-deficient crtRO mutant (Table 1) the
fluorescence spectra were not significantly affected (Fig. 8A). Upon PBS excitation, the
emission spectra of WT and crtRO are dominated by three major bands; the PC related 640-
650 nm bands, the 685 and 695 nm ones predominantly originate from PSII, and at 720 nm,
the PSI complex has fluorescence emission. The crtRO strain contains significant amount of
desoxy-myxoxanthophyll, an intermediary product of myxoxanthophyll biosynthesis (Schafer
et al 2005). Since desoxy-myxoxanthophyll molecule might substitute for myxoxanthophyll
with certain functions, a completely myxoxanthophyll-deficient mutant (cruF) has been
generated (Table 1) and studied. Our experiments did not reveal any significant difference in
the fluorescence spectra of cruF cells relative to WT, whereas, in the completely carotenoid-
deficient mutant crtB, the PC as well as the TE-related 680 nm peaks was highly increased.
The increase of the PC peak indicates functionally unattached PC units which are unable to
transfer their energy towards the APC core of the PBSs. The similar effect was observed
earlier in time-resolved fluorescence experiments (Toth et al 2015). The high intensity
fluorescence emission from the TE indicates a disturbed EET from the PBSs to photosystems

due to the absence of PSII in the crtB cells (Sozer et al 2010, Toth et al 2015). The crtH cells
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containing less carotenoid, including B-carotene, in comparison with WT (Table 1) and this

mutant also showed higher PC fluorescence amplitude similarly to crtB cells.
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Figure 8. 77 K fluorescence emission spectra of Synechocystis WT, and crtRO, crtH, crtB,
cruF PSI-/PSII- mutant cells. Spectra were obtained upon excitation at 590 nm and
normalized to the amplitudes of the 720 nm band recorded upon 436 nm excitation of the
same sample for WT, crtRO, crtH, and cruF. The fluorescence emission spectrum of crtB
was normalized to the 640 nm amplitude of crtH cells upon 590 nm excitation and the
spectrum of PSI-/PSII- mutant was normalized to the 665 nm band amplitude of WT.

Based on these results, we confirm that none of the xanthophylls, including
myxoxanthophyll, can significantly influence the PBS structure. The previous hypothesis
from our laboratory (Toth et al 2015) confirmed here. Accordingly, p-carotene is the only
carotenoid that is required for assembled PBSs and the absence or decreased level of -
carotene brings about the appearance of unconnected PC units. In the completely carotenoid-
deficient mutant, no active or assembled PSII complexes could be observed (Sozer et al 2010,
Toth et al 2015). One might argue that in the absence of functional PSII, the PBSs could be
partially degraded. In order to investigate the possible effect of photosystems on the
functional assembly of PBSs, we used the PSI and PSlI-deficient strain, PSI-/PSII-. The 77 K
fluorescence emission spectrum of PSI-/PSII- mutant strain was dominated by the TE
fluorescence peak, but no increase in the PC originated band was observed (Fig. 8B). Similar

spectra as what is characteristic to detached PBSs were obtained from cells which are unable
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to synthesize Chl and consequently to accumulate photosystems (Yu et al 1999). These
observations imply that the absence of photosystems in the cells cannot be held liable for the

disconnected PC units.

In cyanobacteria, the majority of p-carotene molecules are present in the two
photosystems (Domonkos et al 2013). Accordingly, in the PSI-/PSII- mutant, xanthophylls
showed up to 10-fold increase in their amount relative to Chl (Table 1) and the B-carotene
exhibited an almost parallel decrease with Chl. These results suggest that the small fraction of
non-photosystem-bound [B-carotenes is necessary to avoid the presence of the unconnected
PC units. Although it was proposed that all B-carotenes should be bound to proteins in
cyanobacteria (Ashikawa et al 1986), this idea has not yet been proven (Domonkos et al
2013). It is noteworthy that some members of the high-light-inducible protein (HLIP) family
were recently confirmed to participate in the formation of carotenoid-containing complexes
(Knoppova et al 2014) (Daddy et al 2015) and known to perform mostly protective roles
during high light stress. Results showed that the complex containing HIIA/B binds to
myxoxanthophyll and zeaxanthin (Daddy et al 2015), while the pigment-protein complex
involving HIiC/D possesses -carotene (Knoppova et al 2014). It was also demonstrated that
in the absence of all five HLIP proteins, the carotenoid content was changed as compared to
WT, especially the myxoxanthophyll and B-carotene level (Xu et al 2004). It is possible that
these proteins indirectly influence the PBS protection or photorecovery; but, up to now, there

is no indication of PBS related function of these proteins.

4.1.2. Protein analysis of the cytosolic fraction from crtB cells
In order to investigate the presence of rod linker proteins in the cells, we have
performed the protein analysis. In the PBS complex, the Lg* and Lg*® rod linker proteins

connect the PC units to each other within the rods (Ughy & Ajlani 2004). The previous study
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in our laboratory revealed assembled PBSs in crtB and crtH cells, but with substantially
shorter PC rods. The shorter rods were reflected by the reduced level of the Lg* and Lg*
proteins as compared to the other linker proteins in both strains (Toth et al 2015). Cytosol of
the cells contains both the assembled PBSs and disconnected PC rods. In this study,
denaturing SDS-PAGE was carried out to compare the relative amount of rod linker proteins

in the cytosol and in the isolated PBSs of WT and completely carotenoid deficient crtB cells

(Fig. 9).
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Figure 9. SDS-PAGE of the isolated PBS and cytosolic fractions of WT and crtB LAHG
cells. The identities of the corresponding polypeptides such as core-membrane linker (LMC),
ferredoxin/NADP* oxidoreductase (FNR), 33 kDa rod linker proteins (Lg*), 30 kDa rod
linker proteins (Lg*) and linker rod-core (LRC) are indicated on the left side of the gel and
the molecular weight markers in kDa are indicated on the right side. Isolated PBS samples
containing 7.5 pg of protein and cytosolic fractions containing 15 pg of protein were loaded.

We observed a reduced level of rod linker proteins (Lg* and Lg*®) in crtB strain, not
only in its isolated PBS sample, but also in its cytosolic fraction. These results suggest that a
higher rate of degradation or reduced synthesis of linker proteins can be accounted for the

lowered amount of linkers in the absence of carotenoids.
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4.1.3. High light-induced damage in carotenoid deficient mutants

The completely carotenoid-deficient (crtB) strain suffers from severe effects such as
extreme light sensitivity, fragmented thylakoid membranes and absence of PSII (Sozer et al
2010, Toth et al 2015). For these reasons, crtH cells grown under photoautotrophic conditions
were preferentially used in the further experiments. In these cells, the photosynthetic
functions were almost completely restored (Masamoto et al 2004) (Table 2), but the -
carotene dependent changes regarding the PBS structure were still noticeable. The crtH strain
exhibited WT level of CO, dependent O, evolution rates (Table 2) and somewhat higher PSII
activity than WT cells, similarly to the literature data (Masamoto et al 2004). These results
support the presence of functional photosynthetic electron transport chain in the crtH mutant.
Thus, using the crtH strain facilitates the understanding of the correlation between B-carotene
and PBS structure via decreasing the complexity of the model system.
Table 2. Photosynthetic electron transport activities [umol O, (mg Chl)™ h™'] measured in
terms of electron transport from water to CO in presence or absence of histidine (His) from

water to DMBQ by a Clark type oxygen electrode. * The result is significant at P > 0.1 or
** at P >0.05 as compared to WT.

strain | from DMBQ from H,0 to H,O to CO, calculated
to CO; CO; in presence of O, uptake by
His His
WT 201 + 68 141 + 18 120+ 19 20+ 3
crtH 282 + 59* 139 + 25 103 + 23* 37 + 5**

In this present study, we have investigated the possibility of the reactive oxygen
species (ROS) induced direct damage on the rod linker proteins. It is generally accepted that
carotenoids have paramount importance in scavenging ROS (Schafer et al 2005, Latifi et al
2009, Domonkos et al 2013). In case of reduced carotenoid content, the lowered capacity to
scavenge ROS can result in an increased level of these harmful agents. ROS induced damage

of PBSs was previously observed (Liu et al 2005b, Rinalducci et al 2008 ), as well as the
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ROS production by the phycobiliproteins (He et al 1997) and PBSs (Rinalducci et al 2008);
therefore direct damage of the PBS or the rod linkers caused by ROS is also plausible in the
carotenoid deficient mutant or the cells possessing lower amount of carotenoids and
subsequently, largely reduced ROS scavenging activity. Alternatively, singlet oxygen (*O,)
may inhibit the synthesis of the linker proteins, similarly to that shown for the case of D1
protein subunit of the PSII reaction center complex (Nishiyama et al 2001, Latifi et al 2009).
Neither specific degradation of PBS rod linker proteins nor inhibition of their synthesis by

10, has been directly demonstrated.

