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Abstract (English version)

Oxygenic photosynthesis is crucial for most forms of the life on the Earth. The splitting
of water and evolution of oxygen is conducted by photosystem II (PSII), a multi-subunit
pigment-protein complex embedded in the thylakoid membrane. PsbO is an indispensable
subunit of PSII, bound to its transmembrane subunits from the luminal side. The main
function of PsbO is to stabilise and protect Mn4CaOs cluster where the water splitting occurs.
However, it has probably also some auxiliary functions. These additional functions might be
different for isoforms of PsbO proteins, as suggested for Arabidopsis thaliana, which
expresses two genes encoding protein isoforms PsbO1 and PsbO2. This thesis studies

auxiliary functions of PsbO with a focus on functional differences between PsbO isoforms.

We found that besides Arabidopsis thaliana, also many other plant species express two
psbO genes. Interestingly, the duplication of psbO gene occurred many times independently,
generally at the roots of modern angiosperm families. In spite of this, the PsbO isoforms
differ at similar sites in the protein structure, suggesting that similar subfunctionalisation of

PsbO isoforms occurred parallelly in various lineages.

Biochemical characterisation of PsbO from green alga Chlamydomonas reinhardtii and
PsbO1 and PsbO2 from potato (Solanum tuberosum) showed that the PsbO proteins from
evolutionary distant photosynthetic organisms are very similar regarding the secondary

structure and that conformation of the B-barrel part of PsbO is influenced by pH changes.

Investigation of Arabidopsis thaliana mutants with various amounts of PsbO1 and
PsbO2 revealed that the total level of PsbO in a plant has a major effect on the function of
PSII and phenotype of the plant. However, contrary to a general opinion, we show that the
particular isoform present in a plant has rather marginal effect on the photosynthetic
performance, both under normal conditions and under high light. Analysis of proteome
changes in mutants with low level of PsbO1 or PsbO2 confirmed this result and unravelled

some unexpected consequences of the low amount of PsbO in the plants.

Based on our results, we propose that PsbO isoforms does not have fundamentally
different function, but rather differ in fine modulation of some process. We hypothesise that
the frequent aspartate — glutamate substitutions between isoforms might tune the pH-
dependent conformational changes of PsbO that might participate in regulation of PSII

activity or repair.



Abstrakt (Ceska verze)

Oxygenni fotosyntéza je zdsadni pro vétSinu forem zivota na Zemi. Rozklad vody, pfi
kterém se uvolnuje kyslik, je zajistovan fotosystémem II (PSII), pigment-proteinovym
komplexem nachazejicim se v tylakoidni membrané chloroplasti. PsbO je jeho
nepostradatelna podjednotka, kterd se vdze na transmembranové podjednotky PSII
z luminélni strany. Hlavni funkci PsbO je stabilizovat a chranit manganovy klastr
(Mn4CaOs), na kterém probihé rozklad vody. Pravdépodobné ma vsak i dalsi, doplitkové
funkce. Tyto doplitkové funkce mohou byt rozdilné u izoforem proteinu PsbO, coz bylo
navrzeno pro husenicek (Arabidopsis thaliana), ktery exprimuje dva geny kodujici
proteinové izoformy PsbO1 a PsbO2. Tato dizertacni prace je zaméiena na doplikové funkce

PsbO s diirazem na rozdily mezi izoformami.

Analyzou sekvenci psbO jsme zjistili, ze kromé husenicku exprimuje dva geny psbO i
mnoho dal$ich druht rostlin. Zajimavé je, ze duplikace genu pshbO probehla mnohokrat
nezavisle, typicky ve spole¢ném piedkovi soucasnych celedi krytosemennych rostlin.
Nicméné izoformy PsbO se piesto 1isi na podobnych mistech struktury. To naznacuje, Ze u

PsbO mohlo probéhnout paralelné u riznych linii podobné rozriiznéni funkei.

Biochemicka charakterizace PsbO ze zelené tasy Chlamydomonas reinhardtii a dvou
izoforem PsbO z bramboru (Solanum tuberosum) ukdzala, ze proteiny PsbO z evolu¢né
vzdalenych fotosyntetizujicich organismli maji velmi podobnou sekundéarni strukturu a Ze

konformace B-soudkové ¢asti PsbO je ovliviiovana zménami pH.

Charakterizaci mutant huseni¢ku s riznymi mnozstvimi PsbO1 a PsbO2 jsme
potvrdili, Ze celkové mnozstvi PsbO v rostliné ma zasadni vliv na fenotyp. V kontrastu
s prevaZzujicim nézorem je vSak naSe zjiSténi, Ze na rostlinu a jeji fotosynteticky aparat ma
minimalni vliv, ktera izoforma PsbO je v ni pfitomn4, a to jak za normalnich podminek, tak
pfi vysoké ozafenosti. Analyza proteomu mutantl s nizkou hladinou PsbO1 nebo PsbO2
potvrdila tyto vysledky a ukéazala nékteré necekané efekty nizkého mmnozstvi PsbO

v rostlinach.

Na zaklad¢ naSich vysledkl jsme navrhli hypotézu, ze izoformy PsbO nemaji zasadné
odlisnou funkci, ale spiSe jemné moduluji né&jaky proces. Spekulujeme, Ze Casté zamény
aspartat — glutamat mezi izoformami PsbO by mohly ladit konformacni zmény zavislé na

pH, které by se mohly podilet na regulaci aktivity nebo funkce PSII.



Abbreviations

A. thaliana
ATP
CRISPR-Cas9

DNA
EPR
Fv/Fm
GL
GTP
HL
LHC
LCHII
NPQ
OEC
PAGE
PAR
PCA
PCR
PQ
PQH:
PSI
PSII
rETR
TETRmax
RLC
RNA
RNAI
RNAseq
SDS
T-DNA
UTR
WT

Arabidopsis thaliana

adenosine triphosphate

clustered regularly interspaced short palindromic repeats — CRISPR
associated 9

deoxyribonucleic acid

electron paramagnetic resonance

maximum quantum yield of photosystem II

growth light (normal light conditions, around 120 pmol photons m? s)

guanosine triphosphate

high light

light harvesting complex

light harvesting complex of photosystem II

non-photochemical quenching

oxygen evolving centre

polyacrylamide gel electrophoresis

photosynthetically active radiation

principal component analysis

polymerase chain reaction

plastoquinone

plastoquinol

photosystem |

photosystem II

relative electron transport rate

maximum of relative electron transport rate

rapid light curve

ribonucleic acid

RNA interference

RNA sequencing

sodium dodecyl sulphate

transfer DNA (of Agrobacterium tumefaciens)

untranslated region

wild type
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Symbols used for genes, proteins and mutants

psbO1, psbO2 genes

PsbO1, PsbO2 proteins

psbol mutant with impaired psbO1 gene (producing only PsbO2 protein)

psbo?2 mutant with impaired psbO2 gene (producing only PsbO1 protein)

psbol*psbo?2 double mutant with impaired psbO2 gene and partially restored
expression of psbO1 (producing only low amount of PsbO1 protein)

psbol*oc psbol mutant with partially restored expression of psbO1I (out-crossed
from the crossing with psbo2 mutant)

psbo2oc psbo2 mutant out-crossed from the crossing with psbol mutant

psbolbc psbol mutant after back-cross to WT
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1 Introduction

The origin of oxygenic photosynthesis more than 2.3 billion years ago caused major
changes in the history of the Earth. Allowing to generate energy and reducing power directly
from sunlight and water, it greatly increased global primary productivity and led to a rise of
oxygen in Earth’s atmosphere. This allowed the evolution of organisms and their metabolic

processes as we know them today (Fischer et al. 2016).

Nowadays, detailed understanding of photosynthesis is not only a challenge for primary
science. It might also show ways how to improve photosynthesis for today’s people’s needs.
Higher crop yields and an increased tolerance of photosynthesis to stressful conditions are
required to satisfy increasing food demands (Long et al. 2015). Moreover, artificial
photosynthesis inspired by the natural one might help to decrease our dependence on fossil
fuels (Zhang & Sun 2019).

1.1 Photosystem I

1.1.1 Function of photosystem I

Photosystem II (PSII) is a multi-subunit pigment-protein complex embedded in a
thylakoid membrane. PSII functions as water:plastoquinone oxidoreductase, pumping
electrons from water to plastoquinone (PQ) using energy from light. A quantum of light is
absorbed by pigments embedded in antenna proteins and the energy is transferred to the
reaction centre of PSII, to a special pair of chlorophylls Pp; and P2, often called by the
spectroscopic term P680 (Renger & Renger 2008). This is where a charge separation occurs.
An electron is released from P680 and transferred quickly through several cofactors to PQ
in Qg site. The electron hole left by the charge separation is highly oxidative and it drives
water splitting. It extracts an electron from a tyrosine residue Yz, which subsequently
extracts an electron from the Mn4CaOs cluster. The Mn4CaOs cluster binds two water
molecules that are oxidised by four photochemical turnovers to dioxygen. The Mn4CaOs
cluster together with the parts of the proteins surrounding it are called the oxygen evolving
centre (OEC). On the other side of the PSII, two electrons are used to reduce PQ, which is
protonated to form plastoquinol (PQHb»). The water:plastoquinone oxidoreductase function
of PSII is summarised in Eq. 1 (Renger & Renger 2008; Barber 2016).

4hv
It is important to note that the protons from the water are released into the thylakoid
lumen, whereas the protons used to form PQH> are taken from the stroma. In this manner,

PSII contributes to the proton gradient across the thylakoid membrane (Renger & Renger
2008). The function of PSII is summarised in Fig. 1.1.
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2 H,0 4H+0,
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Fig. 1.1: A simplified scheme of PSII function: Charge separation, driven by energy from light absorbed by
antenna complexes, takes place at a special pair of chlorophylls (P680). Electrons (e) are transferred through
several cofactors to PQ in QB site. Electrons are replenished to P680 through the tyrosine residue YZ from the
Mn4CaOs cluster, where the water splitting occurs. The rest of the split water, protons (H*) and molecular
oxygen (Oy), is released into the lumen.

1.1.2 Structure of photosystem Il
The first resolved structures of PSII were obtained by X-ray crystallography of PSII

from  thermophilic cyanobacteria, Thermosynechococcus elongatus and
Thermosynechococcus vulcanus (Zouni et al. 2001; Kamiya & Shen 2003; Biesiadka et al.
2004; Ferreira et al. 2004; Loll et al. 2005; Guskov et al. 2009; Umena et al. 2011; Tanaka
et al. 2017). The resolution improved during the years from 3.8 A (Zouni et al. 2001) to 1.85
A (Tanaka et al. 2017).

In recent years, the state-of-the-art crystallography of cyanobacterial PSII was focused
mainly on elucidating the mechanism of photosynthetic water oxidation using femtosecond
pulses of X-ray free-electron laser. This technique allowed to obtain structures of PSII and
its Mn4CaOs cluster at various stages of the Kok cycle with resolution close to 2 A (Kern et
al. 2018; Suga et al. 2019; reviewed in Cox et al. 2020).

Since the reaction centre of the PSII is similar in cyanobacteria and plants, much
information from the crystal structures of the cyanobacterial PSII could be used also for the
plant PSII. However, some of the smaller subunits differ between cyanobacteria and plants,
especially regarding the extrinsic subunits bound from the luminal side (Pagliano et al.

2013). Thus, the structure of the plant PSII was needed to elucidate these structural specifics.
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In 2016, structure of PSII from spinach (Spinacia oleracea) with resolution 3.2 A
obtained by single-particle cryo-electron microscopy was published (Wei et al. 2016). The
same technique allowed to solve also structures of PSII from pea (Pisum sativum) at 2.7 A
resolution (Su et al. 2017) and from pea under high light conditions at 3.8 A resolution
(Grinzato et al. 2020). The structure from Arabidopsis thaliana was available first at 5.3 A
resolution (Bezouwen et al. 2017) and recently at 2.8 A resolution (Graga et al. 2021). The
structures of PSII from the red alga Cyanidium caldarium and the green alga
Chlamydomonas reinhardtii are also available (Ago et al. 2016; Shen et al. 2019; Sheng et
al. 2019). The structures of PSII from pea and spinach are shown in Fig. 1.2 and Fig. 1.5.

The reaction centre of PSII is formed by 6 proteins: D1 and D2, binding most of the
redox cofactors forming the electron transport chain between water and PQ, intrinsic antenna
proteins CP47 and CP43 and o and f subunits of cytochrome 5559 (PsbE and PsbF). Around
this highly conserved reaction centre are positioned several integral membrane subunits with
a low molecular mass and only 1 or 2 transmembrane helices (Shi et al. 2012; Pagliano et
al. 2013).

Extrinsic subunits that do not have any transmembrane domains and are bound to the
luminal side of membrane subunits differ between cyanobacteria and plants. The only
conserved subunit is PsbO, which is also the biggest one (molecular weight around 27 kDa).
PsbV (cytochrome ¢550) and PsbU are present in cyanobacteria but missing in plants. PsbP,
PsbQ and PsbTn are present in plants (De Las Rivas et al. 2004; Pagliano et al. 2013). It is
important to note that cyanobacteria contain homologues of PsbP and PsbQ called CyanoP
and CyanoQ (De Las Rivas et al. 2004; Thornton et al. 2004; Sato 2010). While CyanoP is
not stably associated with PSII, CyanoQ is probably a part of an active cyanobacterial PSII

(Thornton et al. 2004; Roose et al. 2007), although it is missing in available structures.

Some proteins associated with PSII are not found in structures of PSII, either because
of a too weak binding or because of being bound only in special situations such as stress,
assembly or degradation (Shi ef al. 2012). One of such proteins is PsbR, which is needed for
optimal oxygen evolution and the binding of PsbP (Suorsa et al. 2006). PsbR probably has
a C-terminal transmembrane a-helix and N-terminal luminal domain; however, its position

within PSII is unclear (Roose et al. 2016; Bezouwen et al. 2017).

1.1.3 Structure of PSII-LHCII supercomplex from plants

Both in cyanobacteria and plants, a large fraction of PSII forms dimers. In plants, the
homodimer of PSII core complex (C») is surrounded by light-harvesting complexes (LHC)
embedded in the thylakoid membrane (Koufil ez al. 2012; Rantala ef al. 2020). This contrasts
with cyanobacteria that use other types of antenna complexes, phycobilisomes, which reside
on the PSII outside of the thylakoid membrane (Blankenship 2014).

-14 -



S-LHCII

PsbO _ AL
R ' M-LHCII

Fig. 1.2: Structure of PSII-LHCII supercomplex (type C,S:M,) from pea. a Side view (view parallel with
membrane plane). b View from lumen (view perpendicular to membrane plane). PSII core subunits are shown
in grey, LHCII trimers in dark green, minor Lhcb subunits (CP29, CP26 and CP24) in light green, PsbO in red,
PsbP in yellow and PsbQ in magenta. Based on the structure of stacked PSII-LHCII supercomplex from pea
(PDB: 5XNL; Su et al. 2017). Visualised with UCSF ChimeraX, version 1.2 (Pettersen et al. 2021).

The light-harvesting complex II (LHCII), the antenna system of plant PSII, is formed
by 6 different Lhcb proteins (Lhcb1-6). Various combinations of Lhebl1, Lheb2 and Lheb3
form so-called LHCII trimers. Lhcb4 (CP29), Lhcb5 (CP26) and Lheb6 (CP24) occur in
monomeric states. The dimeric core of PSII (C») can be surrounded by several LHCII trimers
and monomers. In the most abundant PSII-LHCII supercomplex, C>SoM,, both core
monomers (C) are associated with a strongly bound LHCII trimer (S) and a moderately
bound LHCII trimer (M). Loosely bound LHCII trimers (L) can be also bound in the
supercomplex, giving rare C2S>MaL1.» supercomplexes. The monomeric Lhcb proteins are
positioned between PSII core and LHCII trimers (Koufil ef al. 2012; Rantala et al. 2020).
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Single-particle cryo-electron microscopy allowed to solve the structure of the whole PSII-
LHCII supercomplex, thus the structure of PSII from spinach is available as C>S;
supercomplex (Wei et al. 2016), while the structures of PSII from pea and A. thaliana are
available as C2S;M> supercomplexes (Bezouwen et al. 2017; Su et al. 2017; Graca et al.

2021). Structure of C2S2M; supercomplex is shown in Fig. 1.2.

1.2 PsbO

PsbO protein, also named manganese-stabilising protein (MSP), oxygen-evolving
enhancer 1 (OEE1), oxygen-evolving centre (OEC) 33 kDa subunit (OE33) or 33 kDa
extrinsic protein, is the biggest extrinsic subunit of PSII. PsbO is probably present in all
oxyphototrophs, organisms performing oxygenic photosynthesis, both prokaryotic and
eukaryotic (De Las Rivas ef al. 2004).

In eukaryotes, some of the subunits of PSII are encoded by the chloroplast genome and
some by the nuclear genome. PsbO, as other extrinsic subunits, is encoded by the nuclear
genome (Seidler 1996; De Las Rivas ef al. 2004). Thus, it is synthesized at soluble ribosomes
in cytoplasm. The transport into the chloroplast and then into the thylakoid lumen is directed
by an N-terminal transit peptide, which consists of two parts, chloroplast-targeting and
thylakoid-targeting. Each part of the transit peptide is cleaved by a peptidase during the
translocation, giving the final mature protein in the thylakoid lumen. PsbO is transported by
the SEC translocation pathway from the chloroplast stroma into the thylakoid lumen (Yuan
et al. 1994; Seidler 1996; Jiang et al. 2020).

Molecular weight of PsbO from spinach calculated from amino acid sequence (26.53
kDa) is a in agreement with the mass measured by mass spectrometry, suggesting that there
1s no posttranslational modification other than the transit peptide cleavage (Svensson et al.
2002). However, when subjected to SDS-PAGE, the apparent molecular mass of PsbO is 33
kDa, which is the source of the alternative name “OEC 33 kDa subunit”. This anomalous

migration might be caused by reduced SDS binding (Zubrzycki et al. 1998).

1.2.1 Structure of PsbO

The main part of PsbO consists of B-barrel composed of eight antiparallel B-strands
(Fig. 1.3). The central part of the B-barrel is full of bulky hydrophobic residues. The longest
loops extending from the B-barrel are B5-B6 loop, inserted between f-strands 5 and 6, and
N-terminal loop. Short a-helices are located in the N-terminal loop and B5-B6 loop. The axis
of the B-barrel is orientated at about 40° to the membrane plane (De Las Rivas & Barber
2004; Wei et al. 2016; Su et al. 2017). While the B-barrel part of PsbO is rigid, the loops
become disordered in solution, when PsbO is not bound to PSII (Nowaczyk et al. 2004;
Bommer et al. 2016). The N-terminus, f1-f2 loop and 5-f6 loop can become flexible under
some conditions also when PsbO is bound to PSII (Su et al. 2017; Graga ef al. 2021).
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Fig. 1.3: Structure of PsbO. a Side view of PsbO (view parallel with membrane plane). The PSII-binding part
of PsbO is facing upward. b PsbO viewed from lumen (view perpendicular to the membrane plane). Based on
structure of stacked PSII-LHCII supercomplex from pea (PDB: 5XNL; Su ef al. 2017). Visualised with UCSF
ChimeraX, version 1.2 (Pettersen ef al. 2021).

N-terminus

B3-B34 loop

C-terminus

Fig. 1.4: PsbO with disulfide bond (shown in yellow) between the N-terminal loop and the B1 strand. Based on
the structure of PSII-LHCII supercomplex from spinach (PDB: 3JCU, Wei et al. 2016). Note that four
N-terminal amino acid residues were not resolved in this structure and are missing in the figure compared to
the structure of pea PsbO in Fig. 1.3. Visualised with UCSF ChimeraX, version 1.2 (Pettersen et al. 2021).

PsbO has two conserved cysteine residues that form a disulfide bond between the N-
terminal loop and the B1 strand (Fig. 1.4). This disulfide bond stabilises the structure of
PsbO. Reduction of this disulfide bond in spinach leads to unfolding of the protein (Tanaka
et al. 1989; Nikitina et al. 2008). Mutated PsbO with cysteine residues exchanged for alanine
residues has also disordered structure in solution. However, under in vitro conditions, this
mutated PsbO was able to bind to PSII and support oxygen evolution (Betts et al. 1996;
Wyman & Yocum 2005).
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1.2.2 Interactions of PsbO on PSII

PsbO is bound to membrane subunits of PSII from the luminal side of the membrane
(Fig. 1.2 and Fig. 1.5). The binding region on PsbO is comprised of one end of the B-barrel,
the loops extending from this end (loops B1-B2, B3-p4, B5-PB6 and B7-B8) and the N-terminal
loop. The main interactions are with subunits D1, D2, CP43 and CP47. The N-terminal loop
interacts also with one-helix membrane subunit PsbW. The B1-B2 and B3-B4 loops of PsbO
interact also with CP47 subunit of the other monomer of PSII (De Las Rivas & Barber 2004;
Wei et al. 2016; Su et al. 2017).

PsbO also interacts with other extrinsic subunits. According to PSII structures from
spinach (Wei et al. 2016) and pea (Su et al. 2017), PsbQ interacts with the N-terminal loop
of PsbO, while PsbP interacts with the 5-f6 loop. However, the contact surfaces are small.
There is no interaction between PsbO and the smallest extrinsic subunit of PSII, the PsbTn
protein (Wei et al. 2016; Su et al. 2017).

Fig. 1.5: Structure of PSII dimer from spinach viewed from lumen (view perpendicular to membrane plane).
Membrane subunits: D1 is shown in cyan, D2 in blue, CP47 in light green, CP43 in dark green and other
membrane subunits in grey. Extrinsic subunits: PsbO is shown in red, PsbP in yellow, PsbQ in magenta and
PsbTn in orange. Based on structure of PSII-LHCII supercomplex from spinach (PDB: 3JCU, Wei et al. 2016).
Lhcb proteins are not shown. Visualised with UCSF ChimeraX, version 1.2 (Pettersen et al. 2021).
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1.2.3 Functions of PsbO

1.2.3.1 Stabilisation of Mn4CaOs cluster
Cyanobacterium Synechocystis sp. PCC 6803 with deleted psbO gene is able to grow

photoautotrophically, but it grows at slower rate (Burnap & Sherman 1991). In contrast,
neither the mutant of green alga Chlamydomonas reinhardtii lacking PsbO, nor Arabidopsis
thaliana (A. thaliana) with silenced expression of both pshO paralogs is able to assemble
PSII and grow photoautotrophically (Mayfield et al. 1987; Yi et al. 2005).

The main function of PsbO is probably maintaining structural integrity of oxygen-
evolving centre (OEC). PsbO does not provide any ligands directly to the Mn4CaOs cluster,
which is bound between D1 and CP43 proteins, however, it is bound close to this site (De
Las Rivas & Barber 2004; Wei et al. 2016; Su et al. 2017). When isolated PSII membranes
are depleted of the PsbO, they are able to evolve oxygen, albeit at very low rates. High C1~
and Ca*" concetrations are needed to maintain the intactness of MnsCaOs cluster without
PsbO (Bricker 1992). The effect of PsbO depletion on the MnsCaOs cluster is similar to the
effect of C1~ and Ca?" depletion and the oxygen evolution requirements for these ions are
lowered in the presence of PsbO (reviewed in Bricker et al. 2012). This suggests that PsbO
maintains the right conformation around Mn4CaOs cluster, and that this conformation
involves also Cl~ and Ca?" ions bound in right positions. This function is shared with PsbP
and PsbQ, whose presence also influence requirements of oxygen evolution for Cl~ and Ca*"
(Bricker et al. 2012).

There is nowadays no doubt that the Mn4CaOs cluster contains Ca®" cation. However,
it is not clear whether there is also an additional Ca*" binding site in the PSII structure.
Murray and Barber (2006) identified Ca®" bound to PsbO in PSII structure from
cyanobacteria (PDB: 1S5L, Ferreira et al. 2004). The same Ca”* binding site was identified
also in other cyanobacterial PSII structure (Guskov ef al. 2009). In another PSII structures,
Ca?" was identified at different site of PsbO (Umena et al. 2011; Suga et al. 2015). No Ca*"
binding site that would involve residues from PsbO was found in PSII structures from plants
(Wei et al. 2016; Su et al. 2017; Graga et al. 2021). It is unclear whether the Ca** was lost
in some preparations of PSII, or whether it is a crystallisation artefact in other (Bricker et al.
2012).