We applied histidine trapping method (Rehman et al 2013) to measure the 'O,
producing capacity of WT and crtH cells (Table 2). In our experiments, the crtH mutant
showed an almost two-fold increase in the rate of 'O, production as represented by the
calculated O, uptake of histidine. It is generally known that upon high light stress, the ROS

production especially that of *O, increases (Rehman et al 2013).

PSII activity of cells with enhanced O, production should be more light sensitive
(Rehman et al 2013); therefore, we followed the time-course of PSII activity under high light
(600 pumole photons m? s* PPFD) conditions by recording the DMBQ-dependent O,
evolution of the cells. The light treatment was performed in the presence of lincomycin, in
order to exclude the possible influence of altered PSII re-synthesis. In line with our O,

measurements, the crtH cells exhibited a more severe decrease in the PSII activity (Fig. 10).
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Figure 10. Effect of high light treatment on the PSII activity of WT and crtH cells. O,
evolution was recorded in the presence of artificial PSII electron acceptor (0.5 MM DMBQ)
as a function of time. Cells were illuminated by 600 pmole photon m? s PPFD in the
presence of 0.25 mM lincomycin. The activities corresponding to 100% for the untreated
cells.

This result is in agreement with the previous findings, which showed a correlation
between photodamage and enhanced 'O, production (Rehman et al 2013, Bersanini et al
2014), and also with the influence of carotenoid content on the rate of ‘O, formation and the
related photodamage (Hakkila et al 2014, Sedoud et al 2014). The recorded high level of ‘O,
among other ROS can cause the degradation of rod linker proteins (Lg** and Lg*) or inhibit
their synthesis and thus lead to the formation of unconnected PC units in the crtH cells. If the
B-carotene limitation reduces the synthesis of rod linkers, a similar effect could be expected
as in the cells deficient in these proteins (Ughy & Ajlani 2004). The Lg*® rod linker protein
attaches the second PC hexamer to the basal one and in the mutant which is unable to
synthesize Lg*® protein, the PC hexamers were accumulated only in one oligomeric form.
Moreover, the Lg*® protein deficient mutant possesses one fraction of disconnected PC units
with identical size as the mutants lacking Lg® protein or both the Lg*® and Lg* proteins
(Ughy & Ajlani 2004) suggesting a sequential assembly of PBSs in vivo despite of the high

propensity for aggregation in vitro (Adir 2005). However, the previous experiments in our
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laboratory revealed two fractions of PC units in different aggregation forms in crtH and crtB
cells (Toth et al 2015). We hypothesize that the presence of aggregated PC hexamers could
indicate that those were previously part of assembled PBSs. Thus, the appearance of the
detached PC units is more likely to occur as the results of PBS disassembly than of an

improper assembly.

In order to further elucidate the relationship between ROS and PBS disassembly, we
followed the time-course of changes in the fluorescence emission of crtH and crtB cells under
light stress conditions (Fig. 11). In these experiments, the crtH mutant strain was illuminated
with 600 umole photons m™ s PPFD (Fig. 11A). This intensity is not high enough to cause
PBS damage in WT (Rinalducci et al 2008), but might be sufficient to damage the PBSs of
mutants possessing a lower amount of carotenoids. In the crtH strain, the most pronounced
decreases were observed in the PSII related fluorescence emission peaks (685 and 695 nm)
due to the higher sensitivity of PSIlI complex against light stress. However, there were no
significant changes in PBS peak of the cells within 3 h. After 5 h treatment, the peak
originating from disconnected PC was slightly decreased. Thus, crtH cells showed a higher
propensity for bleaching or complete degradation of PBSs than for the accumulation of

unconnected PC units.

37



P A crtH Oh B ——crtB Oh

2 6 - - = crtH 2h- 4 mmee crtB 12h/

% - - = crtH 5h - - =crB 24h

— 5 4 4

o) .

e )

o 4 \

7 )

o h

s |k

o Y

g7 Y IV

- A

x >

O T T T T T T

650 700 750 650 700 750
Wavelength (nm) Wavelegnth (nm)

Figure 11. Photoinhibition of crtH and crtB LAHG strains were followed by recording 77K
fluorescence emission spectra. The light intensity during the treatment was 600 and 35 pmole
photons m? s™ for crtH (A) and crtB (B) cells, respectively. The spectra of crtH were
obtained upon excitation at 590 nm and normalized on 720 nm band recorded upon 436 nm
excitation. For crtB cells, the spectra were recorded upon 436 nm excitation and the
measurements were performed on cells possessing the same optical density at 750 nm.

The dark grown crtB mutant strain was also exposed to light stress (Fig. 11B), but by
using low light intensity (35 pmole photons m % s * PPFD) due to its extreme light sensitivity
(Sozer et al 2010). In the crtB mutant, the increased peak of unconnected PC units was
observed only after 24 h when Chl bleaching (Sozer et al 2010) and most probably cell death
was already occurring. It seems that light stress and consequently the increase of ROS is most
likely insufficient for accelerating the damage of PBS structure more than that of
photosystems in crtH and crtB mutants. Therefore, ROS are unlikely able to directly damage

the rod linkers which are already integrated into PBSs.
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4.1.4. Effect of glucose on crtH cells

Oxidative stress to some extent is induced by the presence of glucose in the growth
media (Narainsamy et al 2013) and is accompanied by a concomitant increase of carotenoid
synthesis (Ryu et al 2004). Therefore, we also studied the fluorescence emission spectra of
WT and crtH cells grown under photomixotrophic (PMG) conditions in glucose-
supplemented media (Fig. 12A). Under PMG conditions, only slight differences were
detected by the fluorescence emission spectra of WT cells. However, a higher level of
disconnected PC units was observed in crtH PMG strain relative to the PSI fluorescence as
reflected by the increased contribution of 640 nm band to the emission spectra. The

absorption spectra of these cells were also recorded (Fig. 12B).
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Figure 12. 77 K fluorescence emission (A) and absorption (B) spectra of WT and crtH strain
grown under photoautotrophic (WT and crtH) and photomixotrophic (WT PMG and crtH
PMG) conditions. Emission spectra were obtained upon excitation at 590 nm and normalized
to the amplitudes of 720 nm band recorded upon 436 nm excitation from the same sample.
The absorption spectra were obtained from cultures with the same OD75, values and corrected
for baseline.

Prior to the measurement, the cultures were adjusted to a same ODg75 value that
allows estimating the relative pigment content of the cells. Cultivation of the cells in the
presence of glucose resulted in significantly reduced amount of pigments in both the WT and

crtH cells as reflected by the substantially lower PBS and Chl peaks. The increased level of
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unconnected PC units in crtH PMG cells could be attributed to a decrease in B-carotene
content when cells are cultivated in glucose-supplemented media. However, we could not
establish any significant difference between the pigment composition of the crtH cells grown

under autotrophic and PMG conditions (Table 1).

4.1.5. Additional myxoxanthophyll deficiency in crtH cells

Based on the pigment composition, the crtH cells possess similar myxoxanthophyll
content as WT; while the amount of all other carotenoids is much lower (Table 1).
Myxoxanthophyll is a very efficient scavenger of ROS (Domonkos et al 2013) and a high
level of this carotenoid may indicate an increased demand for the protection against ROS-
mediated damage. Hence, in this present study, we generated a double mutant in which both
the CrtH and CruF enzyme functions are missing (Table 1). If ROS influenced PBS distortion
(Liu et al 2005a, Rinalducci et al 2008) in crtH cells, somewhat higher level of the
disconnected PC units would be expected in the double mutant crtH/cruF cells; but in our 77
K fluorescence measurements, no significant increase of the emission peak originating from

PC was observed (Fig. 13).
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Figure 13. 77 K fluorescence emission spectra of crtH and crtH/cruF strains obtained upon
590 nm excitation. The spectra normalized on 720 nm bands recorded upon 436 nm
excitation.
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In fact, neither photoinhibition nor absence of myxoxanthophyll could enhance the level of
unconnected PC units in crtH strain.These results support the ideas that ROS are not directly
involved in the distortion of PBSs upon limited B-carotene availability and also that the
increased amount of unconnected PC units in the presence of glucose is probably induced by

a mechanism not related to ROS.

4.1.6. Nitrogen shortage induced PBS degradation in crtH and crtB strains

Our knowledge about enzymatic phycobilisome degradation has been primarily
obtained by performing macronutrient-starvation experiments on various cyanobacterial
strains (Schwarz & Forchhammer 2005). Here, we used nitrogen-deficiency to trigger an
enhanced PBS degradation in WT, crtH, and crtB cells. In nitrogen-depleted media, the
amount of the pigment-protein complexes especially that of PBSs were largely reduced
within a short time as represented by the color change of the cell cultures (Fig. 14) in
agreement with earlier published data in the literature. During the process of nitrogen
starvation-induced proteolysis, the cyanobacterial cells were changing their color from blue-
green to yellow-green (Fig. 14); this process is known as bleaching or chlorosis (Blankenship
& Chen 2013). In our experiments, the crtH mutant showed greenish color even at the later
stage of nitrogen starvation. The observed effect could be explained by the lower level of the
yellow color carotenoids in crtH cells relative to the bluish PBS or by the delayed
degradation of phycobiliproteins under f-carotene limited conditions as compared to the WT

(Fig. 14).

WT WT-N crtH crtH-N
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Figure 14. Effect of nitrogen starvation on the Synechocystis WT and crtH mutant cells.
Cells were incubated in nitrogen-free media for 48 h.

The absorption spectra of WT cells showed a stronger decrease in the PBS peak
relative to the Chl peak after 24 h (from the ratio of 0.69 to 0.48) and this difference was

more pronounced after 48 h (Fig. 15) (to 0.17) treatment.
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Figure 15. Effect of nitrogen starvation on the absorption spectra of WT and crtH strains.
Cells were cultivated in nitrogen-free media (-N) for 24 h or 48 h. The absorption spectra
were baseline corrected and normalized to the Chl peak.

In agreement with our absorption measurements, the 77 K fluorescence emission
spectra also implied smaller antenna size of the photosystems in WT cells, especially after 48
h (Fig. 16) of nitrogen starvation. The reduced PBS level led to decreased EET to
photosystems represented by lowered PSII fluorescence bands upon PBS excitation. Based on
absorption spectra, the rate of PBS degradation seemed to be similar in the crtH strain to that
of WT after 24 h nitrogen starvation (PBS to Chl ratio decreases from 0.80 to 0.55), but there
was a pronounced difference after 48 h (Fig. 15) (0.36 PBS to Chl ratio). The absorption
spectra of crtH cells after 48 h treatment implied almost twice as a high amount of
phycobilins than in the WT suggesting lower degradation rate of phycobiliproteins.

Interestingly, the 77 K fluorescence emission spectra of nitrogen deprived crtH cells upon
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590 nm excitation revealed an increased intensity of the PC peak despite of the decrease in

phycobilin content relative to Chl (Fig. 16).
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Figure 16. Effect of nitrogen starvation on 77 K fluorescence emission spectra of WT and
crtH strains. Cells were cultivated on nitrogen-free media (-N) for 24 h or 48 h. Fluorescence
emission spectra were obtained upon 590 nm excitation and normalized on 720 nm band
recorded upon 436 nm excitation.

The increase in the relative amount of the energetically disconnected PC subunits
especially those which are in smaller aggregation form are resulting in the shift from 650 nm
towards 640 nm. However, the fluorescence emission spectra obtained upon 590 nm
excitation were normalized; therefore, the increased PC peak did not necessarily indicate a

higher level of unconnected rods on the cell basis.

We performed time-resolved fluorescence measurements with picoseconds (ps) time
resolution on crtH mutant and WT cells incubated in nitrogen free media. This technique is
useful to confirm the presence of undisturbed EET processes or to demonstrate the distortion
of it. We have recorded fluorescence decays at various wavelengths upon 590 nm excitation
before and after 24 h nitrogen starvation. The data were fitted as the sum of exponential
decays. The wavelength distributions of the amplitudes corresponding to the individual decay

components are called decay-associated spectra (DAS). Upon 590 nm excitation, the
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fluorescence decays exhibited at least five exponential decay components resolved by global
analysis (Fig. 17). In WT cells, the fastest-decaying component reflects the downhill EET
from PC to APCegso (Fig. 17A, blue curves). The second component (red curves) has a
characteristic peak with a positive amplitude at shorter wavelengths and negative amplitude
at longer wavelengths and therefore reflects the EET from APCggo to APCggo + Chls. The 170
ps component (yellow) reflects energy trapping by the RCs, which in turn shows the
equilibrated EET over PBS subunits and Chls. The long lifetime components (~ 534 ps,
purple, and ~ 1.42 ns, green) have very small amplitudes. These components probably reflect
the competition between secondary charge separation and charge recombination (Tian et al

2011).
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Figure 17. The decay-associated spectra of Synechocystis WT (A), WT —N (nitrogen free)
(B), crtH (C) and crtH —N (nitrogen free) (D) upon 590 nm excitation before and after (-N)
24 h of nitrogen starvation. The corresponding lifetimes are given in the figures.
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In our experiments even after 24 h of nitrogen shortage, the WT cells did not show
any major changes in the EET only a slight change in the corresponding life-times (Fig. 17B).
On the other hand, the obtained DAS for untreated crtH cells are strongly different from
those of WT cells. In the crtH cells, a decrease in the amplitude of the red component reflects

the decrease in energy transfer from PBS to the APCggo + Chls (Fig. 17C).

Most notably, the crtH cells were exhibited the dominant long living components, the
purple and green components with 521 ps and 1.42 ns lifetime and fluorescence maxima at
around 640-650 nm. These components originate from the functionally disconnected PC rods
of PBS. Similar DAS for crtH mutant was obtained from the previous study in our laboratory
(Toth et al 2015). In case of nitrogen shortage, the DAS of crtH cells displayed a component
peaking around 640-650 nm wavelengths with even higher amplitude (~ 1.06 ns) (Fig. 17D)
and no clear component for EET from was observed. These observations support the
enrichment of the cells in energetically disconnected PC rods of PBS under nitrogen

starvation.

Nitrogen starvation in carotenoids-deficient crtB cells was also monitored. The crtB
cells can only grow in light-activated heterotrophic growth (LAHG) conditions (Sozer et al
2010), thus the PBS degradation induced by nitrogen starvation can be investigated without
the possible influence of light. Prior to both the absorption and fluorescence emission
measurements, the cultures were adjusted to the same ODyzs value in order to compare the
pigment content and corresponding fluorescence intensity on the cell basis. Based on the
absorption spectra, the crtB cells possessed low Chl content relative to the amount of

phycobilins (Fig. 18A).
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Figure 18. Effect of nitrogen starvation on the absorption and 77 K fluorescence emission
spectra of crtB strains. Cells were cultivated on nitrate free media (-N) for 4.5 h or 9 h. The
absorption spectra (A) were obtained from cells possesses the same OD;so and baseline
corrected. The fluorescence spectra (B) were recorded upon 436 nm excitation of cells with
identical OD7so.

Both the Chl and phycobilin related peaks showed a decrease after 4.5 h of nitrogen
starvation which further reduced after 9 h treatment. In crtB cells similarly to WT, the
absorption of phycobilins decreases faster than that of Chl. After 4.5 h treatment, the
fluorescence emission spectra of the crtB cells (Fig. 18B) revealed a substantial decrease in
the TE fluorescence emission, while PSI fluorescence only slightly lowered. After 9 h of
nitrogen starvation, the TE peak and PSI peak further decreased, while the intensity of PC

band remained almost at the original level.

The results from nitrogen starvation experiments could be explained by a slower
degradation of unconnected PC rods, or an enhanced disassembly of PBSs upon B-carotene
shortage in both the crtB and crtH strains. However, no fluorescence from TE of crtH cells
appeared during the starvation, which supports the idea of the delayed degradation of PC rod
units. This way, a role of B-carotene in the recognition or degradation of detached
phycobiliproteins can be hypothesized. It is plausible that even under normal growth

conditions, the degradation of unconnected rods is delayed to a certain extent; this delayed
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degradation of rods can result in the observed phenotype of the low [-carotene containing
cells. The delayed degradation of detached PC units would also explain their increased
presence in crtH cells grown under PMG conditions, where the cells have lower PBS and Chl

content than under autotrophic conditions.

On the other hand, the delayed degradation of PC units itself would not explain the
shorter rods of assembled PBSs. It is known that the degradation of PBSs is sequential
(Schwarz & Forchhammer 2005, Bernat et al 2009), thus the detachment of the last two rod
units (Toth et al 2015) cannot be part of an active mechanism targeting to reduce the antenna
size. Two mechanisms could explain such shortening of the rods. The detachment of the rods
should occur even under non-stressed conditions (Anderson & Toole 1998). In case of B-
carotene shortage, there might be a defect of the PBS repair system. More likely, under -
carotene limitation PC detachment could occur due to damage of PBS linkers by a factor
different from ROS. Indeed, cyanobacterial cells with linker protein deficiency accumulate a
high level of disconnected phycobiliproteins (Anderson & Toole 1998, Ughy & Ajlani 2004),
while the mutations related to the phycobiliprotein structure lead to a decreased amount of
these proteins (Anderson & Toole 1998). It seems that the cyanobacterial cells are unable to
efficiently eliminate the disconnected PC oligomers although those have a capacity to
produce harmful ROS (He et al 1997, Anderson & Toole 1998). It is plausible that
carotenoids participate in a complex similar to those formed by HLIP proteins (Knoppova et
al 2014, Daddy et al 2015 ) and can protect the PBSs similarly to chaperons (Sato et al 2010).