Guskov et al. (2009) found one CI1™ ion in PSII structure from cyanobacteria and Umena
et al. (2011) found also a second one. The same binding sites are visible also in the PSII
structures from plants (Wei et al. 2016; Su et al. 2017). Both of the CI” ions are bound near
the MnsCaOs cluster. They may have a role in maintaining the coordination environment of
the Mn4CaOs cluster or in arrangement of water inlet or proton outlet channels (Umena et
al. 2011).
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The importance of PsbO and PsbP for stabilisation of PSII structure around MnsCaOs
cluster was demonstrated also by Tokano et al. (2020) using high-speed atomic force
microscopy. After dissociation of extrinsic proteins from PSII, luminal domain of CP43
shows conformational fluctuations. These fluctuations are delayed in the presence of CaCl,
and induced by light, suggesting that the start of the fluctuations is related to a destruction
of the MnsCaOs cluster (Tokano ef al. 2020)'.

1.2.3.2 Channels connecting Mn4CaOs cluster and lumen

OEC needs for its function inlet of water and outlet of oxygen and protons. Several
channels that would allow transport of water, oxygen and protons between MnsCaOs cluster
and bulk solution in lumen were identified in the PSII structure (Murray & Barber 2007; Ho
& Styring 2008; Gabdulkhakov ef al. 2009; Vassiliev et al. 2010). The channels should not
only allow efficient transport of substrate and products but might also protect the MnsCaOs

cluster from exogenous reductants.

PsbO is participating in formation of some of the predicted channels (Murray & Barber
2007; Gabdulkhakov et al. 2009; Vassiliev et al. 2010). As PsbO contains many polar
groups, especially carboxylic groups (aspartic and glutamic acid residues), it might be
important especially for proton removal from the OEC. Carboxylic groups on PsbO
connected by hydrogen-bond networks to MnsCaOs cluster can provide buffering capacity,
ensure rapid transport of protons and act as a “proton antenna” (Shutova et al. 2007; Bondar
& Dau 2012; Lorch et al. 2015; Barry et al. 2017; Guerra et al. 2018; Gerland et al. 2020).
Various protonation states of PsbO have an impact on its structure. This suggests that there
might be some feedback regulation of PSII activity by PsbO (Shutova et al. 2005; Gerland
et al. 2020).

1.2.3.3 Stabilisation of PSII dimers and bigger assemblies

PsbO participates on the interaction between monomers of PSII in PSII dimer,
interacting with CP47 subunit from the other monomer (De Las Rivas & Barber 2004; Wei
et al. 2016; Su et al. 2017). Cyanobacterial mutants without PsbO do not have almost any
dimers of PSII (Bentley & Eaton-Rye 2008). Electron microscopy analysis of spinach PSII-
LHCII complexes after removal of PsbO showed conformation changes, which were also

interpreted as destabilisation of monomer-monomer interactions (Boekema et al. 2000).

In cyanobacteria, PsbO might be involved in formation of bigger assemblies of PSII.
Hellmich et al. (2014) obtained structure of row of PSII dimers, where one of the dimer-

dimer contacts is between PsbOs. The site of the contact is a “cyano loop”, a f4-B5 loop,

! Supplementary data of Tokano et al. (2020) contain movies of PSII captured by high-speed atomic force
microscopy (https:/pubs.acs.org/doi/10.1021/acs.jpcb.0c03892).

-20 -



which is about 8 amino acid residues longer in cyanobacteria than in eukaryotes. It is
probable that such interaction does not occur in plants, because of the missing cyano loop

and because the PSII dimer is usually surrounded by LHCII.

1.2.3.4 GTPase activity and PSII repair

It was shown that PsbO from spinach is able to bind (Spetea et al. 2004) and also
hydrolyse GTP, although at very slow rates (Lundin et al. 2007b). The putative GTP-binding
site is conserved in plants, but not in green alga Chlamydomonas reinhardtii or
cyanobacteria Thermosynechococcus (Lundin et al. 2007b). This is in line with observation
that PsbO from these species does not bind GTP (Lundin ef al. 2007b; Spetea & Lundin
2012).

GTPase activity of PsbO was higher when the PsbO was bound to PSII rather than free

in solution. Also, GTP stimulated release of PsbO from PSII in some experiments (Lundin
et al. 2007b).

GTP was found to be important for degradation of photodamaged D1 subunit of PSII
(Spetea et al. 1999). Thus, it suggests that PsbO might be involved in the process of
replacement of D1 protein (Lundin ez al. 2007b).

D1 is the most frequently damaged subunit of PSII. Thus, photosynthetic organisms
have a specialised repair cycle for PSII with damaged D1 protein. After the photodamage of
D1, PSII core subunits are phosphorylated (on the stromal side) and the PSII dimer
monomerise. The PSII migrates from appressed grana membranes, where functional PSII
complexes are mostly localised, to non-appressed stroma-exposed thylakoids. The
phosphorylated core subunits are again dephosphorylated, probably on the way to stroma-
exposed thylakoids. PSII is partially disassembled, CP43 and extrinsic proteins PsbO, PsbP
and PsbQ and maybe also some other subunits are released. The damaged D1 is digested by
proteases. New D1 protein is cotranslationally inserted into PSII. Released subunits are again
assembled to PSII, which migrates back to appressed grana membranes, dimerise and form
PSII-LHCII complexes (reviewed in Jarvi et al. 2015).

However, there are still many doubts if and how PsbO could be involved the process of
PSII repair (Bricker & Frankel 2011).

1.2.4 PsbO isoforms in Arabidopsis thaliana

A. thaliana expresses two psbO genes, psbO1 (At5g66570) and psbO2 (At3g50820),
encoding for PsbOl and PsbO2 proteins (The Arabidopsis Genome Initiative 2000;
Murakami et al. 2002). The mature forms of the proteins (without transit peptide) differ in
only 11 amino acid residues (Murakami et al. 2002, 2005).
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PsbOl1 is the major isoform with higher amounts in the A. thaliana plants. However, the
exact ratio of isoforms varies in the literature. The PsbO2 isoform was reported to account
for 10% (Murakami et al. 2005), 20% (Lundin et al. 2007a) or 41% (Dwyer et al. 2012) of
total PsbO. The expression of the isoforms stays similar during plant development and

during various short time stresses (Lundin ez al. 2008).

1.2.4.1 Biochemical characteristics of PsbO isoforms

The only biochemical characterisation of pure PsbO isoforms from A. thaliana was done
by Murakami et al. (2005). The authors produced recombinant PsbOs and PsbO-depleted
PSII particles to show that both PsbOs bind PSII with similar affinity, while the oxygen
evolution activity of PSII was better restored by PsbO1. The maximum oxygen-evolving
activity with PsbO2 was about 80% of that with PsbO1 (Murakami et al. 2005). It is
important to note that the authors used PSII particles isolated from spinach, which might
function slightly different with A. thaliana PsbOs, and they did not show any data about

quality of the recombinant proteins (proper folding etc.).

Similar experiments, measurements of oxygen evolution by PSII with either PsbO1 or
PsbO2, were done by Lundin et al. (2007a). The authors used isolated PSII-LHCII
supercomplexes from psbol and psbo? mutants. The oxygen evolution rates were not
significantly different, however, the relative difference between means was similar as
reported by Murakami et al. (Murakami et al. 2005; Lundin et al. 2007a).

PSIT membranes isolated from psbol and psbo2 mutants were used to measure GTPase
activity. The GTPase activity per mg of chlorophyll was slightly higher for psbo/ mutant.
When expressed per mol of PsbO, the activity was threefold higher for PsbO2 in psbol
mutant than for PsbO1 in psbo2 mutant (Lundin et al. 2008). The calculated activities were
very low, as the highest reported was around 12 mmol GTP (mol PsbO) ™! min~!, meaning
that one PsbO cleaves one GTP in about 1 h 20 min. Similar results were obtained by Wang
et al. (2015)>.

1.2.4.2 Arabidopsis thaliana psbo1 and psbo2 mutants

A. thaliana plants with both psbO genes inactivated by mutation were reported to be
seedling lethal (Suorsa ef al. 2016). Plants with both psbO genes strongly silenced by RNA
interference are able to grow only in vitro on medium with sucrose. The loss of PsbOs in
these plants led to a concomitant loss of PSII reaction centre subunits and inability to grow
photoautotrophically (Yi et al. 2005). However, mutants in single psbO gene are viable and
able to grow photoautotrophically.

2 These authors did not report absolute values of GTPase activity, just values relative to WT.
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1.2.4.2.1 Mutant psbo1
Two different psbol mutants, which lack PsbO1 protein and produce only PsbO2

protein, were described. Both point mutant in Landsberg erecta background (Murakami et
al. 2002, 2005; Liu et al. 2007, 2009; Bricker & Frankel 2008) and T-DNA insertional
mutant in Col-0 background (Lundin et al. 2007a, 2008; Allahverdiyeva et al. 2009; Suorsa
et al. 2016) have similar phenotypes.

The psbol mutant grows significantly slower than wild type (WT) plants (Murakami et
al. 2002; Lundin et al. 2007a; Suorsa et al. 2016). It has lower amount of chlorophyll and
other pigments (Suorsa et al. 2016), resulting in pale green leaves (Lundin et al. 2007a;
Suorsa et al. 2016). The expression of psb(O2 gene was activated in compensatory manner,
the PsbO2 level in psbol was reported to be 40% and 70% (young and mature plants,
Murakami et al. 2005) or 75% (Lundin et al. 2007a) of total PsbO level in WT when
normalised for the same amount of chlorophyll. Suorsa et al. (2016) reported only 17% of
total PsbO level in WT when normalised for the same amount of proteins. The reduction of
the total ammount of PsbO in the pshol mutant is accompanied by reduction of other PSII
subunits (Murakami et al. 2005; Lundin et al. 2007a; Suorsa et al. 2016). The reported
reduction is mostly similar to the reduction of total PsbO, suggesting that the ratio of PsbO
to PSII stays similar (Murakami et al. 2005; Lundin et al. 2007a). Lundin et al. (2007a)
found the amount of photosystem I (PSI) to be unaffected, whereas Suorsa et al. (2016) and
Liu et al. (2009) reported reduced amounts of PSI. The PSI/PSII ratio measured by EPR
spectroscopy was 1.54 in pshol compared to 0.91 in WT (Allahverdiyeva et al. 2009),
meaning that the amount of PSII was affected more than the amount of PSI. The level of
ATP synthase seems to be unaffected (Lundin ef al. 2007a; Suorsa et al. 2016), while the
level of cytochrome bsf complex was reported to be unaffected (Suorsa ef al. 2016) or even
increased (Liu et al. 2009). The somewhat discrepant results between the publications
(Murakami ef al. 2005; Lundin et al. 2007a; Suorsa et al. 2016) might be caused by different
western blot protocols (Janes 2015), different growth conditions and age of the plants,
analyzing either thylakoid membranes or whole leaves or normalisation to either chlorophyll

amount or total proteins.

The abundance of various PSII supercomplexes is also altered in psbol mutant. The
mutant has less PSII-LHCII supercomplexes (Lundin et al. 2008; Allahverdiyeva et al. 2009)
and PSII dimers, while it has relatively more PSII monomers and CP43-less PSII monomers
(Lundin ef al. 2008). This is in line with higher ratio of PSIIf centres to PSIla centres, where
PSIIP centres are mostly PSII complexes with less antenna complexes located in stroma-
exposed thylakoids, while PSIla centres are mostly PSII-LHCII supercomplexes in stacked
grana membranes (Liu et al. 2007, 2009).
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The psbo I mutant has significantly altered the function of PSII. The maximum quantum
yield of PSII (Fv/Fwm) is 0.8, whereas values for psbol are about 0.5-0.6 (Murakami et al.
2002; Lundin et al. 2007a; Allahverdiyeva et al. 2009), rising up to 0.7 for the mature plants
(Murakami et al. 2005). The lower values are mainly due to high Fo (Murakami et al. 2002;
Allahverdiyeva et al. 2009).

Various measurements indicated that the function of PSII in psbol mutant is altered
both at the donor and acceptor sides (Liu et al. 2007; Allahverdiyeva et al. 2009). The
oxygen evolution of isolated thylakoid membranes is lower for psbol compared to WT
(Murakami ef al. 2002; Lundin et al. 2007a; Bricker & Frankel 2008; Allahverdiyeva ef al.
2009). Interestingly, some of the defects measured on isolated thylakoid membranes of
psbol (S and S; state dark decay and oxygen yield) were reversed after addition of CaCl,
(Bricker & Frankel 2008). However, Allahverdiyeva et al. (2009) did not observe any similar
effect of the CaCl..

The effects of psbol mutation were reverted also by sufficient expression of N-
terminally His-tagged PsbO1 protein (Liu ef al. 2009).

The psbol mutant has also some differences in non-photochemical quenching (NPQ)
and cyclic electron transfer around PSI. The induction of NPQ is faster in pshol compared
to WT. The level of steady-state NPQ is higher in psbol under low light, while it is lower
under higher intensity of illumination (Allahverdiyeva et al. 2009; Suorsa et al. 2016).
Cyclic electron transfer around PSI seems to be elevated in psbol (Allahverdiyeva et al.
2009). The level of plastid terminal oxidase (PTOX), involved in chlororespiration, is
increased in psbo! (Allahverdiyeva et al. 2009; Suorsa et al. 2016).

Reversible phosphorylation of PSII proteins and LHCII has an influence on PSII-LHCII
supercomplex stability, PSII repair process and balancing excitation between PSII and PSI
(state transitions, Jarvi ef al. 2015; Rantala et al. 2020). Suorsa ef al. (2016) reported that
state transitions, the redistribution of LHCII complexes and thus energy between PSII and
PSI, are impaired in psbol. They also showed that there are different phosphorylation
patterns of PSII core subunits and LHCII under various light conditions in psbo/ compared
to WT. Lundin et al. (2007a) also showed different phosphorylation levels of PSII core
subunits in psbol, however, it is difficult to compare the levels of phosphorylated subunits
when the data shown in the publication are not corrected for the amount of PSII subunits
(both with and without phosphorylation). The difference in phosphorylation patterns can be
connected to changes in levels of phosphatases required for LHCII and PSII
dephosphorylation. While the level of TAP38/PPH1, dephosphorylating LHCII, is decreased
in psbol compared to WT, the level of PBCP, dephosphorylating PSII core subunits, is
increased in psbol. The levels of kinases STN7 and STN8 are similar in psbol and WT
(Suorsa et al. 2016).
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Interestingly, the PSII defects are not exacerbated under high light (HL) conditions, but
the difference from WT is rather diminished. After long-term HL, leaf weight, proportion of
open PSII centres (¢P) and maximum quantum yield of PSII (Fv/Fwm) of psbo I become closer
to values for WT (Lundin et al. 2007a; Allahverdiyeva et al. 2009). The high Fo value of
chlorophyll fluorescence of pshol becomes lower in HL-grown plants, which is in contrast
to WT, where HL treatment causes increase in Fo. Similar is reaction of Fo to short-term (3
h) HL (Allahverdiyeva et al. 2009). As Allahverdiyeva et al. (2009) point out, this suggests
that psbol mutant has reduced PQ-pool at growth light (GL) conditions, whereas exposure

to HL results in more oxidised PQ-pool.

The decrease of Fy/Fu after short-term HL and subsequent recovery is similar in WT
and psbol. Only after HL treatment in presence of lincomycin, the decrease of Fv/Fm was
much stronger in psbol compared to WT. Lincomycin is an inhibitor of chloroplast protein
synthesis, thus inhibiting also PSII repair. This result suggests that PSII in psbol is more
prone to photodamage compared to WT (Allahverdiyeva et al. 2009).

Lundin et al. (2008) analysed levels of various types of PSII complexes
(supercomplexes, PSII dimers, PSI monomers etc.) under GL and long-term HL. However,
the results presented in table and several figures seems to be discrepant and thus it is only
possible to conclude that the relative proportion of PSII monomer and CP43-less monomer
increases upon HL in psbol and probably also in WT, while the relative proportion of PSII-

LHCII supercomplexes and PSII dimers decreases.

1.2.4.2.2 Mutant psbo2

The psbo2 mutant, lacking PsbO2 protein and producing only PsbOl protein, is
described in two different ways in available literature. While Lundin et al. (2007a, 2008)
describes the phenotype of the psho2 mutant and also many measured characteristics to be
markedly different from WT, subsequent publications (Allahverdiyeva ef al. 2009; Suorsa
et al. 2016) describe the mutant to be practically indistinguishable from WT, both in terms

of phenotype and measured characteristics.

According to Lundin et al. (2007a), the psbo2 mutant grew faster than psbo ! but slower
than WT. The leaves of psho2 were dark green, more elongated and with bent edges. The
level of PsbOl protein in psho2 was about 125% of the total PsbO level in WT.
Correspondingly, the amount of PSII subunits increased to about 138%, while the levels of
PSI and ATP synthase were similar to WT. The leaves of psbo2 were described to contain
more thylakoids and PSII-LHCII supercomplexes. The oxygen evolution of thylakoids
isolated from psbo2 was higher (145%) compared to WT, due to the higher content of PSII.
The maximum quantum yield of PSII (Fv/Fm) was similar in psbo2 and WT (Lundin et al.
2007a).
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Lundin ef al. (2007a) also reported that the psbo2 mutant had problems during long-
term HL. They state that after 15 days under HL (1000 pmol photons m s!), the leaf weight
of psbo2 was markedly reduced, while after 28 days, the leaves were completely withered.
The authors show that during short-term HL, the Fv/Fum values and the amount of D1 protein
decline faster in presence of lincomycin in psbol and WT. In psbo2, there was almost no
difference between samples with and without lincomycin, suggesting that the repair of PSII
is impaired in the psho2 mutant. They also showed that in vitro D1 dephosphorylation was
impaired in psbho2 (Lundin et al. 2007a).

In the subsequent publication, Lundin et al. (2008) showed that there is higher
proportion of PSII-LHCII supercomplexes among other types of PSII complexes in psbo2
compared to WT. However, upon HL, the relative proportion of PSII-LHCII supercomplexes
and PSII dimers decreased more than in WT and the proportion of CP43-less PSII monomers
increased (Lundin et al. 2008).

In contrast to the results described above, Allahverdiyeva et al. (2009) did not find any
difference in the function of PSII in psbo2 mutant and WT or in the phenotype of the plants.
The flash-induced fluorescence yield and its subsequent relaxation in darkness,
thermoluminescence characteristics, EPR spectra, oxygen evolution of thylakoid
membranes, NPQ induction and P700" re-reduction in darkness all showed differences
between pshol and WT, but no significant differences between psbo2 and WT. Also the
Fv/Fum values and their reaction to long-term HL, short-term HL or short-term HL in the
presence of lincomycin were similar in psho2 and WT. These results do not support the

hypothesis that the PSII repair is impaired in the psbo2 mutant.

Similar results were obtained by Suorsa ef al. (2016), who did not observe any
differences between psbo2 and WT in phenotype or growth rate. Also levels of leaf
pigments, levels of various types of PSII complex, state transitions, quantum yield and
various other characteristics measured by chlorophyll a fluorescence were not significantly
different between psbo2 and WT. The only small difference was in the level of several
proteins and in phosphorylation of PSII subunits and LHCII. The level of PsbO1 protein was
reported to be only 47% of the total PsbO level in WT* and the level of PsbP was decreased

3 Unfortunately, the documentation of this experiment by Lundin et al. (2007a) is very poor. It is not clear if
fresh or dry weight of leaves was measured, if all the leaves of plants were measured and if the given number
of measurements is for leaves or plants. There is no documentation for the state of the plants after 28 days of

HL, it is only described in the text.

4 Such a low level of PsbO in psbo2 mutant seems to be unlikely without any effect on PSII and phenotype of
the mutant, as shown by Dwyer et al. (2012) and by us in the Chapter 4.3. Because also the other mutants were
reported by Suorsa et al. (2016) to have very low amount of PsbO (only 17% of WT levels for psbol), there

was probably some problem with the quantification of PsbO in this publication.
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similarly. However, the amount of other PSII subunits, including PsbQ, was unaffected, as
well as levels of PSI subunits, cytochrome bsf subunits, ATP synthase subunit and other
investigated proteins. Interestingly, there were some differences between psbo2 and WT in
phosphorylation patterns of PSII core subunits and LHCII under various light conditions.
The levels of phosphorylated D1 and D2 subunits were higher in psbo?2 after dark treatment
and levels of phosphorylated CP43 and LHCII were higher under PSI-favouring light
(Suorsa et al. 2016).

It is not clear why the results on psbo2 mutant are so discrepant. Lundin et al. (2007a,
2008) and Allahverdiyeva et al. (2009) used the same T-DNA insertion mutant line
(SALK 024720). Suorsa et al. (2016) wused transposon insertion mutant line
(CSHL ET9214), but they state that there were no differences from the previously described
mutant line (SALK 024720). The main difference in cultivation conditions is that Lundin et
al. (2007a, 2008) used hydroponic cultivation, while cultivation in soil was used in the
subsequent publications (Allahverdiyeva et al. 2009; Suorsa ef al. 2016). The possibility that
hydroponic cultivation caused so strong manifestation of otherwise veiled phenotype of

psbo2 mutation prompts for further investigation.

1.2.4.2.3 Similarity between plants with reduced level of PsbO and psbo7 mutant

Interestingly, the psbol mutants of A. thaliana show many features similar to plants
with suppressed expression of both psbO genes by RNA interference (RNAi). Yi ef al.
(2005) used RNAI construct silencing mainly psbO2, while Dwyer et al. (2012) used
construct silencing mainly psbO1. Both of the constructs affected levels of both isoforms,
however, the PsbO1/PsbO2 ratio was changed to different directions. Nevertheless, the
results were similar. Plants with low PsbO levels grew more slowly than WT and their leaves
were pale green (Yi ef al. 2005; Dwyer et al. 2012). Their leaves were also thinner and
chloroplasts contained less thylakoid layers per granum (Dwyer ef al. 2012).

The decrease of the amount of PsbO led to a reduction of other PSII subunits (Yi et al.
2005; Dwyer et al. 2012), resulting in lower amount of functional PSII centres (Dwyer ef al.
2012). PSI content also decreased, but not as much as PSII. The levels of LHCII, cytochrome
bef, ATP synthase and ribulose-1,5-bisphosphate carboxylase-oxygenase (rubisco) were not
affected (Y1 et al. 2005; Dwyer et al. 2012).

The chlorophyll fluorescence characteristics of plants with decreased amount of PsbO
also resembled psbol mutant. The reduction of PsbO led to an increase of Fo value and
concomitant decrease of Fy/Fy, the maximum quantum yield of PSII (Yi ef al. 2005; Dwyer
et al. 2012). Also the quantum yield for oxygen evolution was lower in such plants, while
maximum rates of oxygen evolution measured under saturating irradiances were

independent of PsbO content. Similarly, the PSII photochemical efficiency measured from
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chlorophyll fluorescence (®psn) was lower in low PsbO plants at low irradiance, but at
saturating irradiances there were no differences (Dwyer et al. 2012). The NPQ was higher
in low PsbO plants than in WT at lower irradiances, while it got lower under higher

irradiances (Dwyer et al. 2012), again resembling the psbol mutant (Suorsa et al. 2016).

The high similarity between the psbol mutant and the plants with decreased amount of
both PsbO isoforms suggests that the phenotype of the psbol is caused mainly by the
decrease of the total level of PsbO and not by the absence of PsbOl. In line with this
hypothesis is an observation that plants devoid of PsbO2 and heterozygous at the psbO1
locus (psbo2 psbO1/psbol) showed phenotype intermediate between psbol and WT (Suorsa
etal. 2016).
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2 Aims of the thesis

My research of PsbO started with the finding that potato (Solanum tuberosum) mutant
with enhanced formation of tubers lacks one isoform of PsbO (Fischer ef al. 2008). It was
also known that Arabidopsis thaliana has two isoforms that differ in their functions, as
published by Lundin et al. (2007a, 2008). Since basic sequence comparison of PsbO
isoforms from these two species surprisingly suggested that they evolved independently, the
first aim of my thesis was to investigate in detail the evolution of PsbO in plants with focus
on the origin of isoforms and differences in their sequences. The obtained results together
with many gaps that we found in the knowledge about the function of PsbO isoforms in A.
thaliana (partly connected with serious doubts about the reliability of results presented by
Lundin and his co-workers), resulted in the main aim of this thesis to unravel auxiliary

functions of PsbO and functional differences between PsbO isoforms.