Thus, an important function of B-carotene may be the prevention of PBS disassembly.
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4.2. Zeaxanthin and echinenone modify the structure of PSI trimer

4.2.1. Pigment analysis of cells and PSI complexes

Firstly, we tested whether the xanthophyll deficiency influences the pigment content of
PSI or if we can detect xanthophylls in the PSI complex of WT cells. We analyzed the

pigment composition of whole cells and isolated PSI complexes by HPLC (Table 3).

Table 3. Relative distribution of the main carotenoid species from the whole cell extract, as
well as isolated PSI trimers of WT, crtRO, crtR, crtO, cruF and monomers of psalL. Values
are given as the number of pigment molecules relative to 100 Chl molecules. Each value
represents the mean (£ SD) of at least three independent repetitions. Abbreviation of
carotenoids: Myx, myxoxanthophyll; Zea, zeaxanthin; Ech, echinenone; B-car, B-carotene.
*The result is significant at P < 0.05 or ** at P <0.01 as compared to WT using the t-test for
equal variance.

Whole cells Isolated PSI trimer/monomer
Myx Zea Ech B-car Zea Ech B-car

WT | 15.1+49 | 21.1+2.2 9.8+0.4 26.0+0.9 1.3+0.1 | 8.0+0.9 | 17.7+0.2
crtRO - - - 34.3+0.1** - - 23.2+1.0**
crtR - - 10.0+#1.3 | 21.6£1.1** - 9.2+1.2 | 15.9+0.2**
crtO | 7.9+1.4* | 18.2+0.7* - 38.6+2.9** | 1.5+0.18* - 23.9+0.3**

cruk - 27.1+2.7* 12.1+2.6 | 30.3t1.2** | 15+0.2 | 8.3+0.3 | 17.6+0.2
psaL | 9.1+1.9* | 26.4+£1.2** | 17.1+1.5** | 43.2+4.3** | 1.5+0.2* | 7.2+0.3 | 14.9+0.8**

Besides the almost completely xanthophyll-deficient (crtRO) mutant, we also

investigated the PSI complex of crtR, crtO and cruF mutants which are deficient in various
xanthophyll species. Furthermore, we applied psaL mutant, which contains only PSI
monomers due to the absence of the PsaL protein (Chitnis & Chitnis 1993).

In order to minimize the amount of xanthophylls that co-purify, but unspecifically
bind to PSIL, 2% B-DM was used for solubilization of the thylakoid membrane. Our data
confirmed the presence of xanthophyll molecules, zeaxanthin and echinenone in the purified

PSI complexes. In line with our findings, both zeaxanthin (Bautista et al 2005, Klodawska et
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al 2015, Komenda & Sobotka 2016) and echinenone (Klodawska et al 2015, Daddy et al
2015) molecules were previously detected in Synechocystis PSI samples using lower (1% f-
DM) detergent concentration.

In spite of its large quantity in the cells, myxoxanthophyll was not observed in the
isolated PSI complexes so far (Table 3) (Bautista et al 2005, Klodawska et al 2015). No
compensation of the absence of echinenone by zeaxanthin was observed, but the echinenone
deficiency (in crtO and crtRO) coincided with an increase in the amount of (3-carotene (Fig.
19) in the trimeric PSI complex.

The results are expressed relative to the Chl content, thus the increased amount of -
carotene in crtO and crtRO can be explained by a higher B-carotene content of the PSI (Fig.
19B) or a decrease in the Chl content of the complexes. The loss of peripheral Chl molecules
during isolation of PSI complexes has been reported previously (Rogner et al 1990, El-
Mohsnawy et al 2010) and could provide a potential explanation for the apparent increase in

the amount of B-carotene in the mutant PSI.
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Figure 19. The B-carotene content of the whole cell extracts of WT, crtRO, crtR, crtO, and
psaL (A) and the corresponding PSI complexes (B). The values are given as the number of j3-
carotene molecules relative to 100 Chl molecules. Each value represents the mean = SD of at
least three independent repetitions.
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However, the Chl release should be accompanied by a parallel increase in the amount
of zeaxanthin and B-carotene relative to Chl in the PSI of echinenone-deficient cells. In case
of such degree of Chl loss, the Chl to protein ratio would substantially increase. We would
expect around 30% increase in the Chl to protein ratio of echinenone or xanthophyll-deficient
PSI relative to that of WT. However, we could not detect any significant difference in the Chl
to protein ratio between PSI of crtRO and WT cells. These values were estimated as
3.02+0.06 (n=3) and 3.13+0.09 (n=3) for trimeric PSI of WT and the crtRO cells,
respectively. In contrast, when the zeaxanthin synthesis was inhibited (in crtR), a decrease of
[3-carotene was detected in the trimeric PSI complex. Due to the low amount of zeaxanthin in
the PSI samples, it is difficult to see if the absence of zeaxanthin is compensated by

echinenone.

The amount of B-carotene was also lower in PSI monomers of psaL cells (Fig. 19A).
In the PSI monomers of psalL mutant, the reduced number of B-carotene molecules could be
explained by the loss of those three B-carotenes which are involved in the binding of the PsaL
protein to the PSI core (Grotjohann & Fromme 2005, Toth et al 2015). Our earlier results did
not reveal any change in the PsaL binding in the absence of xanthophylls, only when the cells
were also deficient in -carotene (Toth et al 2015). Therefore, the decrease in the p-carotene
content of the isolated PSI trimer obtained from zeaxanthin-deficient cells probably
represents the loss of B-carotene molecules different from those located at the trimerization

domain.

Surprisingly, the amount of B-carotene (Table 3) showed the same tendency for the
whole cells in the crtRO, crtR and crtO genotypes as in the isolated PSI complexes. This
effect could be explained by the fact that most of the Chl and -carotene are associated with

PSI due to the high abundance of PSI complexes. The same tendency of B-carotene levels
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was recorded in PSI complexes of the xanthophyll mutants (crtRO, crtR, crtO) at cellular
level supporting that those differences in B-carotene to Chl ratio of PSI probably exist in vivo
(Table 3) (Kusama et al 2015), as well. But for the psaL mutant where the decrease of the 3-
carotene content of PSI was accompanied by an increase of the cellular $-carotene level. This
effect could be explained by the increased level of carotenoid-binding proteins (Daddy et al

2015).

4.2.2. Testing the PSI organization by in vivo spectroscopic methods

We addressed the question whether the absence of xanthophylls alters the
organization of PSI in vivo. The circular dichroism (CD) and fluorescence measurements
were proved to exhibit distinct spectral features for trimeric and monomeric PSI-containing
samples both in vitro (Shubin et al 1993, Gobets et al 2001, EI-Mohsnawy et al 2010,
Karapetyan et al 2014 ) and in vivo (Klodawska et al 2015, Toth et al 2015) based on the
specific pigment-protein interactions, the CD spectroscopy can be applied to investigate the

role of xanthophylls in terms of structural rearrangement of PSI complex.

The circular dichroism (CD) spectra possess a characteristic fingerprint for PSI
complex at around 515 nm wavelength based on specific pigment-protein interactions within
the complex (Shubin et al 1993, Klodawska et al 2015, Zakar et al 2017). In this study, the
CD spectra were obtained from cell suspensions of xanthophyll deficient mutant crtRO, and
psalL relative to that of WT and revealed differences in the 515 nm peak (Fig. 20A). The PSI-
related signal was expressed by the CD amplitudes measured at 515 nm using a reference
wavelength of 550 nm. Values are also given in percentage (Fig. 20B), where 0%
corresponds to the level of 515 nm signal in the psaL (only PSI monomers) and 100% to that

in WT (predominantly PSI trimers).
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Figure 20. Circular dichroism spectroscopy analysis of WT and various mutants of
Synechocystis cells. A: Overlaid CD spectra of psalL, crtRO, and WT cells. The spectra were
normalized to the Chl absorption measured at 680 nm. B: Comparison of the amplitudes of
the PSl-related 515 nm bands. Error bars represent standard deviation. * The result is
significant at P < 0.05 or ** at P <0.01 as compared to WT.

In our experiments, the PSI-related CD signal did not decrease in crtO and only to a
small extent in cruF cells, while approximately 30% and 40% reduction of the PSI signal was
observed in crtR and crtRO cells, respectively. Thus, mostly the absence of zeaxanthin could
be accounted for the decrease in the PSl-related CD signal observed in vivo upon complete

xanthophyll deficiency.

The CD spectra were normalized to the total Chl absorption of the cell suspensions;
consequently, any changes in the PSI to PSII ratio of cells could alter the intensity of the PSI-
related CD signal. The influence of xanthophyll content on PSI to PSII ratio was investigated
by the fluorescence emission of cells upon Chl (436 nm) excitation (Fig. 21) at low
temperature. This way both PSI and PSII are excited and any changes in the relative ratio of
fluorescence emitted by the photosystems suggest the alteration of their approximate ratios.
The spectra of the strains investigated in this study exhibited no or only a small (less than

5%) decrease in PSII peaks (685 and 695 nm) relative to the PSI band (720 nm).
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The spectra were obtained from dark-adapted cells, thus the effect of light-induced
non-photochemical quenching on the intensity of the PSII peaks should not be considerable.
In line with these results, the time-resolved fluorescence measurements also did not reveal
any significant changes in the fluorescence lifetimes of the photosystems (Toth et al 2015).
Therefore, the difference observed in the CD spectra of the cells cannot be strongly

influenced by the change in the PSI to PSII ratio of the mutants.
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Figure 21. 77K fluorescence emission spectra of Synechocystis WT and crtRO, crtR, crtO,
cruF and psaL mutant cells. The spectra were recorded upon 436 nm excitation of samples
with equivalent Chl content and normalized to their maxima.

The fluorescence technique was also useful to obtain further information about the
PSI trimer in vivo, based on the spectroscopic feature of the LWCs. Although LWCs are
responsible for only a small fraction of the total absorption, they have a strong effect on the
fluorescence properties of the PSI, especially when recorded at low (77K or less) temperature
(El-Mohsnawy et al 2010). Around five-six LWCs in the trimer and three-four in the
monomer of Synechocystis were proposed based on experimental results (Gobets et al 2001,
Mazor et al 2014). These LWCs absorb light around 700 nm and emit fluorescence above 710

nm depending on temperature (van der Lee et al 1993, Gobets et al 2001, Karapetyan et al
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2014). Hence, here we recorded fluorescence emission at 77K temperature to obtain
information about the level of PSI trimer in vivo, based on the “red” Chl interaction.
According to our results, a decrease in the LWC signal was observed not only in psaL but

also in crtRO cells (Fig. 22A).
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Figure 22. 77K fluorescence emission spectra recorded on WT and mutant Synechocystis
cells. A: The spectra were recorded upon 436 nm excitation of samples with equivalent Chl
content and normalized to their maxima. The inset shows the WT minus mutant difference
spectra for various cells. B: Difference in the fluorescence emission between the WT and
mutants at 735nm. Error bars represent standard error (n=3). * The result is significant at P <
0.05 or ** at P <0.01 as compared to WT.

We found around 60% decrease in the amplitude of the LWC signal obtained from the
crtRO mutant (Fig. 22B), in conditions when WT and psaL represent 0% and 100 %,
respectively. Our results showed around 45% reduction of the LWC signal in crtO cells, and
no significant difference (P >0.05) in crtR and cruF cells. Consequently, mostly the CrtO

mutation contributed to the PSl-assigned fluorescence change observed in the crtRO mutant.

The changes of the PSl-related CD signal do not essentially coincide with alteration
of the LWC fluorescence of the PSI (Fig. 20 and 22). Based on these results, we suppose that
both zeaxanthin and echinenone influence the structure of PSI, specifically, in a different
manner in vivo. In order to support our hypothesis biochemical investigation of the

xanthophyll-deficiency-induced effect on PSI were carried out.
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4.2.3. Protein analysis of the thylakoid membrane

To investigate the importance of the specific xanthophylls in the organization of PSI
trimer, protein analysis was performed on the same set of mutants. We applied CN-PAGE
(Fig. 23) which allows comparing the intensity of Chl-containing bands. Identification of the
bands on the gel was performed based on the relative electrophoretic mobility (Kopecna et al

2012, Toth et al 2015).
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Figure 23. CN-PAGE analysis of thylakoid membrane protein complexes of various
xanthophyll biosynthesis mutants. A: Thylakoid membranes of WT, crtRO, crtR, crtO, cruF
and psaL cells were solubilized with 1% B-DM (w/v). Samples containing 1, 0.5 (50%) or
0.25 (25%) ug of Chl were loaded, as it is indicated. The positions of PSI trimeric or PSI and
PSII monomeric complexes are indicated in the left side. B: Quantitative densitometry results
for the Chl-containing protein bands separated by the CN-PAGE. The results obtained from
the same sample loaded at various concentrations have been averaged after normalization.

Thylakoid sample of the psaL mutant with 50% and 25% of Chl concentration was
loaded on the gel to achieve a better assessment of the amount of monomers in the mutant
cells. It is noteworthy, that most of the Chl molecules (approximately 90%) bound to PSI;

thus, the intensity changes of the green bands are well correlating with the alterations in PSI
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organization. In our experiments, the electrophoretic separation of native protein complexes
revealed a somewhat higher amount of monomers at the expense of PSI trimers in crtRO,
crtR, and crtO thylakoids, but these monomeric PSI bands were still much fainter than that of
the two-fold diluted psaL sample (Fig. 23A). Based on densitometry results, the crtRO, crtR,
and crtO mutants exhibited around 25% increase in the intensity of the monomeric band

relative to the WT independently of the applied Chl concentration (Fig. 23B).

The stability of PSI trimers was also tested using various treatments, like EDTA
washing, increased detergent concentration and high temperature (Fig. 24). We found that the
PSI trimer of xanthophyll-deficient crtRO mutant possessed a strongly increased propensity
for decomposing into monomers, as compared to WT upon EDTA treatment. Due to
technical limitations, the detailed structure of PSI trimer has only been obtained from T.
elongatus (Jordan et al 2001), while the only partial structure of PSI monomer is available

from Synechocystis PSI complex (Mazor et al 2014).
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Figure 24. Protein analysis of Synechocystis thylakoid membrane of WT and the
xanthophyll-deficient mutant, crtRO by BN-PAGE. The membranes of WT and crtRO
mutant were solubilized with 1% B-DM (w/v) and treated with 25 mM EDTA, 5% [-DM or
60°C heat where indicated. Samples containing 2.5 pug of Chl were loaded on each lane. The
positions of PSI trimeric (PSls), PSI and PSII monomeric (PSI;+PSll;) complexes are
indicated on the left side.

The high-resolution structure supposes a Ca** ion in the PSI trimeric complex which

is released during the transition of trimer to monomers (Jordan et al 2001). Based on the
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structural homology of PSI between Synechocystis and T. elongatus, we assume that in our
experiments, the structural differences at the monomer-monomer interface in the absence of
xanthophylls could lead to the easier release of Ca** and eventually the disassembly of the
trimer into monomers. This hypothesis is supported by the substantial sensitivity of the
mutant trimer to the chelating agent, EDTA (Fig. 24). Thus, a weaker binding of divalent
cations (i.e. Ca®") in the absence of xanthophylls can be accounted for the reduced PSI trimer
stability. However, PSI trimer was not showing increased susceptibility to other factors (e.g.
detergent, high temperature). Interestingly, in crtRO samples, the PSI monomers exhibited
multiple bands with poor resolution upon solubilization with 1% B-DM, while separated into
one distinct band after solubilization with 5% [B-DM (Fig. 24). This suggests a modified

interaction of the monomeric PSI with the surrounding lipid molecules

We performed sucrose density gradient centrifugation during purification of the PSI
complexes from solubilized thylakoids. Mostly, trimeric PSI was obtained from the WT and
cruF mutants, while only monomers were observed in psaL samples (Fig. 25). Surprisingly,
our results revealed an extreme instability of the trimeric PSI complexes in crtRO and crtR
mutants under these conditions and to some extent in crtO. In crtRO, crtR and crtO samples
the ratio of PSI trimers to monomers varied from isolation to isolation (Fig. 25 and 26); but in
crtRO mutant cells, we could not retain more than 50% of the trimers. These observations
correlate with the changes observed in CN and BN-PAGE (Fig. 23 and 24), but show a more

pronounced effect.
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Figure 25. Sucrose density gradient fractionation of solubilized thylakoid membranes.
Thylakoid membranes were solubilized by 2% p-DM and samples with equivalent Chl
content were loaded onto each tube. The band designation is indicated next to the

corresponding bands.