The particular aims covered in this thesis were:

e To investigate evolution of PsbO in plants with focus on the origin of the isoforms.

e To compare properties of isolated PsbO isoforms from higher plants and PsbO from
algae.

e To test a hypothesis that PsbO changes its conformation depending on pH in
physiologically relevant range.

e To find the extent to which the phenotype of psho! mutant of 4. thaliana is caused
by decreased level of PsbO and the extent to which it is caused by the absence of
PsbO1 isoform.

e To investigate changes in the proteome of 4. thaliana induced by decreased level of

PsbO and by presence of only one PsbO isoform.
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3 Materials and methods

3.1 Plant material, genotyping and sequencing of T-DNA insertion site

Seeds of A. thaliana WT plants (Col-0, N60000), psbol (SALK 093396C, N682662)
and psbo2 (SALK 024720C, N658148) were obtained from Nottingham Arabidopsis Stock
Centre. The mutants were checked for homozygous insertion of T-DNA by PCR. The
primers used for WT allele were 5°-GGCCCATTAGCTCAGTTGGT-3¢ and 5°-
ACTCTGGAGGAGCGTTCTTG-3¢ (pshol) or 5°-TCACACCCTACTTGAATTCACCT-
3¢ and 5°'-TTCGAGCCCACTTCCTTCAC-3¢ (psbo2). For mutant alleles, we used primer
for the left border of T-DNA (5°-CTTGCTGCAACTCTCTCAGG-3°) and either 5°-
GGCCCATTAGCTCAGTTGGT-3* (psbol) or 5-TTCGAGCCCACTTCCTTCAC-3°
(psbo2). The same primers were used for genotyping of the F2 generation of crosses. For
mapping of T-DNA insertion sites, we used the same primers as for the mutant alleles of
psbol and psbo2 and also primer 5‘-ATTGGTTTAGGTGTTCTCAAGTGC-3¢ with the
primer for the left border of T-DNA (5°-CTTGCTGCAACTCTCTCAGG-3°) to amplify the
other end of the T-DNA insertion in psbol mutant. Similar PCR with the primer for the right
border of the T-DNA (5°'-GAGCTCGAAACGATCCAGATCCGGTG-3°) gave no product.
We failed to amplify the other end of the T-DNA insertion in psho2 mutant. The obtained
PCR products were sequenced using the primer for the left border of T-DNA (5°-
CTTGCTGCAACTCTCTCAGG-3%).

3.2 Growth conditions

Seeds were stratified in water at 4 °C for several days. After sowing, the pellets were
placed directly to the particular light conditions. Plants were grown in Jiffy peat pellets,
periodically watered with solution of Kristalon Start fertilizer (Agro CS), under 8-hour
photoperiod and day/night temperature 23/18 °C. The intensity of growth light (GL) was
around 125 pmol photons m™ s (PAR, 109-135 pmol photons m™ s’ throughout the
cultivation area) and was provided by white LEDs supplemented with far red LEDs. The
high light (HL) intensity was around 850 pmol photons m? s (PAR, 688-933 pumol photons
m s throughout the cultivation area) and was provided by LumiGrow Pro 325 lights with

red and blue LEDs supplemented with white LEDs of lower intensity.

3.3 Fluorescence imaging

Before measurement, plants were dark adapted for at least 30 minutes. Fluorescence of
chlorophyll a imaging was performed with FluorCam (Photon Systems Instruments, Czech
Republic) with blue measuring light and white saturation flashes of 1 s duration and intensity
3700 umol photons m™ s'. NPQ induction was measured under blue actinic light of intensity
79 umol photons m? s'. NPQ was calculated as (Fm — Fm‘)/Fm‘. Directly after NPQ
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induction measurement, giving 4 minutes of acclimation to blue light of intensity 79 pmol
photons m™ s, rapid light curves (RLC) were measured by stepwise increases in white light
intensity from 74 pmol photons m™ s™! to 1893 pmol photons m™ s! in 30s steps. Relative
electron transport rate (rETR) was calculated as PAR x (Fm — Fi)/Fum. Initial slope of the
RLC () and maximum relative electron transport rate (rETRmax) were calculated according
to Ralph & Gademann (2005). The curves were fitted using nls function implemented in R
according to Ralph & Gademann (2005), using only growing part of the curve and simplified
version of equation without photoinhibition (§ = 0). The rosette area was measured as the
top view of photosynthetic area as measured by FluorCam. The statistical analyses were
performed in R v. 3.5.3 using ANOVA with Tukey’s HSD post-hoc test (p < 0.05).

3.4 Western blotting

Proteins were isolated from leaves according to Martinez-Garcia et al. (1999). Samples
in the loading buffer were denatured by incubation in 95 °C for 5 min and 30 pg of proteins
was loaded on 10% SDS-PAGE gel and subjected to electrophoresis. Proteins were
transferred to polyvinylidene difluoride (PVDF) membrane (Serva Fluorobind) and
immunodecorated with Anti-PsbO1 (AS14 2824) and Anti-PsbO2 (AS14 2825) antibodies
obtained from Agrisera (Vannds, Sweden). Secondary antibody conjugated with horseradish
peroxidase (ADI-SAB-300) was obtained from Enzo Life Sciences and visualised using

Pierce ECL Western Blotting Substrate (Thermo Sientific).
3.5 Proteome analysis

3.5.1 Plant material

Three biological replicates for each genotype were analysed, samples consisted of one
plant (WT) or two plants (psbol and psbol*psbo2, because of their smaller size). 49 days
old plants grown under GL conditions were used. Whole rosettes (without roots) were
carefully homogenised in liquid nitrogen to avoid any bias caused by differences between

young and old leaves. An aliquot of the resulting powder was used for protein isolation.

3.5.2 Protein isolation and digestion®

Plant material was lysed by boiling at 95°C for 10 min in 100mM TEAB
(triethylammonium bicarbonate) containing 2% SDC (sodium deoxycholate), 40mM
chloroacetamide, 10mM TCEP (Tris(2-carboxyethyl)phosphine) and further sonicated

(Bandelin Sonoplus Mini 20, MS 1.5). Protein concentration was determined using BCA

5 This text was provided by Laboratory of Mass Spectrometry at Biocev research centre, which performed the
described method.
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protein assay kit (Thermo) and 30 pg of protein per sample was used for MS sample

preparation.

Samples were further processed using SP3 beads according to Hughes et al. (2019).
Briefly, 5 pl of SP3 beads was added to 30 pg of protein in lysis buffer and filled to 50 pl
with 100mM TEAB. Protein binding was induced by addition of ethanol to 60% (vol./vol.)
final concentration. Samples were mixed and incubated for 5 min at RT. After binding, the
tubes were placed into magnetic rack and the unbound supernatant was discarded. Beads
were subsequently washed two times with 180 pl of 80% ethanol. After washing, samples
were digested with trypsine (trypsin/protein ratio 1/30) reconstituted in 100mM TEAB at 37
°C overnight. After digestion, samples were acidified with TFA to 1% final concentration
and peptides were desalted using in-house made stage tips packed with C18 disks (Empore)
according to Rappsilber et al. (2007).

3.5.3 nLC-MS/MS Analysis®

Nano reversed phase columns (EASY-Spray column, 50 cm x 75 um ID, PepMap C18,
2 um particles, 100 A pore size) were used for LC-MS analysis. Mobile phase buffer A was
composed of water and 0.1% formic acid . Mobile phase B was composed of acetonitrile and
0.1% formic acid. Samples were loaded onto the trap column (C18 PepMap100, 5 um
particle size, 300 um x 5 mm, Thermo Scientific) for 4 min at 18 pl/min. Loading buffer was
composed of water, 2% acetonitrile and 0.1% trifluoroacetic acid . Peptides were eluted with
Mobile phase B gradient from 4% to 35% B in 120 min. Eluting peptide cations were
converted to gas-phase ions by electrospray ionization and analyzed on a Thermo Orbitrap
Fusion (Q-OT-qIT, Thermo Scientific). Survey scans of peptide precursors from 350 to
1400 m/z were performed in orbitrap at 120K resolution (at 200 m/z) with a 5 x 10° ion
count target. Tandem MS was performed by isolation at 1,5 Th with the quadrupole, HCD
fragmentation with normalized collision energy of 30, and rapid scan MS analysis in the ion
trap. The MS2 ion count target was set to 10* and the max injection time was 35 ms. Only
those precursors with charge state 2—-6 were sampled for MS2. The dynamic exclusion
duration was set to 30 s with a 10 ppm tolerance around the selected precursor and its
isotopes. Monoisotopic precursor selection was turned on. The instrument was run in top

speed mode with 2 s cycles (Hebert et al. 2014).

3.5.4 Label-free quantification®

All data were analyzed and quantified with the MaxQuant software version 2.0.2.0 (Cox
& Mann 2008). The false discovery rate (FDR) was set to 1% for both proteins and peptides

6 This text was provided by Laboratory of Mass Spectrometry at Biocev research centre, which performed the
described method.
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and we specified a minimum peptide length of seven amino acids. The Andromeda search
engine was used for the MS/MS spectra search against the A. thaliana protein database
(Araportll genome release, version from 2021-03-08, downloaded from
https://www.arabidopsis.org, containing 48 359 entries). Enzyme specificity was set as C-
terminal to Arg and Lys, also allowing cleavage at proline bonds and a maximum of two
missed cleavages. Dithiomethylation of cysteine was selected as fixed modification and N-
terminal protein acetylation and methionine oxidation as variable modifications. The “match
between runs” feature of MaxQuant was used to transfer identifications to other LC-MS/MS
runs based on their masses and retention time (maximum deviation 0.7 min) and this was
also used in quantification experiments. Quantifications were performed with the label-free
algorithm in MaxQuant (Cox et al. 2014).

3.5.5 Data analysis

Data were further processed using R v. 3.5.3. Quantification results in the form of LFQ
intensities, as generated by MaxQuant, were first filtered from the proteins assigned by
MaxQuant as contaminants, reverse hits or “only identified by site”. Second, only proteins
quantified in at least two replicates in at least one genotype were retained, giving the final
set of 3030 proteins (or “protein groups”, as called in MaxQuant). Binary logarithm of the
LFQ intensities was calculated and used in all further calculations. Normalisation of
replicates was performed by normalising the third quartile of the log-LFQ intensities of
proteins that were quantified in all samples. We checked that the normalisation is proper by
observation that the levels of nuclear proteins were not changed in average between
genotypes (Fig. 4.11).

Annotations were obtained from UniProt, downloaded on 2021-10-15 for the reference
proteome  of A.  thaliana  (https://www.uniprot.org/uniprot/?query=proteome%o
3Aup000006548). AtSubP prediction of subcellular localisation of proteins (Kaundal et al.
2010) was downloaded from https://www.arabidopsis.org/download files/Genes/

Araportl1 genome release/Araport] 1-Subcellular Predictions (version 2020-02-20).

Categorisation of thylakoid proteins in complexes and functional groups was based on
Flannery et al. (2021), supplemented with information from other publications (Ifuku et al.
2011; Jarviet al. 2013, 2015; Shikanai 2016; Rantala ef al. 2020) and photosynthetic proteins
from KEGG database (https://www.genome.jp/brite/ath00194).

For the analysis of changes in the levels of protein categories, the mean of logx(fold
change) for each comparison of genotypes was first normalised to zero. The statistical
significance of the difference of the mean of each category from zero was calculated through

randomisations and corrected by Benjamini-Hochberg FDR (g < 0.05).
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The results were further processed using Perseus v. 1.6.15.0 (Tyanova et al. 2016).
Proteins with significantly different levels between genotypes were identified by one-way
ANOVA (g < 0.05, permutation-based FDR) with Tukey’s HSD post-hoc test (¢ < 0.05).
For principal component analysis (PCA), the missing values were replaced from normal
distribution (width 0.3, down shift 1.8). Gene ontology (GO) enrichment analysis was done
using Fischer exact test (with Benjamini-Hochberg FDR, ¢ < 0.05) with frequencies in the

whole set of 3030 proteins used as baseline.
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4 Results

4.1 Parallel subfunctionalisation of PsbO protein isoforms in
angiosperms revealed by phylogenetic analysis and mapping of
sequence variability onto protein structure (PUBLICATION 1)

Duchoslav M., Fischer L. (2015) Parallel subfunctionalisation of PsbO protein isoforms in
angiosperms revealed by phylogenetic analysis and mapping of sequence variability onto
protein structure. BMC Plant Biology 15: 133. DOI: https://doi.org/10.1186/s12870-015-
0523-4

These published results, referred as PUBLICATION 1 in the thesis, can be found in
Attachment.

Summary: In this publication, we present analysis of expressed psbO sequences from
49 land plant species. We found that many species express two psbO paralogs. Interestingly,
phylogenetic analysis revealed that psbO duplication occurred many times independently,
generally at the roots of modern angiosperm families. Moreover, mapping of the differences
on the protein tertiary structure showed that the isoforms in individual species differ from
each other on similar positions, mostly on the luminally exposed end of the B-barrel and on
B1-B2 loop. We suggest that similar subfunctionalisation of PsbO isoforms occurred

parallelly in various lineages.

My contribution: 1 performed all of the in silico analyses and I significantly contributed

to the study design and results interpretation. I wrote most parts of the manuscript.
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4.2 Dynamic pH-induced conformational changes of the PsbO protein
in the fluctuating acidity of the thylakoid lumen (PUBLICATION 2)

Carius A.B., Rogne P., Duchoslav M., Wolf-Watz M., Samuelsson G., Shutova T. (2019)
Dynamic pH-induced conformational changes of the PsbO protein in the fluctuating acidity
of the thylakoid Ilumen. Physiologia  Plantarum  166: 288-299. DOI:
https://doi.org/10.1111/ppl.12948

These published results, referred as PUBLICATION 2 in the thesis, can be found in
Attachment.

Summary: In this publication, we investigated PsbO proteins from green alga
Chlamydomonas reinhardtii (WT version and truncated version AS145K 187 without large
flexible domain, 5-f6 loop) and higher plant Solanum tuberosum (StPsbO1 and StPsbO2
isoforms). The proteins were expressed in bacteria, purified and studied in vitro. CD (circular
dichroism) spectra of the proteins showed that all of them had very similar secondary
structure. However, the small differences between CD spectrum of StPsbO1 and StPsbO2
show that their conformation is not completely identical. The intrinsic fluorescence spectra,
originating mainly from single tryptophan residue in PsbO, show again overall similarity of
PsbO from higher plants and from algae, but small differences between StPsbOl and
StPsbO2. Titration experiments using the hydrophobic fluorescence probe ANS revealed
that PsbO proteins exhibit acid—base hysteresis. He hypothesised that the pH-dependent
dynamic behaviour at physiological pH ranges is a common feature of PsbO proteins and
causes reversible conformational changes of their B-barrel domain in response to the

fluctuating acidity of the thylakoid lumen.
My contribution: 1 performed all of the experiments with StPsbO1 and StPsbO2 proteins

from Solanum tuberosum (preparation of constructs, expression in bacteria, purification,
measurement of CD spectra). I measured the intrinsic fluorescence spectra of StPsbO1 and

StPsbO2 with assistance of Radovan FiSer. I participated in the writing of the manuscript.
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4.3 Functional differences between PsbO1 and PsbO2 proteins of
Arabidopsis thaliana are smaller than anticipated (unpublished
results)

This part of the thesis, consisting of unpublished results, will be submitted as a

manuscript in near future.

My contribution: 1 performed all of the experiments and measurements of chlorophyll
a fluorescence. Ondrej Nykles, student under my supervision, provided partial technical
assistance with sowing and harvesting of the plants. Proteome analysis (protein isolation,
nLC-MS/MS analysis and initial processing in MaxQuant software) was performed by
Laboratory of Mass Spectrometry at Biocev research centre (Faculty of Science, Charles
University). I performed all of the analyses of the results. I designed the study and interpreted

the results together with my supervisor.

4.3.1 Isolation of psbo71*psbo2 double mutant with partially restored
expression of psbO1

The psbo2 mutant of A. thaliana is very similar to WT plants (Allahverdiyeva et al.
2009; Suorsa et al. 2016). In order to be able to observe subtle changes in the phenotype of
the psbo?2 and also psbol mutant, we crossed these mutants to obtain WT plants (in the F2
generation) that would be genetically and epigenetically very similar to psho mutants. As
the psbolpsbo2 double mutant was reported to be seedling lethal (Suorsa ef al. 2016) and
the plants with a strongly silenced expression of psbO genes were unable to grow
photoautotrophically (Y1 ef al. 2005), we did not expect to find any double mutants in the
F2 generation, which we grew photoautotrophically in the soil. Unexpectedly, genotyping
of the F2 population revealed 2 plants out of 31 to be homozygous mutants in both psbO1
and psbO2 genes. The obtained proportion of psbolpsbo2 double mutants (2/31) is very
close to the theoretical proportion of 1/16 that would be expected if the psbolpsbo2 double
mutant was not seedling lethal and was able to grow photoautotrophically in the soil. This

unexpected result led us to a more detailed investigation of these plants.

The phenotype of the psbolpsbo2 plants was similar to the phenotype of the psbol
mutant, showing retarded growth and pale green leaves (Fig. 4.1). As the previous reports
show that plants are not able to grow photoautotrophically without PsbO (Yi et al. 2005;
Suorsa et al. 2016), we expected that the expression of at least one of the psbO genes had to
be restored. Immunoblots with specific anti-PsbO1 and anti-PsbO2 antibodies showed that
the psbolpsbo?2 plants contained the PsbO1 protein, but not the PsbO2 protein (Fig. 4.2).
Thus, it was evident that the expression of the psbOI gene with T-DNA insertion was
somehow restored during the crossing of psbol and psbo2, so we designated the resulting

double mutant as psbol *psbo?2.
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psbo1*oc psbo1*oc psbo1*oc psbo1*oc psbo1*psbo2
(15B) (20B) (22) (50) (4B)

psbo1’psbo2  psbo1’psbo2  psbo1*psbo2

(12B) (2) (38)

Fig. 4.1: Phenotypes of WT, psbo2, psbol and progeny of their crosses. WToc were plants with WT genotype,
psbo2oc were plants with psbo2 genotype, psbol *oc were plants with pshol genotype and partially restored
expression of psbOl gene and psbol *psbo2 were plants with psbolpsbo2 genotype and partially restored
expression of pshO1 gene. The particular line, resulting from single genotyped plant in the F2 generation, is
given in parenthesis. The lines 20A, 3A, 15B, 20B, 4B and 20B are from the cross psbo2xpsbol, while the
lines 40, 22, 50, 2 and 38 are from the reciprocal cross psbol xpsbo2. The psbolbc was a plant with a psbol
genotype from the back-cross WT xpsbol. The plants were 26 days old and of the F3 generation, with exception
of psbolbc, which was of the F2 generation. The scale bar is 10 mm long.

On the immunoblots, faint bands were visible also for PsbO1 in the psbol mutant and
for PsbO2 in the psho2 mutant. It is not clear at this time whether there is very low expression
of mutant alleles also in the original psbol and psbo2 mutants, or whether the anti-PsbO1
and anti-PsbO2 antibodies have a low level of cross-reactivity with the other PsbO isoform

(the mature PsbO1 and PsbO2 proteins differ in only 11 amino acid residues).

We investigated also single homozygous mutants from the F2 generation of the
psbo2xpsbol cross (referred to as out-crossed mutants psboloc and psbo2oc). The psbo2oc

plants were similar to psho2 and WT. However, the psboloc plants showed intermediate
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phenotype between pshol and WT (Fig. 4.1 and Fig. 4.3), suggesting that the expression of

psbO1 was partially restored also in these plants. Thus, we named these plants psbol *oc.
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Fig. 4.2: Immunoblot analysis of proteins isolated from leaves of WT and mutant plants. Identical samples
isolated from psbol and psbo2 were run in two adjacent lanes. The samples from psbol *psbo2 double mutants
were from two plants (4B and 12B) from F2 generation. The plants were 115 days old. Proteins in amount of
30 ug were loaded in each lane.

In order to verify that the crossing of psbol with psbo?2 caused the restoration of psbO1
expression, we made also a reciprocal cross (psbolxpsbo2) and a back-cross to WT
(WTxpsbol). The result of the reciprocal cross (psbolxpsbo2) was the same as of the
psbo2xpsbol cross. In the F2 generation we found several psbol *psbo2 double mutants
with a fenotype similar to that of the psbol mutant. All psbol*oc mutants found by
genotyping had a phenotype intermediate between that of psbol and WT, suggesting that the
partial restoration of psbO1 expression had already happened in the F1 generation regardless

of the crossing direction and was retained in F2.

The back-cross (WT xpsbol) yielded F2 progeny where 11 plants out of 40 had psbol-
like phenotype (designated as psbolbc) and the rest had WT-like phenotype. No plants with
intermediate phenotype were observed, suggesting that the crossing of psbol with WT did

not cause restoration of psbO1 expression.

The phenotypes of the plants with a partially restored psbO1 expression (psbol *psbo?2
double mutants and psbol*oc mutants) were stable also in the next generation (F3) after
self-pollination. We measured rosette size and maximum quantum yield of PSII (Fv/Fm) in
F3 lines derived from several individual plants of the F2 generation originating from both
psbo2xpsbol and psbolxpsbo2 crosses (Fig. 4.3). The Fv/Fm showed the differences
between the genotypes better than the rossette area due to lower variance. The values fall
clearly into four distinct groups with different levels of Fv/Fwm: First group with the lowest

Fv/Fwm values consiting of psbol and psbolbc, second group of psbol *psbo2 double mutant
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lines with only slightly higher values, third group of psbo *oc lines with intermediate values
and a fourth group with WT-like values consisting of WT, WToc (WT outcrossed from the
crosses of psbol and psbo2), psbo2 and psbo2oc. The measurement of the rosette area
revealed that WToc plants were slightly bigger than the original WT line (Col-0, used for
the creation of the SALK T-DNA mutants), while the Fv/Fm values were the same. The
higher rosette size may have resulted from some compensatory epigenetic changes that had
occurred in the psbho I background. For this reason and because of higher variability of WToc

than WT, we decided to use the original WT in subsequent analyses.
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Fig. 4.3: Characteristics of WT, psbol, psbo2 and progeny of their crosses measured by chlorophyll
fluorescence imaging. a Rosette area was measured as top view of the photosynthetic area. b Maximum
quantum yield of PSII (Fv/Fum) of individual plants was measured as the mean value of the projected
photosynthetic area of the plant. Individual lines were F3 progeny of single plants from F2 generation with the
exception of psholbc, where F2 plants identified as homozygous mutants in psbO1 were measured. Plants were
26 days old. Means of 7-11 individual plants and 95% confidence intervals are shown. Significant differences,
as identified by Tukey’s HSD post-hoc test, are designated by different letters.

4.3.2 Location of T-DNA insertion and possible mechanism of psbO17
expression restoration

In order to better understand the mechanism of psbO1 reactivation in the T-DNA mutant
line, we mapped the precise position of the T-DNA insertions in both psbol and psbo2
mutants (Fig. 4.4), confirming previously published positions (Lundin ef al. 2007a). We
found that the T-DNA in psbho2 mutant is inserted in the last exon (54 bases upstream of the
stop codon), excluding a possibility that the full-length PsbO2 protein can be synthesized.
In the case that the transcription and translation would happen, the mutant gene might
produce PsbO2 protein with the last 19 amino acid residues at C-terminus
(GAKVPKDVKIQGVWYGQIE) exchanged for 13 different residues
(AVQDILWCKQIDA). However, such protein was not found during proteomic analysis

- 40 -



(Chapter 4.3.3.3). Also, no significant amount of PsbO2 protein was found by
immunoblotting (Fig. 4.2), although the specific epitop used for immunization should be

present in such protein (Fig. 4.4).
The psbol mutant has the T-DNA insertion in 5 untranslated region (UTR) of psbO

gene, 72 bases upstream of the start codon. Thus, if the transcription and proper translation
of the coding region would happen, the mutated psbO1 gene can produce full-length PsbO1
protein without any changes. PCR amplification and sequencing of the insertion site also
revealed that at least part of the T-DNA is present as an inverted repeat, because genomic
regions from both sides of the insertion were amplified using the same primer for left border

of T-DNA and a primer for right border gave no product.

Although the mechanism of reactivation remains unclear, similar losses of mutant
phenotypes by interaction with another T-DNA locus were already described in intronic T-
DNA lines (Xue et al. 2012; Gao & Zhao 2013; Osabe et al. 2017). This phenomenon, called
T-DNA suppression, was observed after crossing of SALK T-DNA mutants with other
mutants with epigenetically silenced T-DNAs inserted in different loci. High DNA
methylation of silenced T-DNA triggers DNA methylation in the second T-DNA locus by
canonical RNA-directed DNA methylation pathway in F1 generation after crossing of the
mutants. This DNA methylation probably causes heterochromatinisation and allows for
unterminated read-through transcription of the whole T-DNA by RNA polymerase II.
Subsequently, transcripts containing such copy of T-DNA in the intron can be efficiently

spliced and produce native proteins (Osabe ef al. 2017).

psbO1
5UTR Exon1 Intron 1 Exon2 Intron 2 Exon 3 J'UTR
T
Anti-PsbO1
T-DNA
psb0O2
5UTR Exon1 Intron 1 Exon2 Intron 2 Exon3 JUTR

Fig. 4.4: Scheme of psbOI and psbO2 genes. T-DNA insertions in mutant lines psbo! (SALK 093396) and
psbo2 (SALK 024720) are marked as T-DNA. Parts of the genes encoding for peptides used for creating of
specific antibodies (anti-PsbO1: ASDGSVNFKEEDG, anti-PsbO2: GSDGSVKFKEEDG, Peter Gollan,
personal communication) are marked as Anti-PsbO1 and Anti-PsbO2. The size of all elements in the scheme
is proportional to their length.

As in the case of psbol *psbo2 and psbol*oc, such loss of mutant phenotype (T-DNA

suppression) is reproducible and stable in subsequent generations (Osabe ef al. 2017). Also,
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the epigenetic silencing of the T-DNA in psho2 mutant can be deduced from inactive
kanamycin resistance in the psbo2 mutant, while the resistance gene was still active in the
psbol mutant (Magdalena Metlickova, unpublished data). This suggests that the T-DNA
from psbo2 can cause an increase of methylation of the T-DNA in psbol, causing a specific
change of its overall epigenetic status and in turn the possibility of weak psbOl gene

expression.
4.3.3 Characterisation of mutants with various levels of PsbO1 and Psb0O2

4.3.3.1 Growth characteristics and maximum quantum yield of PSII (Fv/Fwm)

The gaining of psbol*psbo2 and psbol*oc mutants provided an opportunity to
investigate pallette of plants with various amounts of PsbO1 and PsbO2 proteins. The psbo?2
and psbo2oc plants have probably the total levels of PsbO similar to WT, while they only
have the PsbO1 protein. The psbhol *oc plants have probably the PsbO1 level lower than WT
while the PsbO2 level similar as WT or slightly higher. Finally, the psbol and psbol*psbo?2
plants have the lowest level of total PsbO. The psbol mutants have only the PsbO2 isoforms
at level similar to WT or slightly higher. The psbol*psbo2 plants have only the PsbOl1
isoform in lower amount than WT. For determining the functional differences between
PsbO1 and PsbO2, it would be especially valuable to compare phenotypically similar pairs
(1) WT with psbo2 (or psbo2oc) that both have the WT phenotype and (2) psbo *psbo2 with
psbol that both have strongly retarded growth and pale green leaves.

In order to utilise this opportunity, we characterised several plant lines more deeply.
First, we compared growth characteristics and basic chlorophyll a fluorescence parameters
of the plants. The plants were repeatedly measured during their growth by chlorophyll
fluorescence imager, providing non-destructive measurement of rosette area and Fv/Fm
value (maximum quantum yield of PSII). The results (Fig. 4.5) show that the growth rate
and Fv/Fm values are positively correlated with each other. WT, psbo?2 and psbo2oc were
the fastest growing genotypes, psbol*oc plants had intermediate growth rates and

psbol*psbo2 plants grew only slightly faster than the slowest psbo! plants.
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Fig. 4.5: Characteristics of WT, psbo2, psbo2oc (line 3A), psbol*oc (line 15B), psbol *psbo2 (line 4B) and
psbol plants measured by chlorophyll fluorescence imaging throughout their growth. a Rosette area was
measured as top view of photosynthetic area. b Maximum quantum yield of PSII (Fv/Fm) of individual plants
was measured as mean value of the projected photosynthetic area of the plant. ¢, d Values of rosette area (c)
and Fyv/Fum (d) in the fourth time point (55 days) of the plots a and b depicted to show statistical significance
of the differences (Tuckey’s HSD post-hoc test, designated by letters). Individual lines (in parenthesis) were
F3 progeny of single plants from F2 generation as in Fig. 4.3. Means of 20 individual plants for each genotype
(18-20 in the last two time points) and 95% confidence intervals are shown. Note that the difference in Fv/Fum
values between WT and psbo2 with psbo2oc was significant in the first four measurements of this experiment,
while it was not significant in the experiment presented in Fig. 4.3. This is caused by higher » and lower number
of lines in this experiment, resulting in higher power of the post-hoc test.
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Fig. 4.6: Chlorophyll fluorescence images of WT, psbo2, psbo2oc (line 3A), psbol *oc (line 15B), psbol *psbo?2
(line 4B) and psbo! plants in several time points. The maximum quantum yield of PSII (Fv/Fum) is shown in
false colours. The same individual plants are shown in the different time points. Scale bars, different for each
time point, are shown below. The plants are from the same experiment as shown in Fig. 4.5.

The measured Fyv/Fm values were somewhat fluctuating during the growth of the plants

(Fig. 4.5), possibly because of different temperature on the days of measurement (the plants

were cultivated in a growth room with controlled conditions, however, the measurements

were done in a room without temperature control). Nevertheless, the Fyv/Fum values of psbo2

and psbo2oc were always slightly lower compared to WT. The difference was significant
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during the first two months of growth, even it was only 1-2%. The Fv/Fm values of psbho I *oc
plants were again intermediate, while psbo I *psbo?2 plants had low values, but slightly higher
than that of the psbo plants. After three months of growth, senescence caused slight decline
of the Fv/Fum values for WT, psbo2 and psbo2oc. In contrary, the Fy/Fm values of psbo I *oc,
psbol*psbo2 and psbol increased during the growth of the plants, as was already observed
for psbo I mutant (Murakami ez al. 2005). The senescence of these slowly growing genotypes

was delayed, as was bolting under the short-day conditions of the experiment.

The chlorophyll fluorescence imaging allowed us to observe also differences in
chlorophyll fluorescence within a plant. We noticed that the mutants with low Fy/Fu values
(psbol*oc, psbol*psbo2 and psbol) show very low levels of Fy/Fum especially in young
leaves, while in older leaves the values were higher (Fig. 4.6). The pattern stayed similar
during the growth of the plants. The increase of the Fy/Fy values of whole plants during the
growth (Fig. 4.5b) was probably caused by increasing proportion of older leaves visible in
the rosette (Fig. 4.6). WT, psbo2 and psbo2oc plants had the Fv/Fm values uniform
throughout the whole rosette (Fig. 4.6).

4.3.3.2 Reaction to high light (HL) treatment

Lundin et al. (2007a) reported problems of psho2 mutant during prolonged high light
(HL) conditions and suggested that PsbO2 protein is involved in PSII repair after D1 protein
damage. To test whether PsbO1 and PsbO2 proteins differ in their ability to cope with HL
and associated increase in PSII turnover, we exposed our set of mutants with various levels

of PsbO isoforms to long-term HL conditions.

All of the genotypes tested performed better under HL conditions (850 pmol photons
m™ s7') compared to growth light (GL) conditions (125 pmol photons m™ s™!). The plants
were bigger after 26 days of growth under HL compared to control (GL) conditions (Fig. 4.7
and Fig. 4.8a). The maximum quantum yield of PSII (Fv/Fm) was higher in all of the mutant
plants, while it did not change in the WT (Fig. 4.8b). In the psbo2 mutant, where the Fv/Fum
was only slightly lower than in WT under GL, it increased to the WT level under HL
conditions. In the mutants with decreased level of PsbO (psbol*oc, psbol*psbo2 and
psbol), the increase of Fy/Fu values under HL was much more pronounced, with the highest
increase in psbol *oc (Fig. 4.8d). The increase in the rosette area was similar in WT, psbo2,
psbol*psbo2 and psbol, while it was somewhat higher in psbhol*oc (Fig. 4.8c). We
measured the same characteristics also after 32 days of growth and the results were very

similar (data not shown).
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Fig. 4.7: Phenotypes of WT, psbo2, psbol *oc (line 15B), psbol *psbo2 (line 4B) and psbol plants cultivated
under growth light (GL) conditions (125 pmol photons m? s™') and high light (HL) conditions (850 pmol
photons m? s7'). The plants were 26 days old and cultivated under the particular light conditions already from
germination. The plants from GL are the same as in Fig. 4.1. The scale bar is 10 mm long.

Non-photochemical quenching (NPQ) allows plants to dissipate excess light energy
absorbed by antenna proteins safely as heat. It is one of the mechanisms used to cope with
HL (Ruban 2016). Therefore, we compared induction of non-photochemical quenching
(NPQ) of plants grown under HL and GL conditions. Fig. 4.9a shows that upon exposure of
dark adapted plants to actinic light, the plants with decreased level of PsbO (pshol *oc,
psbol*psbo2 and psbol) developed the NPQ faster than WT and psbo2. However, the steady
state NPQ was lowest in pshol*psbo2 and psbol and intermediate in psbol*oc. When
comparing HL-grown and GL-grown plants, the plants of all genotypes grown at HL had
faster induction of NPQ and higher initial peak. After about 2 minutes of light, NPQ of HL-

grown plants dropped to the same level as in GL-grown plants.

Rapid light curves (RLC, response of electron transport rate to rapidly increasing
irradiance) allow estimation of saturation characteristics of electron transport (Ralph &
Gademann 2005). We measured RLC of plants previously grown at either HL or GL (Fig.
4.9b—d). The calculated initial slope of the RLC (a; Fig. 4.9¢c) corresponds well to the Fv/Fm
values (Fig. 4.8b) — the already high values of WT and psbo2 almost did not change under
HL, while the lower values of psbol *oc, psbol*psbo2 and psbol increased under HL. The
calculated maximum of relative electron transport rate (rETRmax), describing a capacity of
the electron transport chain, was lowest in psbho I and psbol *psbo?2, intermediate in psbo I *oc
and highest in WT and psbo?2. It was 1.8-2.7 times higher in all genotypes when grown at
HL, with the lowest relative increase in psbo2 and highest in psbol *oc (Fig. 4.9d).
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Fig. 4.8: Impact of long-term high light (HL, 850 umol photons m™ s™') conditions compared to growth light
(GL, 125 pmol photons m~ s!) conditions on rosette area and Fv/Fy of plants with various levels of PsbOl
and PsbO2 proteins. a Rosette area was measured as top view of photosynthetic area. b Maximum quantum
yield of PSII (Fv/Fum) of individual plants was measured as mean value of the projected photosynthetic area of
the plant. ¢, d Relative change of the values shown in plots a and b, respectively (values were divided by the
GL value for the particular genotype). Plants were cultivated in GL or HL conditions already from germination
and measured 26 days after germination. Means of 10 (GL) or 14-15 (HL) individual plants and 95%
confidence intervals are shown. The data from GL are the same as data shown in Fig. 4.3.

Our results show that plants with similar phenotype at GL conditions, but different
representation of PsbO1 and PsbO2, practically does not differ in reaction to long-term high
light. Similarly, there was almost no difference in the reaction to rapid increase of light
intensity (see RLC of GL-grown plants, Fig. 4.9b, d). The psbol*psbo2 mutant, with PsbO1
1soform only, was in our measurements always very similar to psbol mutant, which has only
PsbO2 isoform. The psbol*psbo?2 plants were always only slightly closer to WT values.

Likewise, there was almost no difference between WT and psbho2 mutant, which has only
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PsbO1 isoform. Our data suggest that PsbO1 and PsbO2 does not markedly differ in the
support of PSII repair or related processes, in contrast to the hypothesis presented by Lundin
et al. (2007a).
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Fig. 4.9: Impact of long-term high light conditions (HL, 850 pmol photons m~ s!) compared to growth light
conditions (GL, 125 pumol photons m™ s!) on induction of non-photochemical quenching (NPQ) and rapid
light curves (RLC) of plants with various levels of PsbO1 and PsbO2 proteins. a NPQ of dark-adapted plants
exposed to actinic light (blue light, 79 umol photons m™ s°!, switched on at time 0). b Rapid light curves
(relative electron transport rate plotted against irradiance by photosynthetically active radiation, PAR). ¢ Initial
slope of the RLC (o) calculated from RLC shown in b. d Maximum relative electron transport rate (rETRmax)
calculated from RLC shown in b. Plants were cultivated in GL or HL conditions already from germination and
measured 32 days after germination. Means of 6 individual plants per genotype are shown, with 95%
confidence intervals in ¢ and d.

4.3.3.3 Proteome of psbo1*psbo2 and psbo1 mutants and WT

In order to learn what could be the difference in function of PsbO1 and PsbO2, we

analysed proteomes of psbol*psbo2, psbol and WT plants. As shown above, the
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psbol*psbo?2 and psbol mutants differ in the retained PsbO isoform, but have very similar
phenotype characterized by strongly retarded growth due to reduced photosynthetic
performance. If PsbO1 and PsbO2 functionally differ, proteomic comparison of these two
mutants should help to understand the difference between PsbO1 and PsbO2. Moreover, the
comparison of both mutants (psbho I *psbo2 and psbol) with WT should reveal consequences
of reduction of the total PsbO level. Using nano liquid chromatography connected to mass
spectrometer (nLC-MS), we analysed abundances of proteins isolated from whole leaves
(Table 9.1 in Attachments). Analysis of whole leaves without any fractionation allowed us
to assess not only direct changes in the photosynthetic apparatus, but also consequent

changes in other parts of the cell.

First, we compared levels of PsbO isoforms in WT and mutant plants. As PsbO1 and
PsbO2 proteins have some tryptic peptides indistinguishable and some different, it was
possible to calculate approximate amount of PsbO in mutants compared to WT and also ratio
of PsbO1 and PsbO2 in WT. Our calculations revealed that PsbO2 accounted for 32—36% of
total PsbO in WT. The total amount of PsbO was reduced to 39-44% in psbol mutant, which
means that the amount of PsbO2 rose to approximately 120% compared to WT. In
psbol*psbo2 mutant, the total PsbO level was reduced to 31-32%, which means that the
level of PsbO1 was reduced to 47-50% compared to WT. We found also trace amounts of
some PsbO1 peptides in pshol mutant and trace amounts of some PsbO2 peptides in
psbol*psbo2, however, this could be caused by sample carry-over in liquid chromatography
column. Anyway, even if present, the amount of PsbO isoforms that were expected to be

missing in particular mutants was surely lower than 3% of the amount of that isoform in WT.

While the exact numbers calculated from intensities of several peptides need to be taken
with caution, the results nicely confirmed our expectation that psbol *psbo2 mutant have

virtually only PsbO1 protein, in level comparable to the level of PsbO2 in psbol mutant.

The proteomic analysis identified and quantified 3030 proteins (or protein groups,
where the mass spectrometry did not distinguish similar proteins; Table 9.1 in Attachments),
out of which 787 were significantly enriched or depleted in one or both of the mutants (¢ <
0.05, ANOVA with permutation-based false discovery rate correction). Only 145 proteins

differed between any two genotypes with a ratio higher than 2.

As expected from the previous characterisation of the psbhol, psbol*psbo2 and WT
plants, the proteomes of mutants were closer to each other than to WT proteome. Tukey’s
HSD test revealed only 162 proteins with levels different between psbol and psbol*psbo?2,
while there were 693 and 470 proteins with different levels between the pairs psbol — WT
and psbol *psbo2 — WT, respectively. Very similar pattern can be seen from the position of
the samples on the first two components of a principal component analysis (PCA, Fig. 4.10).

The mutants were closer to each other than to WT, with the distance between WT and
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psbol*psbo?2 being slightly shorter than the distance between WT and psbol. The first
component of PCA correlated well with the total amount of PsbO and even better with Fv/Fum
(Fig. 4.5d), whereas the second component correlated well with the ratio of PsbO isoforms

(psbol has only PsbO2 isoform, psbol *psbo?2 has only PsbO1 isoform, WT is in between).
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Fig. 4.10: Principal component analysis (PCA) of WT, psbol and psbol*psbo2 leaf proteomes. Biological
replicates of each genotype are depicted separately. The first and the second components describe 30.2% and
14.3% of the overall variability of the samples, respectively. Based on log-transformed intensities of 3030
proteins. The values missing in some samples were imputed (details are described in Materials and Methods).

To assess overall changes in the cells of mutant plants, we compared levels of proteins
predicted to be localised in various cell compartments or extracellular (Fig. 4.11). The
average amount of nuclear, plasma membrane and Golgi apparatus proteins was not
significantly enriched or depleted in mutants compared to WT. Interestingly, chloroplast
proteins were in average significantly enriched in both psbol and psbol*psbo2, while
mitochondrial, cytoplasmic and extracellular proteins were depleted in the mutants (Fig.
4.11). Comparison of psbol*psbo2 and psbol revealed that the levels of chloroplast proteins
was lower in psbol *psbo2, while the levels of mitochondrial and extracellular proteins were
higher. This suggests again that the proteome of psbol *psbo2 was in average slightly closer
to WT than psbol proteome. Levels of plasma membrane proteins and proteins with

unknown localisation were also increased in psbol *psbo2 compared to psbol (Fig. 4.11).
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Fig. 4.11: Differences in the levels of proteins predicted to distinct cell compartments. The boxes range from
lower to upper quartile, median is shown by bold line and mean by a coloured dot. Number of proteins (protein
groups) in category and particular comparison is given by number. The overall mean of log,(fold change) for
each comparison of genotypes was normalised to zero. The statistical significance of the difference of the mean
of each category from zero, as calculated through randomisations, is shown as stars (¥ g < 0.05, ** ¢ < 0.01,
*** g <0.001). Proteins (protein groups) with more than one predicted subcellular localisation were omitted

from the analysis.
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Fig. 4.12: Changes in the levels of electron transport chain complexes and some other groups of chloroplast
proteins (psbol and psbol*psbo2 mutants compared to WT). The proteins were categorised according to
Flannery et al. (2021) and several other publications (see Materials and methods for details). The mean for
each group is shown as a dot. The overall mean of logx(fold change) for each comparison of genotypes was
normalised to zero. The statistical significance of the difference of the mean of each category from zero, as
calculated through randomisations, is shown as stars (* g < 0.05, ** ¢ <0.01, *** 4 <0.001).
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Fig. 4.13: Changes in the levels of electron transport chain complexes and some other groups of chloroplast
proteins (psbol*psbo2 mutant compared to psbol mutant). The proteins were categorised according to
Flannery et al. (2021) and several other publications (see Materials and methods for details). The mean for
each group is shown as a dot. The overall mean of log(fold change) for each comparison of genotypes was
normalised to zero. The statistical significance of the difference of the mean of each category from zero, as
calculated through randomisations, is shown as stars (* ¢ < 0.05, ** g <0.01, *** ¢ <0.001).

While the chloroplast proteins were in average enriched in both mutants, not all of the
chloroplast proteins followed the same pattern. Out of the 1056 quantified proteins predicted
to chloroplast, 199 and 152 were significantly enriched in psbol and psbol*psbo?2,
respectively, whereas 103 and 67 were significantly depleted. In order to characterise the
photosynthetic apparatus of psbol and psbol*psbo2 mutants in detail, we have analysed
changes in the levels of electron transport chain complexes and some other groups of
chloroplast proteins, as categorised by Flannery et al. (2021) (Fig. 4.12, 4.13 and Table 9.1

in Attachments). Levels of cytochrome bsf complex and ATP synthase were not significantly
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changed in the mutants, as well as the levels of complexes involved in cyclic electron flow
(NDH complex and PGR5/PGRL1 complex). As expected, the level of PSII proteins was
decreased in both of the mutants. The average amount of PSII proteins in mutants was about
50% of WT, indicating that the decrease of PSII was similar to the decrease of the total PsbO
level in the mutants. Interestingly, the PsbQ2 protein was one of the most reduced in the
mutants, while the level of PsbQ1 protein did not change. Thus, the decrease of total PsbQ
is similar to other PSII proteins, but the ratio of PsbQ1 to PsbQ2 was higher in the mutants.

The level of PSI was also decreased in the mutants, but not so strongly as PSII, only to
about 70% of the level in WT. Antenna proteins of PSII (LHCII) were significantly reduced
(to about 70%) only in psbol. The average level of LHCII was not changed in psbol *psbo2
compared to WT. This means that the LHCII to PSII ratio is increased in psbol and even
more increased in psbol *psbo?2. It is also important to note that not all of the LHCII proteins
were influenced similarly. The most outstanding was a Lhcb4.3 (CP29.3) protein, which is
strongly depleted in both mutants (Fig. 4.12). The reduction of the average level of LHCI
proteins, the antenna proteins of PSI, was not significant. However, regarding the fold

change, it was similar to the reduction of PSI.

Stress responsive chloroplast proteins and light harvesting regulation proteins were not
affected in the mutants as whole categories (Fig. 4.12). However, some of the proteins had
significantly different levels in mutants. For example, PsbS protein, involved in NPQ, was
increased to about 140—150% in both mutants, which might explain the faster induction of
NPQ (Fig. 4.9a). STN7 kinase, involved in state transitions through phosphorylation of
LHCII trimers, was significantly decreased in both of the mutants to about 60—70% (Table
9.1 in Attachments).

Proteins involved in assembly of electron transport chain complexes in thylakoid
membrane and proteins involved in PSII repair were in average slightly increased in both of
the mutants, but the changes were just below the level of significance (Fig. 4.12).
Nevertheless, some of the individual proteins were significantly enriched in the mutants, like
Psb33, Psb27, TL18.3, MET1, HHLI, PPL1 and several FtsH proteases. Out of the proteins
in the categories “Assembly” and “PSII repair”, only DegPl protease, involved in
degradation of DI protein (Jarvi et al. 2015), was significantly decreased in the mutants
(Table 9.1 in Attachments).

The levels of chloroplast proteins involved in pigment synthesis were slightly increased
in both mutants, but the increase was statistically significant only in psbo!. Interestingly, the
highest increase from the investigated groups of proteins was in chloroplast ribosomal
proteins, with the average increase to 174% and 144% (psbol and psbol*psbo2,
respectively) compared to WT (Fig. 4.12). This might mean that the proteosynthesis in

chloroplasts was increased in the mutants compared to WT.
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Fig. 4.12 shows that the changes in all of the investigated groups of chloroplast proteins
had the same direction in both mutants, suggesting that the decrease in the total amount of
PsbO was the main driving force behind the changes. Most of the changes were more
pronounced in psbol compared to psbol *psbo?2. Fig. 4.13 shows comparison of the levels
of the same groups of proteins between psbol and psbol*psbo2. The only significantly

different categories were LHCII proteins and chloroplast ribosomal proteins.

Table 4.1: Gene ontology (GO) term enrichment in groups of proteins with significantly increased or decreased
levels between pairs of genotypes. The groups of proteins are based on significant difference determined by
Tukey’s HSD post-hoc test and the genotype where the level is higher (i.e. the group “WT > psbol” contains
proteins, which have significantly higher level in WT compared to psbol). First seven GO terms of categories
“biological process” and “cellular component” with the lowest g-value are shown for each group. Note that
only six GO terms were below the treshold (¢ < 0.05) in the group “psbol > psbol*psbo2”.