These results also demonstrate a weakening of the driving force responsible for
maintaining the trimeric structure upon the absence of xanthophylls. It seems that the
instability of the PSI trimer of crtRO mutant is mostly due to the crtR and, at less extent, to
the crtO mutation. Accordingly, predominantly zeaxanthin and, in a certain degree,

echinenone could be accountable for the stabilization of the PSI trimeric complex.
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Figure 26. Sucrose density gradient fractionation of solubilized thylakoid membranes.
Thylakoid membranes were solubilized by 2% p-DM and samples with equivalent Chl
content was loaded onto each tube. The band designation is indicated next to the

corresponding bands.
Such important role of xanthophylls in the trimeric structure of Synechocystis PSI

raises the question as to where those structurally important xanthophylls are located and how
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they influence the protein structure. Although it was observed that some carotenoid-binding
proteins can also bind xanthophylls (Melnicki et al 2016), it is unlikely that those are co-
purified with PSI complexes. However, the influence of certain membrane-localized
carotenoid molecules on the structure and function of membrane proteins was previously
demonstrated (Chegeni et al 2016, Janik et al 2016). Such effect of non-protein-bound
xanthophylls on the PSI trimer structure could occur via their influence on the lipid
environment in the vicinity of the complex e.g. modifying the width or fluidity of the
membrane (Gruszecki & Strzalka 2005, Klodawska et al 2015) or via direct interaction of the
peripheral xanthophylls with specific parts of the transmembrane protein domains. In fact, the
impact of the membrane lipid compositions on the xanthophyll content and PSI
oligomerization was already established in Synechocystis cells (Domonkos et al 2009, Zakar

et al 2017).

4.2.4. Spectroscopic investigation of the PSI complexes

We have investigated the PSI trimeric complex in vivo by spectroscopic methods in
order to reveal the location of structurally important xanthophylls in the PSI complex and
understand how they influence it. Our idea of structurally modified PSI trimers was
confirmed in vitro by the CD spectra of the PSI complexes separated by native gel
electrophoresis (Fig. 27). The difference between PSI trimer of WT and monomer of psalL
spectra was similar to what was observed for whole cells. Moreover, trimers of both the
crtRO and crtR retained their spectral difference from WT, while crtO and cruF are still do

not differ significantly (Fig. 27A).
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Figure 27. Circular dichroism spectroscopy analysis of PSI complex of WT and various
mutants of Synechocystis cells. The thylakoid membranes were solubilized by 1% B-DM. A:
Overlaid CD spectra of CN-PAGE separated PSI complex of psalL, crtRO, and WT. The
spectra were normalized to the Chl absorption measured at 680 nm. B: Comparison of the
amplitudes of the PSI-related 515 nm bands. Error bars represent standard deviation. ** The
result is significant at P <0.01 as compared to WT.

Similar results were obtained on sucrose density gradient fractions containing
dominantly PSI complexes (Fig. 28). Thus, specific action sites for the xanthophylls at the

PSI complex were predicted from the spectroscopic results.
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Figure 28. Circular dichroism spectroscopy analysis of thylakoid membranes isolated from
WT, crtRO, and psaL cells. The spectra were normalized to the Chl absorption measured at

680 nm.
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The pigment analysis revealed the same amount of xanthophylls per trimer as in the
monomer (see section 4.2.1) in spite of the high (2%) detergent concentration. We have also
tested by spectroscopic methods the PSI trimeric complexes isolated by a multistep
purification method (sucrose density gradient followed by anion exchange chromatography)
from thylakoid membrane solubilized with higher detergent concentration (2% p-DM). Under
these conditions, the CD spectrum of crtRO trimer appeared to be almost identical to the WT

one (Fig. 29A).

On the other hand, the similar difference between WT trimer and psaL monomer was
observed, as it was previously observed for these oligomers of PSI (Fig. 29A) (Shubin et al

1993).

o
w

N
o
1

—_
N

0.0 B

c
o)
~~ 0_ ‘.é i
D ) 700 725
n
-g 20 ) 5 08
= —— WT PSl, i
Q =
O 4 psaL PSI, = 0.4
----- crtRO PSI, 5
: : : : ® o0 : : . :
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 29. Spectroscopic analysis of PSI complexes obtained by multistep isolation. The
thylakoid membranes were solubilized with 2% B-DM. A: Circular dichroism spectra of the
PSI complexes. The spectra were normalized to the Chl absorption at 680 nm. B: Absorption
spectra of the trimeric PSI isolated from WT and crtRO overlaid with the spectrum of
monomeric PSI from psaL. The inset shows the absorption region of the LWCs.

In order to monitor the presence of LWCs, we recorded the absorption spectra of the
trimeric PSI from WT and crtRO, as well as the PSI monomer of psaL cells (Fig. 29B).
Interestingly, the absorption spectrum of crtRO PSI trimer also did not show any difference

from WT trimer in the region of 690-720 nm, while PSI monomer of psaL has a lower
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absorbance at this range (Fig. 29B). Thus, the PSI complexes seemed to undergo structural
modification during multistep isolation, which eventually can lead to the loss of the spectral
difference between WT and xanthophyll-deficient PSI trimers (Fig. 29). Based on our
observations, we predict the presence of the xanthophylls in the peripheral part of the protein

in the membrane plane where they can also interact with the surrounding lipid molecules.

We suppose that xanthophylls are performing mostly fine regulation of the PSI
structure.  Very recently, our predictions regarding the presence of zeaxanthin and
echinenone molecules in the PSI trimeric complex of Synechocystis were confirmed by X-ray
crystallography (Malavath et al 2018). The high resolutions structure of the partial (subunit
depleted) PSI trimeric complex was obtained. Their measurements suggest at least 4
zeaxanthin and 7 echinenone and one hydroxyl-echinenone molecule in the PSI trimeric
complex. Their data also support the presence of the xanthophylls mostly at the periphery of

the monomeric complexes.

Furthermore, our experiments on the isolated trimeric PSI complex of T. elongatus
also suggest that around two molecules of zeaxanthin and echinenone are present per PSI
monomer (Table 4).

Table 4. Relative distribution of the main carotenoid species of PSI trimers isolated from WT
Synechocystis and T. elongatus. Values are given as the number of pigment molecules

relative to 100 Chl molecules. Each value represents the mean + SD of at least three
independent repetitions.

Zea Ech [3-car
Synechocystis PCC 6803 1.3+0.1 | 8.0+0.9 | 17.7+0.2
Thermosynechococcus elongatus 2.1+0.3 | 1.7£0.3 | 24.3£3.0

Based on the sequence homology, the structure of PSI complexes are very similar in
various cyanobacterial species; this predicts that the involvement of xanthophylls in the

stabilization of the complexes could be a more general phenomenon, not specific for
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Synechocystis strain. Our previous measurements in the xanthophyll-deficient mutant of
Synechocystis revealed slightly lower stability of PSII dimer as well (Toth et al 2015). Thus,
the analogous effect of xanthophylls on both photosystems is plausible, but its confirmation

requires further studies on the PSII structure and its related functions.
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5. SUMMARY

The dissertation is focused on the role of carotenoids in the assembly, structure, and
function of cyanobacterial photosynthetic complexes, namely the phycobilisome (PBS)
antenna and photosystem | (PSI) trimer. Cyanobacteria are widely studied and important
group of photosynthetic organisms; they are a major class of primary biomass producers and
represent a taxonomic group closely related to the common ancestor of oxygenic
photosynthetic organisms. Cyanobacteria are the only prokaryotic oxygen-evolving
organisms and are also easily amenable to genetic engineering approaches (used in this

thesis) while having the potential for industrial biofuel applications as well.

i.  p-carotene influences the phycobilisome structure
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In the first part of the thesis, we have investigated the relationship between the
carotenoid composition and the structure of PBS antenna. It was previously found that the
complete carotenoid deficiency (crtB cells) and also the low level of carotenoids (crtH cells)
resulted in the presence of disconnected PC rods of PBS besides the assembled PBSs with
shorter rods. We have proved with a set of mutants, including a newly generated
myxoxanthophyll deficient mutant (cruF, in this thesis), that none of the xanthophylls could
significantly influence the structure of PBS. It is generally known that most of the p-carotene
is bound to the photosystems. Although the absence of photosystems was observed upon the
complete carotenoid deficiency, we showed that it does not affect the PBS structure. Thus, a
small fraction of B-carotene, which is not connected to the photosystems, is important for the

properly assembled PBS.

The presence of unconnected rod units could be explained by the absence or improper
function of the rod linker proteins which connect the PC rods to the rest of the PBS complex.
We found that the amounts of these linker proteins were reduced at the cellular level in the
complete carotenoid deficient mutant (crtB). Thus, a higher rate of degradation or inhibition
of linker protein synthesis can occur upon B-carotene shortage and results in the altered PBS
structure. The complete carotenoid deficient (crtB) mutant possesses an extreme light
sensitivity and does not show photosynthetic activity. On the other hand, the cells with lower
carotenoid content (crtH mutant) possess the same PBS related distortion as the complete
carotenoid deficient cells (crtB) without severe effects on the basic photosynthetic functions.
In order to decrease the complexity of our model system, the mutant with lower carotenoid
content was used in most of the further experiments for understanding the correlation

between p-carotene and PBS structure.
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One of the main functions of carotenoids is the protection against ROS induced
damage. The effects of B-carotene shortage on the PBSs are in fact can be caused by an
increased production of ROS. Accordingly, the cells with lower carotenoid content (crtH)
exhibited an increased production of a harmful ROS, so-called 'O,. These cells were also
more susceptible to high light treatment but displayed a higher tendency for complete
degradation of PBSs rather than the increased accumulation of disconnected PC rods. In spite
of the fact that the mutant cells possess a lower amount of carotenoids, they contain a similar
level of myxoxanthophyll as wild-type cells. The remaining myxoxanthophyll could ensure
the ROS protection of the PBS linker proteins in this mutant. This hypothesis was
conclusively rejected by the use of the newly created double mutant (crtH/cruF, in this
thesis), which also lacks myxoxanthophyll. Based on our observations, we propose that ROS
induced direct damage is unlikely to cause a significant reduction in the level of the PBS rod

linker proteins upon limited 3-carotene availability.