GO description En:c:?tfrent g-value GO description Enrf:;r:fnt g-value
WT > pshol psbol > WT
secretory vesicle 2.6 <0.0001 |chloroplast 1.8 <0.0001
mitochondrial membrane 5.6 0.0002 |chloroplast stroma 2.3 <0.0001
plasmodesma 1.6 0.0002 |translation 3.7 <0.0001
cell wall 1.8 0.0014 |chloroplast envelope 2.1 <0.0001
plasma membrane 1.4 0.0016 |ribosome 3.6 <0.0001
ri’;cl’(;eg'g'cmomc’phore 42 0.0017 E:‘:;:gf;i thylakoid 1.8 <0.0001
apoplast 1.8 0.0036 |chloroplast thylakoid 1.9 0.0003
WT > psbol*psbo2 psbol*psbo2 > WT
mitochondrion 1.6 0.0013 chloroplast 1.8 <0.0001
response to cadmium ion 2.2 0.0018 |chloroplast stroma 2.2 <0.0001
tricarboxylic acid cycle 4.8 0.0082 chloroplast envelope 2.2 <0.0001
plasmodesma 16 0.0147 ﬂ‘:;ﬁf;j thylakoid 2.2 <0.0001
cell wall 1.8 0.0165 chloroplast thylakoid 2.4 <0.0001
mitochondrial membrane 5.4 0.0207 |translation 2.6 0.0002
fu”:]zslasm'c reticulum 45 0.0208 |ribosome 2.8 0.0029
psbol*psbo2 > psbol psbol > psbol*psbo2
ﬁ;ﬁ:‘;’g'mmmphore 11.9 <0.0001 |chloroplast stroma 2.3 0.0025
photosystem | 11.6 <0.0001 cytosolic ribosome 3.9 0.0047
photosynthesis, light
harvesting in 14.9 <0.0001 translation 4.2 0.0144
photosystem |
plastoglobule 6.0 <0.0001 zztﬁr:ltlc large ribosomal 50 0.0179
photosystem Il 9.9 <0.0001 polysomal ribosome 4.8 0.0209
secretory vesicle 3.7 0.0025 ribosome 4.7 0.0232
apoplast 2.7 0.0070
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To find further differences in the proteomes of the investigated genotypes, we
performed gene ontology (GO) enrichment analysis to find terms enriched in groups of
proteins significantly increased or decreased between pairs of genotypes. The results (Table
4.1) show similar information as the previous analyses (Fig. 4.11, 4.12, 4.13). It shows that
a group of extracelular proteins (described by terms “secretory vesicle”, “cell wall”,
“apoplast”, “plasmodesma” and “endoplasmic reticulum lumen”) and a group of
mitochondrial proteins (described by terms “mitochondrion”, “mitochondrial membrane”
and “tricarboxylic acid cycle”) were decreased in mutants compared to WT. The LHCII
proteins (term “protein-chromophore linkage”) had decreased levels specifically in psbol.
Proteins increased in mutants included many chloroplast and ribosomal proteins. Close
investigation revealed that not only chloroplast ribosomes, as showed in Fig. 4.12, but also

cytoplasmic ribosomes had increased levels in the mutants (Table 9.1 in Attachments).

GO enrichment analysis of proteins with levels differing between psbol and
psbol*psbo2 did not show any specific feature of pshol*psbo2 and confirmed again that,
regarding protein levels, this mutant lied between WT and psbol. Compared to pshol
mutant, pshol *psbo2 had higher levels of LHC proteins (which drives also the enrichment
of terms “photosystem 17, “photosystem II”” and “plastoglobule”) and of the same group of
extracellular proteins that had even higher levels in WT. Complementarily, proteins
increased in psbol compared to psbol*psbo2 encompassed chloroplast and ribosomal

proteins.

To find specific differences, we investigated proteins with the most different levels
between psbol *psbo2 and psbol. Table 4.2 shows the only six significant proteins that have
more than two times different levels between psbol *psbo2 and psbol. These proteins are
very various and localised in different parts of cell, like chloroplast, extracellular space and

cytoplasm. Therefore, we were not able to identify any clear specific feature of psbol *psbo?.
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Table 4.2: Proteins with more than two times different levels between psbol *psbo2 and psbol. Only proteins
with significant differences according to ANOVA with Tukey’s HSD post-hoc test are listed.

Fold ch
Gene ID Description Subcellular bol*psbo2/ o nanes bol*psbo2/
localisation ~ PSP0OL7psbo psbol7psbo
psbo1 psbol/WT WT
Bifunctional
inhibitor/lipid-transfer Extracellular/
AT2G10940 protein/seed storage 2S 0.41 1.70 0.69
. . Chloroplast
albumin superfamily
protein
N-acetylglucosamine-1-
GlcNAclp phosphate
AT1G31070; UT1; uridylyltransferase 1;
I .47 1. 74
AT2G35020 GlcNAclp N-acetylglucosamine-1- Cytoplasm 0 >8 0
uT2 phosphate
uridylyltransferase 2
AT1G20190 EXP11 Expansin 11 Extracellular 2.14 0.42 0.90
AT2G32810 BGAL9 Beta-galactosidase 9 Extracellular 2.25 0.66 1.49
AT2G23070 K2~ Caseinkinasellsubunit o\ 0\ 2.44 NaN? NaN@
alpha4 alpha-4
Glyceraldehyde 3-
AT1G12900 GAPA-2 phosphate Chloroplast 3.32 1.00 331
dehydrogenase A
subunit 2

2 The protein CK2-alpha4 was not quantified in WT, thus the fold changes between mutants and WT could not

be calculated.
4.3.4 Discussion of unpublished results

4.3.4.1 Restoration of psbO expression in psbo1*oc and psbo1*psbo2 is probably
caused by epigenetic changes

Unexpectedly, by crossing psbol and psbo2 knock-out mutants, we have obtained
double mutants psbol*psbo2 and single mutants psbol*oc that have partially restored
expression of the pshO1 gene despite the retained insertion of T-DNA in 5‘UTR. A similar
phenomenon of epigenetic suppression of T-DNA mutant phenotype was observed after a
crossing of mutants where T-DNA was inserted in an intron (Xue ef al. 2012; Gao & Zhao
2013; Osabe et al. 2017). Multiple evidence suggests that the epigenetic interaction between
the two SALK T-DNA insertions, likely an induction of T-DNA methylation in psbol
triggered by the silenced T-DNA in psbo2, occurred also in our case. Suorsa et al. (2016)
reported that the psboIpsbo2 double mutant in their case was unable to grow autotrophically,
but they crossed a different psbo2 mutant (CSHL ET9214), which did not contain T-DNA

and thus could not cause the same T-DNA suppression.
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Although we did not find any report showing the phenomenon of T-DNA suppression
for insertion in 5‘UTR, we expect that the mechanism is similar to that for the intronic T-
DNA insertions. The psbOI mRNA was shown to be present already in the original psbol
mutant (Lundin et al. 2007a). We believe that epigenetic modifications such as DNA
methylation allowed a splicing-out of the T-DNA copy from the transcript and thus also
enabled its translation. Although there is no intron in the 5‘'UTR of the psbO1 gene, the
splicing with low efficiency might be possible, because Yadav et al. (2018) showed that a
transposon inserted in an exon can also be spliced out in some cases. However, the precise
mechanism for the partial restoration of pshO1 expression in psbol *psbo2 and psbol*oc

needs further elucidation.

4.3.4.2 Most of the changes in psbo1 mutant are caused by reduction of the total
amount of PsbO

It is obvious from the published studies describing the pshol mutant (Murakami ef al.
2002, 2005; Liu et al. 2007, 2009; Lundin et al. 2007a, 2008; Bricker & Frankel 2008;
Allahverdiyeva et al. 2009; Suorsa et al. 2016) and plants with a decreased amount of both
PsbO isoforms (Y1 ef al. 2005; Dwyer et al. 2012) that the differences from WT are very
similar in both cases (as described in detail in Introduction). This resulted in a question which
features of psbol mutant are specifically caused by the absence of PsbO1 isoform and which
are caused only by the reduction of the total amount of PsbO. The newly obtained
psbol*psbo?2 and psbol*oc lines supplemented the original psbol and psbo2 mutants and
allowed us to characterise a set of mutants with various amounts of PsbO1 and PsbO2
proteins, making it possible to answer this question. Especially the comparison of psbol and
psbol*psbo2 mutants is interesting, as these plants have a similar phenotype and comparable
levels of PsbO, but different isoforms (psbo! has only PsbO2 isoform, while psbol*psbo?2
has only PsbO1 isoform). They are thus much better suited to elucidate the specific functions
of PsbO1 and PsbO2 than the comparison of psho! and psbo2, used in previous publications
(Lundin et al. 2007a, 2008; Allahverdiyeva et al. 2009), with completely different
phenotypes likely due to very different levels of PsbO.

Our results showed that most of the changes in the psbol mutant were caused by the
decrease of the total PsbO level and not by the absence of the PsbO1 isoform. We did not
find any qualitative difference between psbol and psbo 1 *psbo?2 in the growth rate (Fig. 4.5a,
¢), maximum quantum yield of PSII (Fv/Fwm, Fig. 4.5b, d), NPQ induction (Fig. 4.9a),
reaction to rapid increase of light intensity (Fig. 4.9b—d) or reaction to long-term high light
(Fig. 4.8, Fig. 4.9). Complementarily, most changes in protein levels were similar in psbhol

and psbol*psbo?2.
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4.3.4.3 Decreased PsbO level has pleiotropic effects

The decrease of the total PsbO level caused many changes. The level of PSII was
decreased to about 50% in both mutants (Fig. 4.12), which was somewhat higher than the
levels of PsbO (31-44% of WT level). Dwyer et al. (2012) showed that the reduction of
PsbO causes equivalent reduction of functional PSII centres. However, since PsbO was in
our mutants slightly more decreased than PSII, there is still a possibility that some fraction
of PsbO in WT is free in the lumen, unassembled to PSII, as proposed by Hashimoto et al.
(1996), while the free PsbO might be missing or decreased in the mutants.

Our results show that the decrease of the PsbO level causes not only a reduction in the
amount of PSII, but also in the amount of PSI, while the levels of cytochrome bsf complex,
ATP synthase, NDH complex and PGR5/PGRL1 complex are unaffected or even slightly
increased (Fig. 4.12), which is in line with most of the previously published results
(Murakami et al. 2005; Yi et al. 2005; Lundin ef al. 2007a; Liu et al. 2009; Dwyer et al.
2012; Suorsa et al. 2016). Of interest is our finding that Lhcb4.3 (CP29.3) antenna protein
of PSII is strongly decreased and that the ratio of PsbQ1 and PsbQ2, isoforms of PSII
extrinsic protein PsbQ, is increased, while the total amount of PsbQ is similarly decreased
as other PSII subunits. Levels of both Lhcb4.3 and PsbQ2 strongly differ also between low
light-grown and HL-grown plants (Lhcb4.3 increases and PsbQ2 decreases in HL; Flannery
et al. 2021), but they are regulated differently in psbol and psbol*psbo2 mutants, where
both Lheb4.3 and PsbQ2 decrease. The differences in levels of these two proteins might be
related to changes in PSII-LHCII supercomplex organisation, as the Lhcb4 (CP29) proteins
are bound between PSII core, M-LHCII trimer, S-LHCII trimer and CP24. PsbQ is bound
near S-LHCII trimer and CP26 (Fig. 1.2). It was already shown that psbo/ mutants have
different ratios of various PSII supercomplexes (Liu et al. 2007, 2009; Lundin et al. 2008;
Allahverdiyeva et al. 2009; Suorsa et al. 2016).

We found that the decrease of the PsbO level causes an increase in the amount of
ribosomal proteins, localised both in the cytoplasm and chloroplast (Fig. 4.12, Table 4.1).
Moreover, the amount of chloroplast proteins involved in pigment synthesis and some of the
proteins involved in PSII assembly and repair was also increased (Fig. 4.12). This might be
a result of a malfunction of PSII, which is more susceptible to photodamage and needs more
frequent repair, as suggested for psbol mutant (Lundin et al. 2007a, 2008; Allahverdiyeva
et al. 2009). However, we did not observe any qualitative difference between psbol and
psbol*psbo? in this regard, suggesting that the susceptibility to photodamage is not caused
by the presence of PsbO2 and a lack of PsbO1, as previously proposed (Lundin et al. 2007a,
2008; Allahverdiyeva et al. 2009), but by the low total amount of PsbO. The second possible
explanation of the increase in the amount of ribosomal proteins, not mutually exclusive, is

that the lack of energy from photosynthesis (while the amount of light is sufficient) triggers
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higher production of chloroplast proteins in an attempt to support photosynthetic
assimilation. However, this comes to the limit imposed by low amount of PsbO. This might
explain the overall increase in the amount of chloroplast proteins in the psbhol and
psbol*psbo2 mutants (Fig. 4.11, Table 4.1).

In contrast, both psbol and psbol*psbo2 mutants have a slightly lower amount of
mitochondrial proteins. This could be a compensatory reaction to a slowly running electron
transport chain in the chloroplast, as chloroplasts and mitochondria are tightly connected
through redox signalling. Mitochondria serve to alleviate overreduction under
photorespiratory conditions (Dietz et al. 2016), which are unlikely to occur in mutants with

a severely reduced chloroplast linear electron transport.

A lower amount of some extracellular proteins in psbhol and psbol*psbo2 mutants is
intriguing (Fig. 4.11, Table 4.1). There is no obvious direct connection between impaired
PSII and proteins secreted to the extracellular space. However, chloroplasts and extracellular
proteins seem to be connected by some signalling pathways (Bobik & Burch-Smith 2015).
Chloroplasts participate in the defence against pathogens (Serrano et al. 2016), which also
includes changes in secreted proteins and restructuring of the cell wall. Moreover, it was
shown that for example mutation in a chloroplast-localised DEVH-type RNA helicase,
which causes overall impairment of chloroplast function, also affects the expression of cell
wall- and plasmodesmata-related genes as well as the function of plasmodesmata (Burch-
Smith et al. 2011). Note that “plasmodesma” was one of the GO terms enriched among
proteins depleted in mutants (Table 4.1). The existence of signalling pathways between the
chloroplast and extracellular proteins is supported also by the finding of proteins that interact
both with chloroplast proteins and with extracellular proteins. For example, AtNHR2A and
AtNHR2B proteins, involved in plant immunity, were shown to be localised among other
sites to chloroplast and to interact both with chloroplast and extracellular proteins (Singh et
al. 2018, 2020). Moreover, RACK 1a protein was shown to interact with many chloroplast
proteins, including PsbO, but also with some extracellular proteins (Kundu et al. 2013; Guo
et al. 2019).

4.3.4.4 Phenotypic changes in the mutants with decreased PsbO level are stronger
in younger leaves

The effect of the mutations was not uniform throughout the plants. As we showed by
chlorophyll fluorescence imaging, younger leaves were affected more severely than older
ones (Fig. 4.6). The increase of Fy/Fm values in older leaves might be caused by increasing
amount of PsbO, as suggested by Murakami et al. (2005). It is not clear if PsbO is so long-
lived that it can slowly accumulate to higher amounts in the old leaves despite the slow

expression, or if the mature leaves are able to increase psbO expression. However, the use
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of various leaves and plants of various age might explain some variation in the published
data about the psbol mutant, for example in the levels of proteins (summarised in
Introduction). Interestingly, Dwyer ef al. (2012) did not observe the difference in Fy/Fum
between young and old leaves of plants with the level of PsbO decreased by RNA
interference. The discrepancy might be caused by a different dynamics of psbO expression

during leaf maturation in mutant and RNAi plants.

4.3.4.5 PsbO1 and PsbO2 differ in function only subtly

Most of the differences in protein levels were slightly more pronounced in psbol and
less in psbol*psbo2, similarly as the growth rate retardation and Fv/Fum decrease. The fact
that the changes are stronger in psbol, together with the observation that there was probably
slightly less of PsbO1 in psbhol*psbo2 (31-32% of total WT level) compared to PsbO2 in
psbol (39-44% of total WT level), suggests that PsbO1 and PsbO2 are not completely equal
in supporting of PSII activity. At least under the conditions of our experiments, PsbO1
probably supports the activity of PSII better than PsbO2. This in vivo observation is in
accordance with previously published in vifro measurements, where maximum oxygen-
evolving activity of PSII with PsbO2 was about 80% of that with PsbO1 (Murakami et al.
2005; Lundin et al. 2007a).

While most of the PSII proteins were at a very similar level in both mutants (Fig. 4.12),
PSII core proteins D2 and CP47 were significantly enriched (to about 125%) in psbol*psbo2
compared to psbol (Table 9.1 in Attachments). This gives a possibility that psbol*psbo2
has a slightly more functional PSII than psbol. Better function of PSII in psbol*psbo?2
compared to psbol might be related also to higher amount of LHCII proteins, which is one

of the major differences between psbol *psbo2 and psbol.

Taken together, our results showed interesting consequences of a decrease in the PsbO
level. However, we did not identify clear functional difference between PsbO1 and PsbO2
proteins other than that PsbO1 probably supports the function of PSII slightly better than
PsbO2. Our experiments with HL did not show any difference in the acclimation of the
mutants and neither the analysis of the proteomes did provide any good clue for any
functional difference. While it is tempting to conclude that PsbO2 is just a dispensable,
partially broken version of PsbOl, it is not likely. First, a useless protein would not be
expressed and retained in evolution. Second, the Fv/Fwm values of psbo2 and psho2oc mutants
were only slightly, but reproducibly lower compared to WT (Fig. 4.5b, d), suggesting that
the PsbO2 protein is not fully dispensable. And third, although not many, there were some
differences between the proteomes of psbol and psbol*psbo2 (Fig. 4.10, Table 4.2).
Therefore, we suggest that the functional difference between PsbO1 and PsbO?2 is not large

but might lie in fine-tuning of some process in the thylakoids. However, the identification
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of such process would need further research. Especially valuable would be to identify the
conditions under which the mutants lacking PsbO2 would perform worse than other

genotypes.
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5 General discussion

5.1 Difference between the function of PsbO1 and PsbO2 is probably
smaller than anticipated

The presence of two slightly different PsbO proteins in A. thaliana and many other plant
species (Murakami ef al. 2002; PUBLICATION 1) raises a question: What is the functional
difference between PsbO1 and PsbO2, if there is any at all?

Lundin et al. (2007a) suggested that in A. thaliana, PsbO1 mainly supports normal
oxygen evolution by PSII and PsbO2 regulates the phosphorylation state and turnover of the
D1 protein. In a further publication (Lundin et al. 2008), the authors suggested that the role
of PsbO2 in the turnover of D1 protein is connected with its higher GTPase activity.
However, there are several problems with these publications (thorough critics was presented
in Bricker & Frankel 2011). Mainly, if the PsbO2 protein would be needed for D1 turnover
and PSII repair, the pshbo2 mutant lacking PsbO2 protein should exhibit impairment of PSII
and thus growth retardation, at least under photoinhibitory conditions. While Lundin et al.
(2007a) observed a phenotype of psbo?2 different from WT and described the devastating
effect of prolonged high light (HL) on its fitness, in none of later studies such effect of psho2
mutation was observed, even when using the same T-DNA insertional lines (Allahverdiyeva
et al. 2009; Suorsa et al. 2016). We also investigated the same mutant lines as Lundin et al.
(2007a). As we have shown in Chapter 4.3, the psho2 plants were practically
indistinguishable from WT, both under growth light (GL) conditions and under HL
conditions (Fig. 4.7 in Chapter 4.3). The only small, but significant difference was a 1-2%
decrease in the maximum quantum yield of PSII (Fv/Fm) under GL (Fig. 4.5 in Chapter 4.3).
Similarly, also the plants with decreased total amount of PsbO, but different isoform present
(psbol and psbol*psbo2) did not differ in their ability to acclimate to HL (Fig. 4.8 in Chapter
4.3). Allahverdiyeva et al. (2009) explained that the difference in psbho2 observed by Lundin
et al. (2007a) was caused by prolonged hydroponic cultivation. However, we did not observe
any difference in psbo2 phenotype from WT, although we used the same hydroponic
cultivation (Nykles and Duchoslav, unpublished results). Thus, the results obtained by
Lundin et al. (2007a, 2008) using psbo2 mutant need to be taken with caution.

The psbol mutant, lacking the PsbO1 protein, has pale green leaves, retarded growth
and defective PSII (see Introduction for more details). This led to a conclusion that the role
of PsbOl1 is to support PSII function, while PsbO?2 is insufficient in this role (Lundin et al.
2007a; Allahverdiyeva et al. 2009). Nevertheless, our results presented in Chapter 4.3 show
that most of the characteristics of the psho/ mutant are caused by a decrease in the total
PsbO amount and not by the missing PsbO1 isoform itself. The psbol *psbo?2 plants with the
PsbO1 protein only (at a level comparable to PsbO2 in the psbol mutant) had very similar
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characteristics to psbol. Complementarily, our preliminary results show that increased
expression of pshO2 gene in psbol plants is able to increase Fv/Fm and growth rate to WT
levels (Nykles, Hlavsova and Duchoslav, unpublished results). Our results agree with the
previous work on plants with decreased amount of both PsbO isoforms by RNA interference,

which had also characteristics very similar to psbol (Yi et al. 2005; Dwyer et al. 2012).

The above-presented arguments suggest that the difference in the function of PsbO1
and PsbO2 is small, if any. Thus, we can return to the question at the beginning and

reformulate it: Do we have any evidence that PsbO1 and PsbO2 have different functions?

5.2 Ample evidence suggests that there is some divergence in the
function of PsbO1 and PsbO2

The first line of evidence is based on evolution of pshO genes in plants. We have shown
in PUBLICATION 1 that orthologues of psbO1 and psbO2 genes are expressed also in other
species from Brassicaceae family, not only in 4. thaliana (Fig. 1 in PUBLICATION 1). It is
improbable that a dispensable gene would be retained without bigger changes and expressed
in all investigated members of the family in the long term. Moreover, Brassicaceae is not the
only family with two PsbO isoforms. Majority of the investigated angiosperm species
express two psbO genes (Additional file 3 in PUBLICATION 1). Although the duplication
of the psbO gene occurred many times independently (mostly in a common ancestor of each
plant family; Fig. 1 in PUBLICATION 1), the extent of differences between PsbO isoforms
stays similar (2-9% of mature PsbO protein sequence). We also found that although
independently evolved, the differences between PsbO isoforms are in the same parts of the
PsbO structure, which are partially different from the generally variable parts of the PsbO
structure (Fig. 4 in PUBLICATION 1). This strongly suggests that there is some functional
difference between PsbO isoforms that is beneficial for plants and thus evolved repeatedly
throughout the phylogenetic tree of land plants. However, the existence of species and whole
families that flourish with only one PsbO isoform suggests that the difference would not be
big or the advantage of having two PsbO isoforms can be compensated by some other

adaptation.

The second evidence for the partially different and complementary function of PsbO
isoforms is the slightly lower Fyv/Fum of the psbo2 mutant compared to WT (Fig. 4.5 in
Chapter 4.3). A similar result was obtained also by Allahverdiyeva et al. (2009), but they
measured only several plants and did not perform statistical analysis of significance of the
difference. We obtained the same result also using psbo2 mutants created independently by
CRISPR-Cas9 mutagenesis (Hlavsova 2020). Although the conditions under which the
phenotype of psbo2 mutant would be more strongly manifested were still not identified, this

suggests that the PsbO2 protein cannot be fully substituted by PsbO1. However, it is still
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possible that the decrease of Fv/Fm value in psho? is caused only by a different total level of
PsbO compared to WT. Since literature data showing the change of PsbOl1 level in psbo?2
mutant are contradictory (Lundin et al. 2007a; Suorsa et al. 2016), further analyses are

required.

The third evidence for the functional divergence of PsbO1 and PsbO2 is that the
proteomes of psbol and psbol*psbo?2 are slightly different (Chapter 4.3). Although most of
the differences are in line with the low-PsbO mutant phenotype, which is a little more
pronounced in psbol, there are several proteins that do not follow the pattern that the level
of a particular protein in psbol*psbo2 is in between the levels in WT and psbol. This
qualitative difference between proteomes of the two mutants was clearly indicated by the
principal component analysis (Fig. 4.10 in Chapter 4.3). Importantly, a slightly different
function or organisation of PSII in plants having different PsbO isoforms is evident from a
different ratio of LHCII proteins to PSII proteins (Fig. 4.12 in Chapter 4.3) and PsbO to PSII
proteins in psbhol and psbol*psbo2 mutants (Chapter 4.3). This could be somehow related
to different phosphorylation patterns of PSII core subunits and LHCII under various light
conditions in psbo2 compared to WT (Suorsa et al. 2016). However, no visible
reorganisation of various forms of PSII supercomplexes in psbo2 was observed using blue
native PAGE (Suorsa et al. 2016).

The fourth evidence is that PsbO2 probably supports the oxygen evolution activity of
PSII slightly worse than PsbO1. This was demonstrated by Murakami et al. (2005) in vitro
using recombinant PsbOs and PSII particles isolated from spinach, by Lundin ez al. (2007a)
using PSII-LHCII supercomplexes isolated from psbhol and psbo2 mutants and finally by
our in vivo analysis (Chapter 4.3). We observed that the performance of the psbol*psbo?2
mutant in various aspects was slightly better compared to psbol, while the level of PsbO1
in psbol *psbo2 mutant was probably slightly lower than the level of PsbO2 in psbol mutant
(Chapter 4.3).

Although all the four lines of evidence suggesting that the functions of PsbO1 and

PsbO2 differ have some uncertainty, they are in accordance with each other.

5.3 Divergence of PsbO1 and PsbO2 probably helps in tuning some
process on PSII
As we have laid above several indices that PsbO1 and PsbO2 have slightly different

functions, we can return to the main question at the beginning: What is the functional
difference between PsbO1 and PsbO2?

In A. thaliana, both psbO genes are expressed stably in all green parts of the plant. The
ratio between psbO1 and psbO2 mRNAs or between PsbO1 and PsbO2 proteins almost does

not change during development of the plants or during various short-term stresses (Lundin
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et al. 2008). We obtained similar results also by searching microarray and RNAseq data from
Genevestigator (Hruz et al. 2008). There seem to be no tissues, developmental stages or
perturbations showing a larger change in the ratio of psbO1 and psbO2 mRNAs, although
the two isoforms slightly differ in the co-expressed gene clusters. This suggests three
possibilities regarding the functional difference between PsbO1 and PsbO2, either (1) both
isoforms are needed all the time or very often, or (2) the conditions when one of the isoforms
is needed can come suddenly and are unpredictable, or (3) the isoforms are needed in

different types of cells or chloroplasts that are constantly present in the plant.

We have shown that the differences between PsbO isoforms in various species are
located mostly at the end of the B-barrel protruding into the thylakoid lumen (Fig. 4 in
PUBLICATION 1). Some of the differences are often located also on the B1-2 loop, which
interacts with the CP47 subunit of the other monomer of PSII. PsbO isoforms from A.
thaliana also follow this pattern, only one difference (V/S on position 186) is located outside
these regions. We have also found that the part of PsbO facing PSII is very conserved,
suggesting that the influence of the PsbO isoform on the function of PSII is rather indirect
(Fig. 5 in PUBLICATION 1). Nevertheless, the differences between isoforms on the 1-2

loop might influence the dimerisation of PSII.

The differences at the end of the B-barrel protruding into the lumen might modulate
interaction with some interactor of PsbO. While no published work searching for interactors
of PsbO is available to our knowledge, PsbO appeared in several searches for interactors of
other proteins. PsbO interacts with stromatal chaperone HSP90C, which probably helps its
translocation through the stroma to the thylakoid lumen (Jiang et al. 2017, 2020). Another
interactor, luminal disulfide-bond forming enzyme LTO1 (lumen thiol oxidoreductasel),
probably catalyses the formation of a disulfide bond in PsbO (Karamoko et al. 2011). PsbO
might interact also with thioredoxins, as shown for thioredoxin h3 (Marchand et al. 2004).
PsbO was shown to interact also with CV (chloroplast vesiculation) protein, which is highly
expressed during senescence and abiotic stresses and triggers degradation of chloroplasts
(Wang & Blumwald 2014). There was proposed also some interaction of PsbO with
immunophilin CYP38 (cyclophilin38); nevertheless, the direct interaction was not
documented (Wang et al. 2015). There are also reports about PsbO interactors from other
species than A. thaliana. PsbO was reported to be phosphorylated by WKS1 (wheat kinase
START1) in wheat, however, this kinase is present only in some cultivars of wheat, resistant
to fungal patogen Puccinia striiformis (Wang et al. 2019). Abbink et al. (2002) reported
interaction of PsbO with RNA helicase domain of the Tobacco mosaic virus replicase protein
in tobacco. Unfortunately, none of the publications tested the difference in the binding of a
particular interactor with PsbO1 and PsbO2. Thus, the hypothesis that the differences
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between PsbO isoforms modulate the binding of some interactor cannot be endorsed without

further experiments.

Lundin et al. (2007b, 2008) proposed that PsbO is a non-canonical GTPase and that the
isoforms have different GTPase activity. PSII membranes isolated from the psbol mutant
had higher GTPase activity compared to membranes isolated from psbo2 mutants or WT
(Lundin ef al. 2008). A similar result was obtained by Wang et al. (2015). It might be
possible that the different GTPase activity was caused for example by different arrangement
of PSII-LHCII supercomplexes in the mutants rather than by a different GTPase activity of
PsbO1 and PsbO?2 itself. However, our preliminary results show that isolated, heterologously
produced PsbO isoforms from potato (Solanum tuberosum), StPsbO1 and StPsbO2 used in
PUBLICATION 2, also differ in GTPase activity (Duchoslav, unpublished results). Some
parts of the proposed GTP-binding site on PsbO (Lundin et al. 2007b) differ frequently
between isoforms (Additional file 2 in PUBLICATION 1). One of the proposed switches,
the regions that should change conformation between GDP- and GTP-bound states, is the
1-B2 loop that interacts with the other monomer of PSII (Lundin et al. 2007b). It is therefore
possible that the GTPase activity of PsbO influences the dimerisation of PSII. Unfortunately,
the regulation of the PsbO GTPase cycle is unknown, as no GTPase activating proteins or

guanine nucleotide exchange factors are known for PsbO.

PsbO was proposed to be a part of a hydrogen-bond network around the Mn4CaOs
cluster, which provides rapid transport of protons and acts as a “proton antenna” (Shutova
et al. 2007; Bondar & Dau 2012; Lorch ef al. 2015; Barry et al. 2017; Guerra et al. 2018;
Gerland et al. 2020). It seems that pK, of the carboxylic groups on PsbO, involved in such a
network, is important for such a function (Gerland et al. 2020). Moreover, the conformation
of PsbO changes depending on pH (Fig. 4 in PUBLICATION 2; Shutova ef al. 2005; Gerland
et al. 2020). As we show in PUBLICATION 2, there is probably some cooperativity in the
conformational changes, as the titration curve of PsbO forms a hysteresis loop (Fig. 4 in
PUBLICATION 2). This suggests that there might be some feedback regulation of PSII
activity by PsbO, slowing down the oxygen evolution by PSII when the pH in lumen is low
(PUBLICATION 2; Shutova et al. 2005). However, another possibility, although very
speculative, 1s that PsbO might “sense” through the hydrogen-bond network if the Mn4sCaOs
cluster works properly or if the D1 protein is damaged. We hypothesise that the conditions
when protons are not flowing regularly from the MnsCaOs cluster (which means that D1
might be damaged), while the bulk of the lumen is acidic (which means that the other PSIIs
are running), might induce some change in PsbO conformation. This might trigger GTP
digestion, which in turn causes a bigger change (switch) in the conformation of the B1-32

loop and a monomerisation of the PSII dimer. Monomeric PSII can be then labelled for repair
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by phosphorylation by STNS kinase, causing its transport to grana margins and exchange of
the D1 subunit (Jarvi et al. 2015).

Independent of which hypothesis about the function of the pH-dependent
conformational changes of PsbO is valid, differences between PsbO isoforms might
modulate such process. We have shown that most frequent differences between PsbO
isoforms are mutual exchanges between glutamic (E) and aspartic (D) acid residues (Fig. 3
in PUBLICATION 1). Three out of eleven different residues between A. thaliana PsbO1 and
PsbO2 are such E/D exchanges. Although these residues are seemingly synonymous, such
substitutions might modulate the pK, of the particular residues and in turn the response of
PsbO to pH changes. We found that these substitutions are strongly conserved in orthologous
isoforms within plant families and in some cases even shared across more families
(Additional file 2 in PUBLICATION 1).

Obviously, further experiments are needed to test whether the PsbO isoforms differ in
pH-dependent conformational changes. However, much more research is necessary to
elucidate the role of such conformational changes and the function of GTPase activity of
PsbO.
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6 Conclusions (English version)

Our phylogenetic analysis showed that not only 4. thaliana, but also many other species
express two psbO genes. Interestingly, the duplication of the gene occurred many times (in
each plant family) independently. Nevertheless, the differences between isoforms are in the
same parts of the structure, suggesting that the functional differences between the isoforms

might also be similar in various species despite their independent origin.

Biochemical characterisation of PsbO from the green alga Chlamydomonas reinhardtii
and the higher plant Solanum tuberosum showed that the PsbO proteins from various
photosynthetic organisms are very similar and that the conformation of the -barrel part of
PsbO is influenced by pH.

We have found that the expression of the psbO1 gene might be partially restored in the
commonly used psbol T-DNA mutant of 4. thaliana, probably due to epigenetic interaction
with another T-DNA. Thanks to this, we have obtained a psbhol *psbo2 mutant, which has
low amount of PsbO1 protein and no PsbO2 protein. Growth of psbol *psbo2 mutant was
strongly retarded, similarly to the psbol mutant, which contains PsbO?2 at a level similar to
that of PsbO1 in the psbol *psbo2 mutant.

Comparison of plants with various amounts of PsbO1 and PsbO2 revealed that the total
level of PsbO has a fundamental effect on PSII function and phenotype of the plants
regardless of which isoform is present. Plants with different PsbO isoforms, but at a similar

total level, also did not significantly differ in their reaction to long-term high light conditions.

An analysis of the proteome confirmed that the mutant plants with only PsbO1 or PsbO2
differ marginally. However, changes caused by the decrease of the total level of PsbO were
more pronounced in the plants with PsbO2 than in the plants with PsbO1, even though the
level of PsbO2 was probably slightly higher in the compared plants. The same was true for
the comparison of phenotypes, suggesting that PsbO?2 is slightly less effective in supporting
PSII activity. The plants with PsbO1 also had a higher ratio of antenna proteins to PSII
compared to the plants with PsbO2. The analysis of the proteome unravelled also interesting
consequences of a low amount of PsbO in the plants, for example a decrease in the amount
of mitochondrial proteins and of a group of extracellular proteins and an increase in the

amount of ribosomal proteins.

Interpreting our results, we propose that PsbO isoforms do not have fundamentally
different functions, but rather differ in a fine modulation of some process. We hypothesise
that the frequent D-E (aspartate — glutamate) substitutions between isoforms might tune the
pH-dependent conformational changes of PsbO. However, functional significance of these
conformational changes and potential connection with GTPase activity of PsbO needs to be

revealed by further experiments.
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7 Zaveéry (Ceska verze)

Nase fylogeneticka analyza ukazala, ze nejenom husenicek (4Arabidopsis thaliana), ale
1 mnoho dal$ich druhti exprimuje dva geny psbO. Duplikace genu psbO probéehla kupodivu
mnohokrat (v riiznych ¢eledich) nezavisle. Pfesto maji izoformy z riznych celedi rozdily ve
stejnych ¢astech struktury, coz naznacuje, ze funkéni rozdily mezi izoformami mohou byt
v riznych druzich podobné i ptes nezavisly vznik.

Biochemicka charakterizace PsbO ze zelené tasy Chlamydomonas reinhardtii a
z bramboru (Solanum tuberosum) ukazala, ze proteiny PsbO z riiznych fotosyntetizujicich
organismil jsou velmi podobné a Ze konformace B-soudkové €asti PsbO je ovliviiovana
zménami pH.

Zjistili jsme, Ze exprese genu pshbO1 v bézné pouzivaném T-DNA inzerénim mutantovi
psbol mize byt CasteCné¢ obnovena, pravdépodobné diky epigenetické interakci s dalsi
T-DNA. Diky tomu jsme ziskali mutanta psbol *psbo?2, ktery ma malé mnozstvi proteinu
PsbO1 a zadny protein PsbO2. Mutant psbol *psbo2 rostl velmi pomalu, podobné jako
mutant pshol, ktery obsahuje pouze izoformu PsbO2 (mnozstvi PsbOl v mutantovi

psbol*psbo? je srovnatelné s mnozstvim PsbO2 v mutantovi psbol).

Porovnanim mutantii husenicku s riznymi mnoZzstvimi PsbO1 a PsbO2 jsme zjistili, ze
celkové mnozstvi PsbO v rostliné mé zasadni vliv na funkei fotosystému II (PSII) a fenotyp
rostlin, nezavisle na tom, kterd izoforma je v rostling pfitomna. Rostliny se stejnou celkovou
hladinou PsbO, ale riznymi izoformami, se neliSily také svoji reakci na dlouhodobou

vysokou ozafenost.

Analyza proteomu potvrdila, Ze mutantni rostliny, které maji bud’ jen PsbO1, nebo
PsbO2, se 1isi minimélné. Nicméné¢ zmény zpisobené snizenim celkové hladiny PsbO se
v rostlinach s PsbO2 projevily vice nez v rostlinach s PsbO1, prestoze hladina PsbO2 byla
v porovnavanych rostlindch pravdépodobné trochu vyssi. To samé platilo pro porovnani
fenotypt, z ¢ehoz vyplyva, Ze izoforma PsbO?2 je pravdépodobné o néco méné efektivni pii
podporovani aktivity PSII. Rostliny s PsbO1 mély také vySsi pomér anténnich proteint
k PSII v porovnani s rostlinami s PsbO2. Analyza proteomu odhalila rovnéz zajimavé zmény
souvisejici s nizkou hladinou PsbO v rostlinach, napiiklad sniZeni mnoZstvi
mitochondridlnich proteinti a skupiny extraceluldrnich proteini a zvySeni mnoZstvi

ribozomalnich proteind.

Na zéklad¢ naSich vysledka navrhujeme, ze izoformy PsbO nemaji zdsadné odliSnou
funkei, ale spiSe jemné moduluji néjaky proces. Spekulujeme, ze Casté zameny aspartat —
glutamat mezi izoformami PsbO by mohly ladit konforma¢ni zmény, které probihaji
v zavislosti na pH. Nicméné funkei téchto konformacénich zmén a potencialni souvislost

s GTPazovou aktivitou PsbO je potieba odhalit pomoci dal§iho vyzkumu.
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9 Attachments

9.1 Electronic attachment

Table 9.1: Table of proteins identified and quantified by mass spectrometry analysis. The details about
quantification and annotation of proteins are described in Materials and methods.

Table is attached in electronic form on enclosed CD.
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Additional file 1 (List of analysed psbO genes) is available in electronic attachment or

online:
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Abstract
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potential interaction surfaces on the PsbO structure.

complex, Parallel evolution, Protein structure, PsbO

Background: PsbO, the manganese-stabilising protein, is an indispensable extrinsic subunit of photosystem II. It
plays a crucial role in the stabilisation of the water-splitting Mn,CaOs cluster, which catalyses the oxidation of water
to molecular oxygen by using light energy. PsbO was also demonstrated to have a weak GTPase activity that could
be involved in regulation of D1 protein turnover. Our analysis of psbO sequences showed that many angiosperm
species express two psbO paralogs, but the pairs of isoforms in one species were not orthologous to pairs of

Results: Phylogenetic analysis of 91 psbO sequences from 49 land plant species revealed that psbO duplication
occurred many times independently, generally at the roots of modern angiosperm families. In spite of this, the level
of isoform divergence was similar in different species. Moreover, mapping of the differences on the protein tertiary
structure showed that the isoforms in individual species differ from each other on similar positions, mostly on the
luminally exposed end of the 3-barrel structure. Comparison of these differences with the location of differences
between PsbOs from diverse angiosperm families indicated various selection pressures in PsbO evolution and

Conclusions: The analyses suggest that similar subfunctionalisation of PsbO isoforms occurred parallelly in various

lineages. We speculate that the presence of two PsbO isoforms helps the plants to finely adjust the photosynthetic
apparatus in response to variable conditions. This might be mediated by diverse GTPase activity, since the isoform

differences predominate near the predicted GTP-binding site.

Keywords: Gene duplication, GTPase, Homology modelling, Manganese-stabilizing protein (MSP), Oxygen evolving

Background

Photosynthetic conversion of light into chemical energy
in oxygenic phototrophs is accompanied with evolution
of molecular oxygen released from water molecules. This
process is realized in the oxygen evolving complex of
photosystem II present in thylakoid membranes. Photo-
system II (PSII) is a multisubunit protein—cofactor com-
plex that uses light energy to oxidize water and to reduce
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plastoquinone. PsbO, also known as the manganese-
stabilising protein, is one of the extrinsic subunits of
photosystem II, located on the luminal side of the thyla-
koid membrane. PsbO is present in all known oxygenic
photosynthetic organisms [1]. Despite the ability of the
cyanobacterium Synechocystis sp. PCC 6803 mutant to
grow photoautotrophically with deleted psbO gene [2],
PsbO seems to be crucial for PSII function. Neither the
mutant of green alga Chlamydomonas reinhardtii lacking
PsbO, nor Arabidopsis thaliana (A. thaliana) with si-
lenced expression of both psbO paralogs were able to
grow photoautotrophically or even assemble PSII [3, 4].
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Three-dimensional structure of PsbO from cyanobacter-
ium Thermosynechococcus was resolved as a part of PSII
by X-ray crystallography with a resolution down to 1.9 A
[5]. The crystal structure of PSII or PsbO alone from
plants or other eukaryotes is not available. Some infor-
mation about the structure of the whole PSII dimer
surrounded by antenna complexes (the PSII-LHCII
supercomplex) from higher plants was obtained by sin-
gle particle cryo-electron microscopy and cryo-electron
tomography [6—8]. Unfortunately, the resolution is insuffi-
cient to provide any plant-specific knowledge about the
PsbO structure. Still, relatively high pairwise identity be-
tween PsbO sequences of Thermosynechococcus and
higher plants (around 45 %) allows construction of hom-
ologous models for plant PsbOs [9, 10].

The X-ray crystallography of cyanobacterial PSII re-
vealed that PsbO is a B-barrel protein (structural features
of PsbOs are discussed in connection with our results
and PsbO functions in chapter Discussion). It is located
in the vicinity of the water splitting Mn,CaOs cluster,
but it is not directly involved in binding of the cluster
[9]. The main function of the PsbO is to stabilise the
Mn,CaOys cluster, in particular to modulate the calcium
and chloride requirements for efficient water splitting
(for review see [11]). Besides this “basic” function,
PsbO seems to be involved also in other processes (for
review see [12, 13]). Spinach PsbO was shown to be
able to bind GTP [14] and also to hydrolyse it, al-
though very slowly [10]. It was proposed that the GTPase
activity of PsbO in plants might be involved in D1 repair
cycle [10].

In plants and algae, the PsbO protein is encoded by a
nuclear psbO gene [1]. Transport to chloroplasts and
thylakoids is ensured by two consecutive N-terminal
transit peptides, that are cleaved to produce the mature
PsbO [15]. A. thaliana expresses two psbO genes, psbO1
[TAIR:At5g66570] and psbO2 [TAIR:At3g50820], encod-
ing for PsbO1 and PsbO2 proteins [16, 17]. The two iso-
forms differ in only 11 amino acids [18]; nevertheless,
their function seems to be slightly different. Murakami
et al. [18] reported that A. thaliana PsbO2 recovered
oxygen evolution of PsbO-depleted spinach PSII parti-
cles less efficiently than PsbO1. The activity with PsbO2
reached only 80 % of that with PsbO1, while the binding
efficiency of the isoforms was very similar. In contrast,
the oxygen evolution of PSII membranes isolated from
A. thaliana mutants lacking PsbO1 or PsbO2 was simi-
lar when corrected for the amount of PSII [19].

The amount of PsbO1 in wild-type A. thaliana plants
is higher than that of PsbO2 [18-20]. The expression of
the isoforms stays similar during plant development and
during various short time stresses [21]. Only after 40 days
of cold stress, noticeable change in relative abundance of
isoforms was observed in favour of PsbO2 [22].
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In A. thaliana mutants with an impaired psbO1 or
psbO2 gene, the compensatory upregulation of the re-
maining isoform was observed. The expression level of
PsbO2 in psbol mutant was increased several times,
reaching 75 % of the total amount of PsbO in wild-type.
The expression level of PsbO1 in psho2 mutant was 125 %
of the total PsbO in wild-type. The amount of other PSII
proteins was affected similarly, leading to the same stoi-
chiometry of PsbO per PSII as in wild type [19].

The psbol mutant plants have pale green leaves, re-
duced rosette size and slower growth rate as compared
to wild-type plants [17, 19, 23]. Descriptions of the psbo2
mutant phenotype slightly differ from each other, prob-
ably because of different growth conditions and age of
used plants [23]. Lundin et al. [19] observed growth rate
slower than in wild-type and the leaf weight was even
lower than that of psbol, while Allahverdiyeva et al. [23]
reported a phenotype very similar to that of wild-type.

Under growth light (120 umol photons m™ s™*), the
psbo2 mutant had characteristics of electron transport
chain very similar to wild-type, whereas investigation of
the psbol mutant showed malfunction of both the donor
and acceptor sides of PSII and high sensitivity of PSII
centres to photodamage [23]. Bricker and Frankel [24]
reported that many of the defects of pshol photosystems
are reverted by higher concentration of CaCl,, but
Allahverdiyeva et al. [23] did not observe similar effect.
Nevertheless, the importance of the PsbO2 seems to be
exhibited under high light conditions. For example, the
maximum quantum efficiency (Fy/Fy) values of wild-
type and mutant plants became similar after 3 weeks of
moderate light (500 umol photons m™> s™!) [23]. Lundin
et al. [19] reported that after 15 days of high light
(1000 pmol photons m 2 s™'), the pshol mutant did not
have significantly reduced leaf weight, whereas the leaf
weight of psbo2 mutant was reduced drastically.

Lundin et al. [19] also showed that psbo2 mutant has
lower level of phosphorylation of D1 and D2 subunits
and that the degradation of photo-damaged D1 protein
is impaired in this mutant. This, together with a finding
that PSII membranes with PsbO2 have higher GTPase
activity than PSII membranes with PsbO1 [21], led to a
conclusion, that PsbO1 has a main function in the stabil-
isation of Mn,CaOj cluster and the facilitation of the
water oxidation reaction, whereas PsbO2 regulates the
turnover of D1 subunit [19, 21, 23].

The presence of two PsbO isoforms is not unique for
A. thaliana. Our previous study focused on the analysis
of a spontaneously tuberising potato mutant revealed
that potato plants also express two PsbO isoforms, one
of which is missing in the mutant [25]. A comparison of
the two characterised A. thaliana and two potato PsbO
isoforms showed that sequences of the two paralogs in
each species are more related than isoforms coming
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from different species. It indicated independent duplica-
tion of psbO gene in these two species. To understand
this unexpected phylogeny and evolution of PsbO iso-
forms, we did a detailed analysis of psbO sequences from
a number of land plant species. Mapping the sequence
differences between PsbO proteins from various species
and families and between PsbO isoforms in individual
species on their tertiary structure, we found that the
evolution of the two isoforms was parallel in numerous
angiosperm lineages. Based on the location of isoform-
specific differences and literature data about A. thaliana
and spinach PsbOs, we hypothesise that the pairs of iso-
forms present in many species differ in GTPase activity
and that the presence of proteins diversified in this way
helps to improve photosynthetic performance under
varying conditions.

Materials and methods

Retrieval and analysis of psbO sequences

Sequences of expressed psbO genes were retrieved as
ESTs (expressed sequence tags) and assembled ESTSs
(PUTs, PlantGDB-assembled unique transcripts) in public
sequence databases NCBI GenBank [26] and PlantGDB
(Plant Genome Database) [27], respectively. The database
searches were performed using tBLASTn [28, 29] with
potato PsbO protein sequence (sequence “Solanum tuber-
osum 27, translation of [PlantGDB:PUT-157a-Solanum_
tuberosum-55973153]) as a query. ESTs were aligned into
contigs for each species using “De Novo Assemble” tool of
Geneious R6 [30]. Formation of consensus sequences
from multiple overlapping ESTs strongly increased reli-
ability of analysed sequences compared to individually
submitted annotated cDNAs, some of which contain evi-
dent errors. All retrieved sequences were aligned using
MAFFT v7.017 [31] and incomplete and unreliable se-
quences were excluded from further analyses (see analysed
sequences in Additional file 1). Spinach psbO sequence
was retrieved as cDNA [GenBank:X05548.1] because of
the lack of ESTs and included in alignment for compari-
son (Additional file 2). Indexing of isoforms in each family
was random and does not reflect relation to A. thaliana
isoforms.

Phylogenetic trees were built from psbO coding se-
quences by maximum likelihood (ML) method using
CIPRES Science Gateway [32]. ML analysis was imple-
mented in tool RAXML v7.6.6 [33] using GTRGAMMA
approximation with 1000 bootstrap replicates.

The presence and position of introns was analysed by
comparing psbO cDNAs (Additional file 1) and corre-
sponding genomic sequences, obtained using BLASTn
[28, 29] searches in Phytozome database [34] for the
following representative species with easily available gen-
omic sequence: Arabidopsis lyrata, Arabidopsis thali-
ana, Brassica rapa, and Thellungiella halophila from
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Brassicaceae family and Oryza sativa, Physcomitrella
patens, Populus trichocarpa, Solanum lycopersicum, and
Vitis vinifera from other families.

Evaluation of PsbO sequence variability

The frequency of differences between isoforms, between
species and between families were calculated for each
position in the alignment independently using scripts
written in R language [35] and partially using SeqinR
package [36]. Plant families represented with just a sin-
gle PsbO sequence were not included in the calculation.
Only two most divergent isoforms were considered in
case of species expressing more than two isoforms. All
sequences excluded from calculation are marked with an
asterisk in Additional file 2. To estimate the between-
isoform and between-species variability across all angio-
sperms, both types of differences were first calculated
for every family independently and afterwards the values
were averaged, in order to avoid bias caused by different
numbers of analysed species within each family.