As a next approach, the enzymatic PBS degradation was induced by the nitrogen
starvation condition in the mutants (crtH and crtB) possessing disconnected PBS units.
During nitrogen-limited conditions, the wild-type cells degrade their phycobiliproteins
through a programmed pathway to release the composing nutrients and ensure the survival of
cells. Surprisingly, a slower degradation of the disconnected PBS units was observed in the
mutants under the nitrogen shortage. Consequently, our results suggest that the increased
amount of unconnected PC units upon limited f-carotene availability is most probably due to

an insufficient degradation rate of phycobiliproteins and/or an increased disassembly of PBS.

ii.  Zeaxanthin and echinenone modify the structure of photosystem I trimer
In the second part of this thesis, the function of xanthophylls in the organization and

structure of PSI trimer was demonstrated. Our pigment analysis confirmed the presence of
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xanthophylls, namely zeaxanthin and echinenone in the PSI trimeric complex. Both the
zeaxanthin and echinenone molecules can be part of the complex or be embedded in the
membrane in the vicinity of PSI. Despite the presence of a high amount of myxoxanthophyll
in the cells, we could not observe it in the isolated complex, thus only specific xanthophyll
molecules are present in PSI. In the xanthophyll-deficient mutant, a compensatory increase in
the level of B-carotene was observed, which suggest that xanthophylls might have important

functions in the complex.
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We have monitored the organization of PSI trimer upon xanthophyll deficiency in
vivo and in vitro as well. The spectroscopic methods used in this study are based on specific
pigment-protein and pigment-pigment interactions within the PSI complex. One of our
methods, the circular dichroism, showed that only the absence of zeaxanthin resulted in a
noticeable change in the in vivo PSI trimer signal. On the other hand, the absence of
echinenone, much more than that of zeaxanthin, led to a reduced level of LWC fluorescence.
These LWCs are present at the PSI trimeric complex in a higher amount. These results
showed that both x have specific and not interchangeable roles in the structural organization

of PSI trimer in vivo.
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The further biochemical investigations were performed to study the influence of
specific xanthophylls in the organization of PSI. The poor resolution of monomeric PSI bands
was observed in the xanthophyll deficient mutants, but this effect was eliminable by higher
detergent concentration. Thus, we presume a modified interaction of monomers with the
surrounding lipids upon xanthophyll-deficiency. A most conspicuous result was the
propensity of PSI trimers to disassemble into monomers in the absence of xanthophylls upon
treatment by a chelating agent, ethylenediaminetetraacetic acid (EDTA). We propose that the
structural differences in the monomer-monomer interface of the protein probably led to an

easier removal of the important Ca** upon xanthophyll deficiency.

The xanthophylls-related spectral differences were also detected in the isolated PSI
trimers, which prove that the monomerization is not the only change brought about the lack
of xanthophylls. It also predicts the specific sites for the xanthophylls at the PSI complex. A
more rigorous purification protocol was able to eliminate the spectral difference between
wild-type and xanthophyll deficient PSI trimers. This finding led to the proposition that the
xanthophylls are either closely associated or present in the peripheral part of the PSI complex
and can also interact with the surrounding lipid matrix. We propose that xanthophylls are
performing mostly fine regulation of the PSI structure. It is rather surprising because
xanthophylls were not considered to have a vital structural role in the photosynthetic
complexes of cyanobacteria. It is noteworthy that based on this work the presence of
xanthophylls in PSI presumes has been supported by the very recently published partial
structure of Synechocystis PSI trimer. This high-resolution crystal structure reveals that the

PSI complex contains both zeaxanthin and echinenone.

We also observed a low number of zeaxanthin and echinenone molecules in the PSI

complexes of T. elongatus. The stability of the PSII complexes is also influenced by the
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absence of xanthophylls, based on the previous work in our laboratory. It seems that the
structural function of xanthophylls for photosystems could be a more general phenomenon,

not only specific for Synechocystis species or PSI.
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6. OSSZEFOGLALO

A jelen tézis a karotinoidok szerkezeti jelentdségét vizsgalja biokémiai és biofizikai
maodszerekkel a Synechocystis sp. PCC 6803 (Synechocystis) cianobaktérium fénybegytijté
fikobiliszoma (FB) antenndjanak és az els fotokémiai rendszerének (PS1) szervezddésében
¢s mikodésében. A cianobaktériumok széles korben tanulmanyozott és nagy jelentdséggel
bir6 fotoszintetikus szervezetek. Kiemelkedd jelent6ségiick az elsédleges biomassza
termelésben ¢€s taxonomiailag kozel allnak a mai oxigéntermeld fotoszintetikus szervezetek
Oseihez. A prokariotak kozott egyediil a cianobaktériumok oxigénfejlesztok, genetikailag is
kénnyen modosithatoak és az ipar szdmara potencidlisan felhasznalhaté biomassza vagy

bioiizemanyag termel0k.

i A p-karotin befolyasolja a fikobiliszoma antenna szerkezetét
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A tézis elsO részében a karotinoidosszetétel és a FB antenna szervezddése kozotti

Osszefuggest vizsgaltam. Korabban megfigyelték, hogy a teljes karotinoidhiany (crtB sejt) és
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az alacsony karotinoid szint (crtH sejt) is szabadon &ll6, FB-hoz nem kapcsolt fikocianin
(FC) FB alegységek, valamint kevesebb FC egységet tartalmazé FBk megjelenéséhez vezet.
Tanulmanyoztunk szamos mutans vonalat és el6allitottunk egy teljes mixoxantofillhianyos
muténst (cruF, jelen tézisben). Méréseinkkel megerdsitettilk, hogy egyik xantofill sem
befolyasolja jelentdsen a FB szerkezetét, tehat egyediil a B-karotin hidnya felelés a nem-
kapcsolt FC egységek jelenlétéért. Az altalanossagban ismert, hogy a legtobb [-karotin
molekula a fotokémiai rendszerekhez kotve taldlhaté a sejtben. Ugyanakkor, a fotokémiali
rendszerek hianya, ami a karotinoidhianyos sejtekre is jellemz6é, nem befolyasolta a FB
szerkezetét az elvégzett kisérletekben. Valosziniileg egy kis mennyiségli, nem a fotokémiai

rendszerekhez kotott B-karotin sziikséges a FB megfeleld szervezddéséhez.

A nem-kapcsolt FC egységek megjelenése magyardzhatd a FC alegységeket a FB
tobbi részéhez csatolo linker fehérjék hianyaval vagy nem megfelelé miikodésével. A teljes
karotinoidhidnyos mutanssal végzett Kkisérleteink azt mutatjadk, hogy a FC linkerek
mennyisége sejtszinten és a tisztitott FB-ban egyarant alacsonyabb volt. Kévetkezésképpen,
karotinoidok hianyaban a modosult FB szerkezet valdsziniileg a linker fehérjék nagyobb

mértékii lebontdodasanak vagy az azok szintézisében bekdvetkezd zavarnak a kovetkezménye.

A teljes karotinoidhianyos (crtB) mutans extrém fényérzékeny és fotoszintetikus
aktivitassal sem rendelkezik. Ugyanakkor, az alacsonyabb karotinoidtartalommal rendelkezd
sejtek (crtH) az alapvetd fotoszintetikus funkciok nagymértékii zavara nélkiil tartalmazzak
ugyanazt a FB szerkezeti zavart, mint a teljes karotinoidhianyos mutans (crtB). Ezért a
tovabbi kisérleteinkben tilnyomorészt az alacsonyabb karotinoidtartalommal rendelkezo
mutans sejteket hasznaltuk a B-karotin és a FB szerkezet kapcsolatanak feltarasara, a

modellrendszeriink komplexitasanak csdkkentése érdekében.
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A karotinoidok egyik legfontosabb szerepe a reaktiv oxigén gyokok (ROS) elleni
védelem. Tehat csokkent B-karotin szint esetén felmeril a ROS Altal indukalt direkt FB
karosodas lehetdsége. Kisérleteinkben az alacsonyabb karotinoidtartalommal rendelkezd
sejtek (crtH) megndvekedett szinglet oxigén (:0%) termel8dést mutattak, amely egy igen
reaktiv ROS. Ezek a sejtek tovabba érzékenyebbnek bizonyultak az erds fénnyel szemben is.
Ugyanakkkor a mutans sejtben, magas fényintenzitasok mellett, erdsebb tendenciat
figyeltiink meg a teljes FB lebontddasara, mint a szabadon &ll6 FC alegységek tovabbi
felhalmozodasara. Habar a mutans sejtek alacsonyabb karotinoidtartalommal rendelkeznek,
mégis a vad tipushoz hasonlé mennyiségli mixoxantofill talalhaté benniik. A mutansban
jelenlévé mixoxantofill képes lehet a PB linker fehérjéinek a ROS elleni védelmét
részlegesen ellatni. Ezt a hipotézist kizartuk az altalunk az alacsony karotinoidtartalommal
rendelkezd sejtekbdl 1étrehozott, mixoxantofill bioszintézisére sem képes kettés mutans
(cruF/crtH, jelen tézis) vizsgalataval. Ezen eredmények alapjan azt feltételezzlik, hogy nem a
ROS-k okozta direkt karosodas a felelés a FC linker fehérjék mennyiségének csokkenéséért

korlatozott B-karotin hozzaférhetéség esetén.