The frequency of between-isoform differences within a
family was calculated as follows; first, each position in
the alignment was assigned 0 or 1 (for the same or dif-
ferent amino acids in the two compared isoforms, re-
spectively) for each species and then the values were
averaged within a family. To get the frequency of
between-species differences, all species within a family
were compared pair wise with each other, giving the
values 0, 0.5 or 1 (for amino acids in both isoforms iden-
tical, amino acid in one isoform identical or no identical
amino acid) for each position and each comparison.
Values for each position were averaged within a family.
As the dependency of this average variability value on
the proportion of species that have certain amino acid
different from the consensus is not linear, it was line-
arised using the equation

(2n—1)—\/4 (1-Agpecies) 1 (n-1) + 1
2 (n-1)

Aspecies linear —

where 7 is the number of compared species, A is the
non-linear average value of between-species variability
(the mean from pair wise comparisons) and Apecies inear 1S
the linearised value of the between-species variability.

To estimate the between-family variability, the above
mentioned method for the calculation of the between-
species differences was applied on sets containing se-
quences from just one species from each family. A mean
values obtained from all such combinations of species
(53,760 in total) included both between-species and
between-family differences, so the values of between-
species differences were subtracted from it, giving the
net between-family differences.
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Homology modelling and mapping of variability on the
protein structure
Homology model of potato PsbO (sequence “Solanum
tuberosum 2”) was built using Swiss-Model server [37, 38]
based on PsbO from cyanobacterium Thermosynechococ-
cus vulcanus [PDB:3ARC] (chain O) [5]. Extra 13 amino
acids present on the N-terminus of potato PsbO were
pasted to the model manually using Swiss-PdbViewer
v4.1.0 [39] without attempt to show any folding.
Homology model of potato PsbO was coloured ac-
cording to the frequency of the respective type of vari-
ability using Swiss-PdbViewer v4.1.0 [39] and scripts
written in R language [35]. The images were rendered
using POV-Ray v3.6 [40].

Determination of spatial centres of differences

Spatial centres of the differences were calculated using
coordinates of a-carbon atoms of amino acids in the
PsbO homology model using scripts written in R lan-
guage [35]. The arithmetic mean of the coordinates was
weighed by frequency of the respective difference on
each position. The 13 N-terminal amino acids with
unknown folding were excluded from the calculation.
Overall spatial centres of the differences between iso-
forms and the differences between species in angio-
sperms were calculated as an arithmetic mean of spatial
centres calculated for all families. The statistical signifi-
cance of the divergence in the location of the spatial
centres of the between-isoform and the between-species
differences was assessed using a randomisation test.
Variable positions in the alignment were randomly shuf-
fled and the spatial centres for the between-isoform and
the between-species variability were calculated. Differ-
ence between means of the two types of spatial centres
projected on the axis of highest variability was compared
with the value obtained for real alignment. The p-value
was calculated from 50,000 randomisations.

Results

The majority of angiosperm species express two psbO
genes

Searching public databases for expressed sequences of
psbO genes from land plants (Embryophyta) we obtained
91 sequences from 49 species and 36 genera. Analysis of
these sequences showed that the majority of the ana-
lysed angiosperm species express more than one, in
most cases two psbO isoforms (Additional file 3). In con-
trast, all analysed representatives of gymnosperms (from
both Cycadophyta and Coniferophyta groups) seem to
express only one psbO isoform.

In monocots, psbO sequences were available from only
two families: Zingiberaceae species have two psbO iso-
forms, whereas most Poaceae species with available ESTs
express only one pshO gene. A single psbO gene was
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found also in the genomic sequence of Oryza sativa.
Zea mays, a recent tetraploid, expresses two isoforms
with little divergence (Additional file 3).

Among dicots, Malvaceae, Myrtaceae, Phrymaceae and
Rutaceae seem to express only one pshO gene. Asteraceae,
Euphorbiaceae, Fabaceae, Salicaceae, Solanaceae and Vita-
ceae seem to express two psbO genes (or four in the case
of recent tetraploids such as Glycine max or Nicotiana
tabacum). Brassicaceae have various numbers of psbO iso-
forms; however, most of them can be sorted into two
groups. While Arabidospsis thaliana expresses just two
isoforms (psbOlI, psbO2), each from one group, genus
Brassica expresses three to five genes - one gene corre-
sponds to psbO2 of A. thaliana, while the gene ortholo-
gous to psbOI of A. thaliana is present in several very
similar sub-isoforms (4 in B. napus, 3 in B. rapa and 2 in
B. oleracea; Additional files 3 and 4). Thellungiella halo-
phila expresses three psbO genes, two of which corres-
pond to psbOI and psbO2 of A. thaliana, the third one is
most similar to pseudogenes that can be found in gen-
omic sequences of A. thaliana [TAIR:At4g37230], Arabi-
dopsis lyrata [GenBank:XM_002866937] and Brassica
rapa [Phytozome:Bra017790] (data not shown).

Pairs of PsbO isoforms evolved in every angiosperm
family independently

The majority of analysed angiosperm species have just
two PsbO isoforms (Additional file 3). Such situation
could likely results from a gene duplication event in a
common ancestor followed by functional divergence of
the paralogs. The paralogous genes encoding the func-
tionally divergent isoforms can be inherited by descen-
dants or potentially lost. However, the phylogenetic tree
derived from coding sequences of psbOs indicates a dif-
ferent evolutionary scenario (Fig. 1).

The basic topology of the phylogenetic tree does not
contain dichotomous branching to two groups of func-
tionally diverged orthologs at the tree base, but it reflects
basic phylogeny of land plant families. The branching to
two isoforms is also absent at the base of angiosperms.
Instead, the branching events are clearly present at the
bases of several families (for example Solanaceae, Faba-
ceae, Brassicaceae, Zingiberaceae; Fig. 1). This unexpected
topology indicates that duplications of psbO gene oc-
curred independently in each plant family that contains
species with multiple PsbO isoforms. Moreover, these
families do not form any cluster in the phylogenetic tree
of psbO or in the consensual phylogeny of angiosperms.

To further confirm the independent duplication of
psbO genes in ancestor of each angiosperm family, the
presence and position of introns was analysed in avail-
able genomic sequences of pshO genes. According to this
analysis, all land plants have an intron at a conserved site,
12 nucleotides upstream the boundary between sequences
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Capsicum annuum 1
Solanum tuberosum 1
Nicotiana tabacum 1
Nicotiana tabacum 4
Capsicum annuum 2
Solanum tuberosum 2
Nicotiana tabacum 2
Nicotiana tabacum 3
Artemisia annua 2
Artemisia annua 1
Mimulus guttatus 1
Theobroma cacao 1
Gossypium raimondii 1
Populus trichocarpa 2
Populus trichocarpa 1
Manihot esculenta 1
Manihot esculenta 2
Citrus sinensis 1
Vitis vinifera 2
Vitis vinifera 1
Lotus japonicus 1
Glycine max 2

26

1 100 Glycine max 1
100 Phaseolus vulgaris 1
76 Medicago truncatula 2
Medicago truncatula 1
Lotus japonicus 2
18 Glycine max 4
r Glycine max 3
Phaseolus vulgaris 2
88 Fragaria vesca 1
100 I: Malus domestica 1
94 Malus domestica 2
100 Linum usitatissimum 1
Linum usitatissimum 2
Thellungiella halophila 3
Brassica rapa 2
3 100 Arabidopsis thaliana 2
99 Thellungiella halophila 2
100 85 Brassica rapa 1
3 Brassica rapa 3
78 Brassica rapa 4
Thellungiella halophila 1
61 Arabidopsis thaliana 1
Eucalyptus grandis 1
Triticum aestivum 1
4 Hordeum vulgare 1
98 100 — 7eq mays 1
Zea mays 2
37 |44 ] OOryza sativa 1
Curcuma longa 2
9 Zingiber officinale 2
97 Zingiber officinale 1
Curcuma longa 1
100 100 100 Sequoia sempervirens 1
96 Cryptomeria japonica 1
100 Taxus baccata 1
Cycas rumphii 1
98 Pinus sylvestris 1
_ Picea abies 1
Selaginella moellendorffii 1
100 Physcomitrella patens 2
Physcomitrella patens 3
Physcomitrella patens 1

Physcomitrella patens 4

0.2

Fig. 1 A phylogenetic tree from coding sequences of psbO genes from 36 genera of land plants. Each genus is represented by sequences from
only one species for the sake of simplicity. Sequences from different species belonging to the same genus are very similar and their inclusion
does not change the phylogenetic tree topology (see the full phylogenetic tree in Additional file 4). The tree was constructed by the maximum

likelihood method, numbers at branches denote bootstrap percentages
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encoding the transit peptide and the mature protein. In
addition, all psbO genes from Brassicaceae family contain
an additional intron, 282 nucleotides downstream the
boundary between the transit peptide and the mature pro-
tein. The intron is present at a conserved site in all psbO
genes in this family, including the most divergent isoform
of Thellungiella halophila. This indicates that all these
psbO genes evolved from one common Brassicaceae-
specific ancestor gene containing the additional intron,
absent in psbOs in other families.

Extent of divergence of PsbO isoforms is similar in all
species

The extent of differences between protein sequences of
PsbO isoforms in every species is in the same range, even
though the duplication seems to have occurred in each
family independently. The numbers of different amino
acid residues range from six in a recent tetraploid Zea
mays to 23 in Populus deltoides and Populus x canadensis
(2-9 % of total residues; Additional file 3). Interestingly,
similar divergence between isoforms can be found also in
the moss Physcomitrella patens (24 different amino acid
residues between two most divergent isoforms).

The level of differences between PsbO isoforms is kept
within this range even if the duplication events of psbO oc-
curred at different times in evolutionary history. For in-
stance, pairwise identity of nucleotide sequences encoding
mature PsbOs of V. vinifera (80 %) is much lower than that
of Populus trichocarpa (92 %). This indicates that the du-
plication of the Vitis psbO gene probably occurred earlier
compared to that of the Populus gene. However, pairwise
identity of the protein sequences of PsbO isoforms of V.
vinifera (93 %) is similar to that of P. trichocarpa (92 %).

Three classes of PsbO sequence variability
Considering that many angiosperm species express two iso-
forms of psbO, we asked whether the differences between
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the isoforms are similar in multiple families despite the in-
dependent duplications of psbO genes. Detailed analysis of
the sequence alignment failed to identify any compact re-
gion in the primary sequence that would be specific for
one or the other isoform across the analysed plant fam-
ilies. Also, single positions with similar differences be-
tween isoforms in the majority of species were rare (see
the alignment in Additional file 2).

To analyse the character of the differences in PsbO se-
quences in detail, we assorted the variability into three
classes: i) variability between isoforms (within a species),
ii) variability between species (within a family) and iii)
variability between families (Fig. 2). Frequencies of these
three classes of variability were calculated for each pos-
ition of the primary sequence (Additional file 2; see
Materials and methods section for details). In the align-
ment of mature PsbO sequences from angiosperms
(Additional file 2), 59 % of positions are fully identical,
77 % of positions can be described as conserved (with
low level of variability below 10 %). The variability in the
remaining 23 % of positions could stem from either selec-
tion pressure favouring a specific substitution (positive se-
lection), or, on the contrary, from the lack of strong
selection pressure to keep the position invariable (negative
selection). The lack of selection pressure should result in
frequent random changes and a high level of variability
in all three classes. When analysing the PsbO sequences,
it was obvious that a certain class of variability predomi-
nated at many positions and that the overlap between
the classes at a given position was only partial (Additional
file 5).

Amino acid residues varying between isoforms differ
predominantly in the length of side chains

Analyses of substitutions at positions variable between
isoforms showed that some substitutions were more fre-
quent than others. The most frequent differences between

family a
differences il

family B

between

families )
isoform 1

differences
between

« i
isoforms ~

duplication

A -
>

isoform 2

A -
Y

isoform 1 isoform 2

duplication

differences

between
species

species A B A

between isoforms in green and differences between species in red

e
<>

Fig. 2 A scheme of the psbO phyllogeny showing three classes of PsbO sequence variability. Differences between families are in blue, differences

C D C D




Duchoslav and Fischer BMC Plant Biology (2015) 15:133

isoforms resided in mutual exchanges of glutamic (E) and
aspartic (D) acid residues (more than 20 % of all substitu-
tions; Fig. 3). Distribution of these two residues within the
isoform pairs was usually unequal. In PsbO pair in certain
species, glutamic acid often predominated in most of vari-
able positions in one isoform, whereas aspartic acid in the
other (Additional file 6). The total number of these two
residues was more or less constant. According to this dis-
tribution and the residue present on position 140 (E139 in
spinach), almost each pair of isoforms could be divided
into the E-type isoform (with predominating longer glu-
tamate) and the D-type isoform (with prevailing shorter
aspartate). According to this, A. thaliana PsbO1 clustered
into D-type isoforms, whereas PsbO2 into E-type, though
the divergence in D/E ratio between isoforms was not as
strong as in many other species. PsbOs in the ana-
lysed species with single isoform were either closer to
the E-type or to the D-type isoforms or were in the
mid-way, e.g. PsbOs from Poaceae species or Linum usi-
tatissimum clustered with E-type isoforms, whereas
PsbOs from non-herbaceous Rutaceae or Myrthaceae spe-
cies were close to D-type isoforms (Additional file 6). The
D-type isoforms were also often prolonged at C-terminus
with an additional amino acid residue.

Exchanges in other amino acid residues were less con-
served among various families. But generally, substitutions
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between residues, which differed only in the length of the
side chain and had similar physicochemical properties,
predominated over substitutions between residues with
more variable character. The three most frequent amino
acid substitutions (D-E, I-V and S-T; Fig. 3) match these
criteria and comprise together almost 50 % of all ex-
changes. Though seemingly synonymous, these substitu-
tions are strongly conserved in orthologous isoforms
within families and in some cases even shared across more
families (see the alignment in Additional file 2).

Residues varying between isoforms cluster together on
the tertiary structure of PsbO

The positions with amino acids varying predominantly
between isoforms did not cluster together in the primary
sequence. As protein function is tightly connected with
tertiary structure, we decided to analyse spatial location
of amino acid substitutions between PsbO isoforms on
the protein structure. Because no crystal structure of
eukaryote PsbO is available, we constructed homologous
model of PsbO2 from Solanum tuberosum using PsbO
structure from Thermosynechococcus vulcanus [5] as a
template (identity of the protein sequences is 47 %). All
PsbO sequences of angiosperms are well comparable on
a single model of structure thanks to a very high conser-
vation of both the amino acid sequence and the length
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of the chain. In the alignment of 78 protein sequences of
PsbOs from angiosperms, 59 % of positions are fully
identical and the length of the chain of mature proteins
varies mostly between 247 and 248 amino acid residues
(Additional file 2).

The isoforms diverged independently in every family,
so we first mapped the isoform differences on the model
in each family separately. Fig. 4a shows the model of
PsbO coloured according to the frequency of differences
between isoforms in species of the Solanaceae family.
The differences are situated mostly on the luminal end
of the PB-barrel structure and some differences can be
found also on the f1-f2 loop. Comparing this location
with positions of differences between isoforms averaged
across all angiosperm families, we can see that the gen-
eral pattern is shared (Fig. 4b). Interestingly, the same
pattern is exhibited also in the recently diverged iso-
forms of maize with only 6 different amino acids and in
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the moss Physcomitrella patens with four PsbO isoforms
(Additional file 7).

Before drawing any conclusions, we had to prove that
this spatial location is specific for differences between
isoforms and does not reflect a high level of general vari-
ability in these regions. We compared the position of
isoform differences with between-species differences in
all families (Fig. 4c). We found that differences between
species (red-coloured in the figure) are more dispersed
over the PsbO structure. To allow statistical analysis, we
calculated spatial centres of between-isoform differences
and between-species differences (green and red spheres
in Fig. 4c, respectively) for each family. The spatial cen-
tres of isoform differences are shifted towards the lu-
minal end of the p-barrel (with one exception, the
Salicaceae family, which has the centre of differences be-
tween isoforms shifted towards the f1-B2 loop due to high
frequency of differences in this part of the structure). The

N-terminus
(unknown folding)

B1-B2 loop

35-B6 loop

<—_ uminally exposed
end of B-barrel

Fig. 4 Mapping variable amino acid residues on the PsbO structure. a Differences between isoforms in Solanaceae species and (b) differences
between isoforms averaged across all angiosperm families. The varying positions are green-coloured depending on frequency of differences
among the analysed pairs of isoforms. ¢ Merged differences between isoforms (in green) and between species (in red) with equally coloured

spheres indicating spatial centres of these differences calculated separately for each angiosperm family, the frequency of particular differences on
each position is indicated by colour gradient. d Merged averaged differences between isoforms (in green), between plant families (in blue) or
both types (in cyan); only positions with a value of variability above a given threshold (0.24) are shown together with overall spatial centres of
differences between isoforms, species (within families) and families (green, red and blue spheres, respectively). The homology model of the
Solanum tuberosum PsbO2 based on the X-ray structure of cyanobacterial PsbO [PDB:3ARC] [5] was constructed using Swiss-Model program [38];
the first 13 N-terminal amino acids were not present in the template structure, so they were pasted in the model without attempts to show any
folding and they were not included in calculation of the spatial centres
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shift of spatial centres of isoform differences compared
with the centres of between-species differences is signifi-
cant according to a randomization test (p = 0.002).

PSll-exposed surface is conserved, while differences
between families are mainly on the luminal side of the
B5-B6 loop
Mapping of all variable positions on the model of PsbO
structure also showed that the PsbO surface interacting
with PSII core proteins is fully conserved in angiosperms
with the exception of the f1-B2 loop (see Fig. 5). p1-p2
loop interacts with CP47 protein from the other mono-
mer of PSII [5, 9].

Differences between families are the most frequent
class of differences among PsbO sequences (Additional
files 2 and 5). Fig. 4d depicts differences between families

Fig. 5 Mapping variable amino acid residues on the PsbO structure.
a View from thylakoid lumen, (b) view from PSII. Differences between
isoforms (in green) are merged with differences between species (in
red); the frequency of particular differences on each position is
indicated by colour gradient. The homology model of the Solanum
tuberosum PsbO2 based on the X-ray structure of cyanobacterial PsbO
[PDB:3ARC] [5] was constructed using Swiss-Model program [38]; the
first 13 N-terminal amino acids were not present in the template
structure, so they were pasted in the model without attempts to show
any folding
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merged with the differences between isoforms and overall
spatial centres of the three classes of differences (repre-
sented with green, red and blue spheres). The differences
between families are more spread over the PsbO structure
compared to the differences between isoforms, similarly
to the differences between species within families. The
highest frequency of differences between families is in the
part of p5-p6 loop that is not interacting with PSII core
proteins (the amino acid side chains are pointing towards
thylakoid lumen) and the adjoining part of the 6 strand.

Discussion

Mechanism of duplication and subfunctionalisation of psbO
Several studies demonstrated that A. thaliana expresses
two psbO paralogs [17-19, 21]. Here we show that A.
thaliana is not an exception and that species from 9 out
of 15 investigated angiosperm families also express two
distinct psbO genes (Additional file 3). Unexpectedly, the
phylogenetic analysis revealed that the psbO gene was
not duplicated in the common ancestor of angiosperms,
but the duplication occurred many times independently
in individual families (Fig. 1).

There are various mechanisms by which gene duplica-
tion can occur. In terms of its extent, duplication can in-
volve single genes, larger segments, chromosomes or
entire genomes [41]. In A. thaliana and Populus tricho-
carpa we found that chromosomal segments containing
psbO paralogs are collinear (i.e. contain homologous genes
in a similar order; Duchoslav, Vosolsob¢, and Fischer, un-
published results), which suggests that psbO was dupli-
cated within the context of a larger-scale duplication.

The phylogenetic tree topology indicates that the du-
plication event occurred in ancestors of numerous fam-
ilies prior to extensive species radiation. The radiation
that involved many extant plant lineages in Paleogene,
was likely facilitated by the whole genome duplications
(WGD) dated to the last global extinction period at the
Cretaceous—Paleogene boundary about 66 million years
ago [42, 43]. Based on this indirect evidence, we suggest
that the psbO duplication was not gene specific, but ra-
ther that the paralogs were in many cases retained after
WGD events that occurred independently in ancestors
of many successful angiosperm families.

After WGD, most duplicated genes gradually accumu-
late deleterious mutations and vanish from the genome
(within millions of years). More rarely the duplication
leads to neo- or subfunctionalisation of the paralogs if
these changes improve fitness [41]. Currently, one of the
best models explaining stabilisation of duplicated genes
is the EAC model of subfunctionalisation (escape from
adaptive conflict) [44] based on the fact that a single
protein can perform multiple catalytic or structural
functions. In such case, the selective optimization of one
function may lead to a decline in another function,
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creating an adaptive conflict that preserves the single
copy gene/protein in an intermediate state. Casual gene
duplication can provide a solution — escape from the
adaptive conflict via functional specialisation of the
resulting paralogs [41].

Multiple angiosperm species contain just two psbO
paralogs with similar extent of diversification, so we as-
sume that the presence of two different PsbO proteins
gives an advantage to these species. Although many plants
prosper with a single PsbO gene, in species with two iso-
forms, the loss of one isoform negatively affects growth
and photosynthesis, e.g. in A. thaliana [18, 19, 23, 45] or
potato [25]. It indicates that functions of current diversi-
fied PsbO isoforms are no more equivalent due to sub-
functionalisation after the duplication.

Structural aspects in PsbO diversification

Protein functions are connected with protein structure.
Therefore, identification of common structural differ-
ences between isoforms in multiple species can indicate
common functional adaptation. If various plants used
duplicated psbOs to solve the same adaptive conflict, the
structural and functional differentiation of PsbO iso-
forms would be similar or identical irrespective of inde-
pendent duplication in individual families.

To evaluate the between-isoform differences, we first
divided the overall variability of PsbO sequences on each
position of the primary structure into three classes. The
variability in current PsbO sequences reflects both dif-
ferences present already in the ancestor species before
psbO duplication (between-families variability) and dif-
ferences obtained after the duplication, including specific
diversification of isoforms (between-isoforms variability)
and species-specific changes (between-species variability;
Fig. 2; see quantification bellow the alignment in Additional
file 2). The frequency of each variability class on specific
positions was mapped on the homology model of PsbO
(Fig. 4). The model corresponded to other published hom-
ology models of higher plants’ PsbO [9, 10]. The mapping
showed that occupancy of the differences on the PsbO
surface was unequal and the locations of the three classes
of variability significantly differ.

There are practically no differences between isoforms
on the PSII-binding surface of PsbO (Fig. 5). However,
Murakami et al. [18] reported that PsbO2 of A. thaliana
is less efficient in reconstitution of oxygen evolution
in vitro compared to PsbO1. Our analysis showed that
the PSII-binding surface is highly conserved in all angio-
sperms. It indicates that the differences in water oxida-
tion observed by Murakami et al. [18] were not caused
by direct modulation of water oxidation on Mn,CaOs
cluster, but rather by some indirect effect.

The biggest contrast in localisation of between-isoform
differences and other types of differences (between-family
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and between-species) is in the part of B5-p6 loop that is
not interacting with PSII core proteins (the amino acid
side chains are pointing towards lumen) and the adjoining
part of the 6 strand. In this part of PsbO, there is a very
high frequency of between-family differences and a high
frequency of between-species differences, whereas between-
isoform differences are nearly absent. This suggests that
this part of the PsbO surface might be involved in binding
of some other protein, whose interaction surface can differ
in individual species or families. As isoforms do not differ
in this region, it seems that both isoforms need to retain
this interaction identical. The presence of a hypothetical
interactor is further supported by the fact that an un-
assigned density was detected in this part of PSII super-
complex structure by cryo-electron tomography [8].

The between-isoform differences were located mostly
at the end of the B-barrel protruding into the lumen and
on the B1-B2 loop. This pattern was similar in all ana-
lysed families and even in the moss Physcomitrella and
the relatively recently duplicated psbO in maize (Fig. 4,
Additional file 7). This indicates that the differences be-
tween isoforms probably enabled the same or similar
functional adaptation of PsbOs in all analysed families.
Since the psbO duplications were independent, the func-
tional divergence of PsbO isoforms likely represents a
parallel evolution, further supporting the impact of ob-
served diversification of PsbO isoforms.