Kovetkez6 megkozelitési modként a FB-k nitrogénhiany altal indukalt enzimatikus
lebontasat hasznaltuk a nem kapcsolt FC alegységeket tartalmazd sejtek (crtB és crtH)
esetében. Korlatozott nitrogén forras esetében a vad tipusu sejtek a sajat fikobiliproteinjeik
programozott lebontasabdl nyernek vissza szilkséges anyagokat a talélésiik érdekében.
Meglepé modon, a kisérleteinkben a nem-kapcsolt FC egységek alacsonyabb lebontddési
sebességét figyeltik meg a mutans sejtekben. Ezért feltételezziik, hogy a FC egységek
lassabb lebontasa vagy a FB-k fokozott szétesése okozza a nem-kotott FC egységek

feldusulasat B-karotin korlatozottsag eseten.
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ii. A zeaxantin és az echinenon modositja az elsd fotokémiai rendszer trimerének
szerkezetét

Dolgozatom mésodik felében a xantofilloknak a PS1 trimer szervezédésében jatszott
szerepét vizsgaltuk meg. Az altalunk végzett pigmentanalizis zeaxantin és echinenon
molekuldk jelenlétét mutatta ki a tisztitott PS1 komplex esetében. Tehat a zeaxantin és az
echinenon pigmentek a komplex részei, vagy a membranba &gyazva a PS1 komplex
kozvetlen kozelében helyezkednek el. A mixoxantofillt azonban a sejtben jelenlevd nagy
mennyisége ellenére sem tudtuk kimutatni a PS1 komplexben, vagyis csak bizonyos xantofill
molekuldk vannak jelen a PS1-ben. A xantofillhidnyos sejtek PS1 komplexében a [-karotin
molekuldk szdméanak ndvekedéset figyeltink meg, ami arra utal, hogy a xantofillok fontos

szerepet jatszhatnak a PS1-ben.

crtR

Vad tipusu
PS1 trimer

o echinenon
e zeaxantin

Megvizsgaltuk a xantofillek szerepét a PS1 trimer szervezddésében spektroszkdpiai
modszerekkel in vivo és in vitro is. Ezek a modszerek a PS1 komplexben levd specifikus
pigment-fehérje vagy pigment-pigment kdlcsonhatasokon alapulnak. Az egyik modszeriink, a
cirkuléris dikroizmus, azt mutatta, hogy csak a zeaxantin hianya okozott szdmottevd valtozast
az in vivo PS1 trimer jelében. A masik mddszer azt az eredményt adta, hogy a zeaxantin nem,

de az echinenon hidnya csokkenti a hosszu-hullamhossza  klorofillok  (LWC)
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fluoreszcencidjat a PS1 komplexben. Ezek a LWC-k a PS1 trimerben nagyobb mennyiségben
vannak jelen mint a monomerben. A kiilonb6z6 xantofillek hianyanak latszolag
ellentmondésos hatdsa a PS1 komplex szerkezetére arra utal, hogy a mind a zeaxantin, mind
az echinenon képes befolyéasolni a PS1 komplexet in vivo korilmények kdzott, méghozza

specifikus maédon.

Tovabbi biokémiai vizsgalatokat végeztiink a kiilonb6z6 xantofillek PS1-ben bet6ltott
specifikus szerepének tisztdzasara. Nativ gélelektroforézis segitségével rosszul elvalasztodo
monomer PS1 savot kaptunk a xantofillhidnyos mintadkban. Ezt a hatast azonban képesek
voltunk magasabb detergens koncentracié hasznalataval megszintetni. Ezen eredmények
alapjan feltételezziik a PS1 fehérjéi és az Oket koriilvevd lipidek kozti fehérje-lipid

kélcsonhatasok zavarat a xantofilllhidnyos mutansban.

A legszembetiinébb eredmény a teljes xantofillhianyos mutansbol izolalt PS1
trimerek monomerekké szétesése a kelatképzd etilén-diamin-tetraecetsav (EDTA) kezelés
hatasara. Az eredményeink alapjan azt tételezziik fel, hogy a xantofillok hidnyaban 1étrejovo
szerkezeti médosulds a monomer-monomer hataron levé kiemelkedé jelentéségli Ca®* ion

gyengébb kotddését eredményezi.

A xantofillfiiggd spektralis kiilonbségek az izolalt PS1-ben is megfigyelhetdek voltak,
ami arra utal, hogy a monomerizacid nem az egyetlen véaltozas, amit a xantofillek
eldidéznek. Tovabba, feltételezi specifikus xantofillkotd helyek jelenlétét a PSI komplexben.
A vad tipusu és xantofillhidnyos PS1 trimer kozotti szerkezeti kiilonbség képes eltlinni a
soklépeses tisztitasi eljaras soran. Ennek eredményeképp arra kovetkeztettink, hogy a
xantofillok a komplex membranhoz kozel esé részén helyezkednek el a fehérjébe agyazodva,
vagy annak kozvetlen kozelében, ahol képesek kolcsonhatni a komplexet koriilvevo

lipidmolekulakkal. Feltételezhet6 tehat, hogy a xantofillek foleg a PS1 szerkezetének finom
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szabalyozésdban jatszanak szerepet. Ezen feltételezés meglep6 annak fliggvényében, hogy a
xantofilleknek nem tulajdonitottak kiemelkedd szerepet a cianobakteriumok fotoszintetikus

komplexeiben.

Figyelemre meltd, hogy a jelen munka eredményeként a PS1-ben feltételezett
xantofillek jelenlétét a kdzelmdltban a Synechocystisb6l nyert részleges PS1 trimer
szerkezetben is kimutattak. A nagyfelbontasu kristalyszerkezet alapjan tudjuk, hogy mind
zeaxantin mind echinenon molekula detektalhaté a PS1 trimer komplexben. Tovabba kis
mennyiségli zeaxantin és echinenon molekulat a Thermosynechococcus elongatus PS1
monomerében is megfigyeltink. A csoportunkban elért kordbbi eredmények azt mutatjak,
hogy a xantofillok hianya a PS2 szerkezetét is képes befolyasolni. Ez arra enged
kovetkeztetni, hogy a xantofillok szerkezetet befolyasolé szerepe egy altalanosabb jelenség

és nem Kkizarolag a Synechocystis fajokra vagy a PS1-re jellemzo.
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7. CONCLUSIONS

We confirmed the role of carotenoids in the photosynthetic pigment-protein complexes:

i) PBS and ii) PSI trimeric complex of Synechocystis.

Role of carotenoids in the PBS structure

The non-photosystem bound p-carotene population is important for the assembly of PBS.
The carotenoid deficiency also resulted in a reduced cellular level of rod linker proteins
which explains the presence of unconnected rods of PBS.

In spite of the reduced antioxidant protection of the cell, ROS induced direct damage did
not seem to affect the phycobiliproteins or rod linkers of a cell possessing limited f-
carotene.

The enzymatic PBS degradation induced by nitrogen starvation demonstrated a slower
degradation of the unconnected PC units.

We propose that an insufficient degradation rate of phycobiliproteins and/or an increased

disassembly of PBS occur under the limited -carotene availability.

Effect of xanthophylls on the PSI trimer

We confirmed the presence of two kinds of xanthophylls, zeaxanthin and echinenone in
the PSI trimeric complex. These xanthophylls should be part of the complex or be
embedded in the membrane in the vicinity of PSI.

Both of these PSl-associated xanthophylls appeared to be structurally important and
perform specific structural modifications in the PSI complex.

Although zeaxanthin is present at a much lower level in the isolated PSI complex, it is

structurally more important than echinenone for maintaining the trimeric PSI complex.
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e We propose that xanthophylls are important for the fine-tuning of the PSI trimer.
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