Functional differences between PsbO isoforms

We found that the location of the differences between
PsbO isoforms of A. thaliana fits the pattern found in
other angiosperms. Nine out of 11 different amino acids
are located at the luminal base of B-barrel and one is lo-
cated on the B1-B2 loop (Additional file 7). Both PsbO
isoforms of A. thaliana are able to stabilise the manganese-
calcium cluster and enable water splitting [18, 19]. PsbO1
was demonstrated to provide more efficient water split-
ting [18], whereas PsbO2 was reported to have higher
GTPase activity and was proposed to participate in D1
repair cycle [19, 21, 23].

The highest frequency of between-isoform differences is
located just around the hypothetic GTP-binding site pre-
dicted by Lundin et al. [10], which is situated inside the
luminal end of the p-barrel. Lundin et al. found hypo-
thetic non-canonical GTP-binding domains in spinach
[10] and A. thaliana PsbO sequence [21]. G1 domain,
binding a-phosphate, was predicted in p1 sheet, G2-G3
domain, binding y-phosphate, in 2 sheet and G4 domain,
binding guanine ring, in f4-p5 loop (marked in the align-
ment in Additional file 2). Regions surrounding the G2-
G3 domain, i.e. f1-f2 and B2-B3 loops, were predicted to
be Switches I and II, respectively. These switches could
have different conformations in GDP- and GTP-bound
state.
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The proposed G2-G3 domain is rather conserved in
angiosperms, whereas G1 and G4 domains and Switches
I and II have high frequency of differences between iso-
forms. The position with the most frequent differences
between isoforms (T46 in spinach PsbO) is located in
G1 domain, the position with the second most frequent
differences between isoforms (E139 in spinach PsbO) is
in G4 domain (see positions 47 and 140 in alignment in
Additional file 2).

Since PsbO isoforms in A. thaliana were found to dif-
fer in GTPase activity [21] and the location of differ-
ences between them corresponds to the situation in
other species, we propose that, in general, the differ-
ences between isoforms might modulate the GTPase ac-
tivity of PsbO.

It is important to mention that the amino acids vary-
ing between isoforms have side chains mostly pointing
outside of the p-barrel and not inside towards the pre-
dicted GTP-binding site. However, these amino acids
might not only change the binding of GTP, but also
modulate accessibility of the binding site for GTP or
binding of some regulatory protein. Consistently with
this assumption, we found that amino acid residues with
longer side chains often predominated in one isoform,
whereas residues with shorter chains in the other (mainly
in the case of chains with interaction-competent carbox-
ylic groups). Though the substitution between glutamic
and aspartic acid is often regarded to be nearly synonym-
ous, these residues alternate within isoform pairs very
regularly on some positions. Their strong conservation in
orthologous isoforms within families (and in some cases
even across more families) indicates that they can affect
the PsbO function. The simple increase in the length of
amino acid side chain can allow the protein to keep the
structure, isoelectric point and other important properties
unchanged, whereas it can strongly facilitate (affect) the
interactions with other proteins, e.g. PsbP, another extrin-
sic protein of PSII. Interestingly, PsbP was reported to
have a crystal structure similar to the GTPase Ran regula-
tory protein [21, 46]. The importance of certain carboxylic
amino acid residue in PsbO can be demonstrated on spon-
taneously tuberising potato mutant, where the absence of
one PsbO isoform could not be complemented with an-
other allele with a point mutation substituting glutamic
acid for aspartic acid (Fischer and Duchoslav, unpublished
results; [25]).

Based on the situation in A. thaliana and suggested
isoform evolution by the “escape from adaptive conflict”
scenario, we can hypothesise that the amino acid substi-
tutions adapt the isoform to its specific function, which
is obviously connected with losing in the other of the
two functions. Murakami et al. [18] tested efficiency of
in vitro oxygen evolution with native PsbO isoforms
and their chimers that combined fragments (or selected
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amino acids) from both A. thaliana isoforms. They found
that the weaker performance of PsbO2 was connected
mainly with the C-terminal third of the protein, namely
with two substitutions, V186S (in f5-6 loop) and L2461
(with side chain pointing towards the hypothetical GTP-
binding site). On the contrary, substitution V2041 (also
with side chain pointing towards the hypothetical GTP-
binding site) improved the activity and obviously compen-
sated for the decrease in oxygen evolution caused by
substitutions on the positions 186 and 246. Unfortunately,
the GTPase activity of PsbO was proposed later, so the
activity was not determined in these chimeric proteins
to test the trade-off hypothesis. The importance of the
C-terminal part (often differing between isoforms) was
also demonstrated in spinach PsbO. The last three amino
acid residues, including leucin at position 246 (245 in
spinach), were shown to be critical for binding to PSII and
for restoration of oxygen evolving activity [47].

Besides the modulation of the GTPase activity, there
are some other presumptive interactions of PsbO that
can be affected by the observed differences between iso-
forms. An obvious possibility is modulation of inter-
action with PsbP (mentioned above) or PsbQ, the other
extrinsic proteins of PSII. The extrinsic proteins of PSII
were suggested to be involved in the interaction between
the thylakoid membranes across the lumen [12, 48].
Thus, the changes on the luminal end of the -barrel of
PsbO might modulate this interaction regardless whether
the interaction is direct (PsbO-PsbO) or via other extrinsic
proteins. Another possibility is that PsbO is interacting
with some protein bound to the same membrane through
the luminal end of the B-barrel, which is protruding not
only to the lumen but also slightly over the outer rim of
PSII towards the strongly bound (S) LHCII trimer [49].
This speculation is supported by the evidence that re-
moval of PsbO has an effect on the position of LHCII in
PSII-LHCII supercomplex [50] and that there is an un-
assigned density on the luminal side of the LHCII trimers
in cryo-electron tomography structure of the supercom-
plex [8]. The N-terminus of PsbO might also be involved
in such interaction, because angiosperm PsbOs are longer
by usually 13 amino acids compared to the cyanobacterial
protein analysed by Umena et al. [5]. Numerous biochem-
ical studies were focused on site-directed mutagenesis of
PsbO (reviewed in ref. [51] and [11]). However, these stud-
ies cannot be used for interpretation of our results, since
the mutated residues were mostly the highly conserved
ones.

Speculative model on the role of PsbO isoforms

Our findings together with literature data led us to for-
mulate a speculative model explaining the functional
specialisation of PsbO isoforms. Hong et al. [52] showed
that the oxidation state of the Mn,CaOjs cluster influences
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the structure of PsbO. We suggest that when the D1 pro-
tein and Mn,CaOs cluster get damaged, PsbO shifts in the
GTPase cycle. This induces a change in conformation of
the P1-B2 loop. As the B1-B2 loop is interacting with the
other monomer of PSII in the PSII dimer [9], such change
might induce monomerisation of PSII [10] and its release
from the semi-stabile organization in grana that allows
diffusion to stroma lamellae. In stroma lamellae, PsbO re-
leased from PSII changes the GTPase state and D1 is de-
graded [53]. After reassembly of PSII, PsbO binds back.

We propose that the PsbO1 isoform is adapted for low
light conditions. It has lower GTPase activity [21] (or
lower affinity to GTP) and thus it does not induce as
rapid monomerisation of PSII and exchange of damaged
D1 subunit as the PsbO2 isoform. It was shown that
under low irradiance, a part of PSII-LHCII supercom-
plexes form ordered crystalline arrays [54] and the grana
are tightly stacked [55]. Thus, PsbO1 might prevent pre-
mature disturbance of the effectively working crystalline
arrays of PSII-LHCII supercomplexes and support tight
stacking of thylakoid membranes. We also suggest that
PsbO2 is, on the other hand, optimized for high light
conditions, when efficient light harvesting is not import-
ant due to the excess of energy, but the repair of dam-
aged D1 subunits must be very fast to prevent further
damage of photosynthetic complexes. Correspondingly,
Herbstovd et al. [56] demonstrated that high light treat-
ment leads to an increase of protein mobility in grana
thylakoids. Moreover, the proportion of PSII in PSII-
LHCII supercomplexes in A. thaliana is high in psbo2
mutant and low in psbol mutant compared to wild-type
plants [21]. Thus, the fast GTPase activity (or high affin-
ity to GTP) of PsbO2 might facilitate rapid disorganisa-
tion of PSII-LHCII supercomplexes and crystalline
arrays allowing rapid diffusion of damaged PSII out of
the grana and their redeployment after D1 replacement.
Modulation of the ratio of PsbO1 and PsbO2 bound to
PSII can help to adjust and optimise the photosynthetic
performance in response to light conditions. An increase
in the amount of PsbO2 in A. thaliana after long-term
cold stress [22], which is in many features similar to high
light stress [57], supports our speculation. It suggests
that the PsbO1/2 availability is regulated transcription-
ally in the long term. The momentary binding of iso-
forms might be regulated, for example, by different
dynamics of the GTPase cycle.

In the species with single PsbO isoform, the function
of the PsbO is likely in the mid-way between the two
specialised isoforms present in other species and sup-
ports both of the specialised functions, at least at the
basic level. Depending on the growth strategy and habi-
tat, the single isoform could be principally closer to A.
thaliana PsbO1 (shade plants), to PsbO2 (sunny plants)
or intermediate. For example, PsbO protein sequences of
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Poaceae species are closer to PsbO2 than to PsbO1 of A.
thaliana, especially regarding the positions with alter-
nating glutamic and aspartic acid residues (Additional
files 2 and 6), which is consistent with the typical sunny
habitat of these species. However, the species with single
isoform that cluster to A. thaliana PsbO1 cannot be
considered as shade plants. Consequently, the isoform
sequence cannot be simply related to the actual habitat
certain species, but it is obviously also affected by other
factors such as evolutionary history or life strategy.
Nevertheless, we can conclude from these considerations
that A. thaliana PsbO1 and its functional analogs cannot
be simply assumed as the main isoforms, because the
importance of certain isoform depends on the habitat or
even on actual growth conditions.

Conclusions

Our study showed that the pairs of PsbO isoforms evolved
in numerous angiosperm lineages independently. Yet, the
pairs of PsbO isoforms differ at similar regions in the pro-
tein structure, mostly on the luminally exposed end of the
B-barrel structure near the predicted GTP-binding site.
Mapping of conserved and variable positions on PsbO
surface also indicated new potential interaction regions.
Observed analogy in divergence between isoforms in vari-
ous species indicates that structural diversification and
subfunctionalisation of PsbO isoforms represents an ex-
ample of parallel evolution. Features evolved in parallel
likely bring a significant advantage, so we assume that di-
versification of PsbO isoforms improve photosynthetic
performance under variable conditions. However, the pre-
dicted subfunctionalisation related to diverse GTPase ac-
tivity will require further experimental confirmation.

Availability of supporting data

The phylogenetic data used in this study have been de-
posited in TreeBASE database (http://purl.org/phylo/tree
base/phylows/study/TB2:517601).

Additional files

Additional file 1: List of analyzed psbO genes. The dataset includes
gene names used in the study, accession numbers, source databases and
cDNA sequences.

Additional file 2: Alignment of the protein sequences of mature
PsbOs from analyzed angiosperm species. The calculated values of
the differences between isoforms, the differences between species and
the differences between families are shown below the alignment. The
sequences that were not included in the calculation are marked with an
asterisk. Hypothetic GTP-binding domains (G motifs) predicted by Lundin
et al. [10], conserved regions identified in wide range of photosynthetic
organisms by De Las Rivas and Barber [9] and {3-sheets forming the
B-barrel structure are indicated below the alignment. Horizontal lines
separate sequences from species belonging to the same angiosperm
family.
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Additional file 3: Number and divergence of expressed PsbO
isoforms in the analysed land plant species. Number of distinct psbO
cDNA sequences found in EST databases and maximal number of
different amino acid residues in mature proteins derived from these
sequences.

Additional file 4: A phylogenetic tree from coding sequences of
psbO genes from 49 land plant species. The tree was constructed by
the maximum likelihood method, numbers at branches denote bootstrap
percentages.

Additional file 5: Venn diagrams of amino acid positions clustered
according to the predominant class of variability. Threshold values of
each type of variability to include an amino acid position in the diagrams
are indicated.

Additional file 6: Numbers of glutamic and aspartic acid residues in
PsbO protein sequences. Each point represents one PsbO; isoforms
from one species are connected with a line, filled circles represent PsbOs
from species with only one isoform. Points with the same coordinates are
slightly shifted in order to make them visible. One representative species
with two isoforms is shown from each family. Plotted species: Arabidopsis
thaliana (Ath), Artemisia annua (Aan), Citrus sinensis (Csi), Eucalyptus
grandis (Egr), Fragaria vesca (Fve), Gossypium raimondii (Gra), Hordeum
vulgare (Hvu), Linum usitatissimum (Lus), Lotus japonicus (Lja), Malus
domestica (Mdo), Manihot esculenta (Mes), Mimulus guttatus (Mgu), Oryza
sativa (Osa), Populus trichocarpa (Ptr), Solanum tuberosum (Stu), Spinacia
oleracea (spinach, Sol), Theobroma cacao (Tca), Triticum aestivum (Tae),
Vitis vinifera (Wi), Zea mays (Zma), Zingiber officinale (Zof).

Additional file 7: Mapping differences between isoforms on PsbO
structure in selected species. Differences between isoforms of (A) A.
thaliana, (B) Zea mays and (C) Physcomitrella patens are shown in green.
The homologous model of the Solanum tuberosum PsbO2 based on the
X-ray structure of cyanobacterial PsbO [PDB:3ARC] [5] was constructed
using Swiss-Model program [38]; the first 13 N-terminal amino acids were
not present in the template structure, so they were pasted in the model
without attempts to show any folding.
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Hordeum vulgare 1 ECAPKR.AT.DEIQJ<TYVIE\]KGT\\TANQ PTIDGGVDSFIFK BGKYIMMKK FC LEP TS FTVK AEGIMK NP PAFQMTK IMTR LT YT LDEME GPE VGEDGTEKFEEKDGI DY AAVTVQLPGGERVPFLFTEK Q LVAMGK PESFS .FLVPQYRGSSFLDPKG?/‘GSTGYDNHVnLPATTRCDEEE.AKE\T\/KNA.SSTC-ITLSVTKSKPETGEV GVFESEQPSDTD LGAKEPK DVK I QGIWYAQ LE SN
Oryza sativa 1 /PR LT VDJFAF‘(AGKYNMKKF"LEﬁT FTVKAEGVEKNAPPEFQETK IMTRLTYT LDEIEGPEEVS SDGTEKFEEKDGI DY ARV TJQLPCGER\/P LEFT IKMLVANGK PE SFGGI I‘L\7P_>Y "S“FLDPKG?GGJT’YDNn\]A LP. E LAK: KNI LSVTKSK PETGEVIGVFESEQPSDTD LGAKVPK DVK I QGEW YAQ LE
Triticum aestivum 1 L L TY Q BAGKYBMEX LEPTSFTVKAEGI NI PAFOMTK IMTRLTYT LDEMEGPEEVGADGTIK G FT QLVAMGK PESFSG VPS SSFLDPKGRGGSTGY DNA‘JALPAGGRLEEEEAKE\]\/KNA.SS)T IT LSVTKSK PETGEV FES.QFODTDIAAKAPK D”KIOq YAQLE SN
Zeamays 1 EGHEPKRL' TVDEIQC'(TY.EVKGTHTANQ PTIWCqVD“ K PGKY @MKKIC LEPTSFTVK AEGEBKNAP PE FOMTK IMTR LT YT LDEIEGPMEVASDGTIK A7 FTI{QLVA[}KDLFGG.FLVPSYRGSSFLDPK GGSTGYDNAVA LPAGGRGDEEE LBKENBMKNBASST! 1T LSVTKSHPRTGEV YAQLE
Zea mays 2 EC.PKRJTVDEIQ“"TYVIE\/KGT\JTANQ PTIJC" ISF.F'(A(JYY"JKK'\_ T“FT\/’KA_E"“KNAPP"FQ.IKLMTRLTYT LEEIE"P.E\/GSDG”.( IDYnAVTJQLPCGERV FTEKQLV A'}K —’EQFGGIFLVP SYRGSSFLDPKGRGGSTGY DNAVA LPAGGRGDEEE LK. IVNAA T”.ITL ’TK“.PET"E”'G‘7FE_>.QP_>LTDL\JAKAPKJ KIQ". YAQLE

YRGSSFLDPRGRGGSTGY DNAVATPAGGRGDEEE

Curcumalonga 1
Curcuma longa 2

) ) S
'lCLEjTuFTVF HE VQKNAF WIKIMTRLTYT LFEIEqPFEVSuDCT /K DG IDYHA\’TJOLPCGERV

EL
RCDEEEJ(

P A]
-F.E"(FUKYAGKKFC.EjTuFTVF AMSVSKNAPPEFONTK IMTRLTYT LDEIEGPFEVS SDG
F'"PGKY.;KKFC.E'—’TJFT\/KA-VSKNAPPIF NTKIMTRLTYT LDETEGPFEVGSDGI

I 5GK PENE ICH
12 5GK PHISE S
FTIKQLVASGK PESFGCHE

VPl
17 TWVTKSK PETGEV IGVFES LOPSDTD IGAKY PK DVK T QG
< ENVKN TA AS TTL-TKSKPET" ”'G\’FESLQPJDTDLGAKVPKDv’KIQu

v wF' .OPQDTD

Y AR
IDYHA\’TJOLPCGER‘/

Thellungiella halophila 1
il LGI DYAAVTVQLPGGER\’
et

Thellungiella halophila 2
Thellungiella halophila 3*

LPAGG

Zingiber officinale 1 lC LB /K AEGVSKNAP OMTK IMTRLTYT LDEIEGPFEVGS KDGIDYAAVTVQLPGGERV] L \TKJKPET"EV
Zingiber officinale 2 TgFTVKAEG\/wKNAP Q.TK]_MTRLTYTLDEIE PFEVSID& VK KDGIDYAAVTVOLPGGERV! ‘>SFLDPKC?GG>T(‘YDNA‘7ALP ""R( ‘EEEIE,\]HKN ITL‘w\’TKSKPET Ev
Artemisia annua 1 K N SCPT TEPTSFTVRAEGVSK RIMTRTTYT LDETEGPFEV. DGTV] RDGIDYAAVIVQLPGGERV A’Ru SSFLDPRGRGGSTGY DNAVA LPAGGRGDEEE ENVRNI R PE E P DTDIGARV
Artemisia annua 2 EC[KR#T.DEIQ”"T ”KGT\JTANQ PTIE"”DGFA.(PGKYNAKKFCLE'—’T°FT\/KAEGVSKN“P.FQ.TKLITRLTYT LEEIE"P.E”-D DGIDYAAVTVOLPGGERV] FK’E FGG.FLVP"YRGS”FLDPFG?GGJT/‘YDNA VA LPAGGRCDEEEIEWKN.“SAJ“ ITL \JT.“KP.T”EI GVFEJ.QPJDTDLAJAKVPK:) KIQu. VAQLE
Arabidopsis thaliana 1 EGRPRRLTYDE QSR TYMEVRG TG TANQCPTIDGG C ¢ ] VTV L P >YR~1>:FLLL RGRGGSTGY DN, TPAGGRGDEEE ]
Arabldopsls(hal\anal EGBPKRL TYDEIQSK TYMEVKGTGTANQC PTIqu-F.F"(AUKYmKKF/‘.EDTSFTVK A-VSKNAFF.FO\ITKLVITRLTYT LDEIEQPFE VGSD VK F IDGI DYAAVTVQLPGG! FQCK‘ESF. G S SSFLDPKGRGGSTGYDNAVA LPAGG = ITL-TKSKPETuEV’CVFESLQP%DTDLGT-\K”PF 7\/KIO~;. VGQ.E
Brassica napus 1% EGBPKRLTYDEIQSK TYMEVKGTGTANQCPT IDGG SHMIFSIFK PGK Y AGKK FCEEP TS FT VK AE| Q\ITKL’ITRLTYTLEEIEqPFE”SJDb VKF IDGI DY AAVTVQLPGGERV] TTL.\YTKJKPETGE vGVFEJLQPJETDLAJAK\/PK:)]KIQ\J Y
Brassica napus 2 EG| APKRATVDEIQ‘:"(TY\iE\/KquTAN’)uPTIJC 5 BEMFBIFK PGK Y BGKK FX £ FEENDGIDYAAVTVQLPGGERV. [ LVP >YRGS‘:FLDPKC{FGSTFYDNAVALPAQQRL VIG 'FESLQPSLTD GAKVPK DVKIQGI
Brassica napus 3 EGBPKRLTY DE IQSK TYMEVKGTGTANQCPT IDGG| K PGK Y BGKK FCEEPTS ] PEFQNTK IMTRLTYT LDEIEGPFEVS SDGEVEFEEEDGI DY ARV TVQLPGGERV] F LVPSYRGSS FLDPKGRGGSTGY DNAVA LPAGGRG ITT [MVTK SK PETGEV IGVFESLQPSDTD LGAKV PK DVK I QG
Brassica napus 4* EGHPKRL' TVDEIQ°<TY\’IE”KGT\JTHNQ PTIDC” K PGKYBGKK FCEPTSFT VK AEBVS FQ\TTKL’ITRLTYTLLEIE”PFEVSSD(; /NE IDGIDYAAVTVQLPGGERV] " LVPSYRGSSFLDPKGRGGSTGY DNAVALPAGGRG TTL.”TKSKPET(‘EV GY\]FEJLQPJDTDLAJAK\/PKD]KIQ
Brassica napus 5% (PGKYAGFFF&.EﬁT“FTVKAE.\/ KNAPP [FONTK IMTRLTYT IDEIEGPFEVS SDG 13 IDGI DYAAVTVQLPGG! [ LVPSYRGSSFLDPKGRGGSTGYDNAVALP. S,
Brassica oleracea 1* )] EVKGTG -FIFKFGKYAGKK [FONTK IMTR LTYT LDEIEGPFEVS SDGEVEFEEMDGI DY AAVTVQLPGGER\ F LVP bYRuSwFLDPK ?(
Brassica oleracea 2 EGEPKRLTYDEIQ TY"IEVKGTwTANQ PTI]CQ‘.F<PJKY“KK F(‘EDTJFT \/'KA-' SKN. [FONTK IMTRLTYT LDEIE :PFE\/SSDLv F IDGIDY TVQLPGGERV] AJGK PENF ' LVPSYRGSSFLI GGST G
Brassica oleracea 3 EGEPKRLTYDE IQS] 'ANQCPT IDGG BIEF WePTS [FONTK IMTRLTYT IDET [FMEMDGI DYAAVTVQLPGGERV. LA SBK PENE I‘L”P_AR"S.JFLDPKG?GG_)T’YDN TTL.VTKQKPET"EV G
Brassica rapa 1* EGAPKRLTYDEIQS TYWEVK&T’ TAN)(‘PTIJLW-F FONTK IMTR LTYT LDEIEqPFE\/w SDGEVEFEEEDGI DYAAVTVQLPGGER SYRG: GG >TnYDNA‘JHLPAGGRL EEE ITT [MVTKSK PETGEV
Brassica rapa 2 EGEPKRLTYDEIQSKTYN EVKGTHTANQ PTIWC SHTF| [FONTK IMTR LTYT LDEIEGPFEVS SDGEVKF IDGIDYAAVTVQLPGGERV] Vi T T [MlTKSK PETGEV T HK v
Brassica rapa 3 EGEPKRLTYDEIQSKT G SHEE| < FONTKIMTRLTYT LDEIEGPFEVS SDGEVEE uGIDYnAVT\JQLPGGER\V SGK Pl mcl Gl TTL.UTKSKPET"E”,GVFE_)LQP_)DTDLunKVPKJ /KIQG
Brassica rapa 4* EGi APKRJVDEIQ%TYWEWKCT' TANJ( PTIDG ;G SMEFBFK PGK Y AGKK ‘SFTVK APPEFQNTK IMTR LTYT LDEIEGPFEVS SDGEVEF uGI \Y% PGGE 12 SGK PHNIE SC SEIT LMVTKSK PETGEV GvFE>LQF>DTDLI

F
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F

AKIPK D\ JK I

Manihot esculenta 1 C \FR PG V\ITKLVITRLTYTLF EV. FTIKOLV'P.CKDE T SGEE LVD YRUJ FLDPKC?UGUIUYLN TPA eyl S
Manihot esculenta 2 Y.E”K T\JTANQ PTIx"”D.FAFVP/‘KYIAKKFCLEDT“F \/KAE’“’"KN.PPL KLITRLTYTLEEIE"PFE LVZ PENFGGEF LVPSYRGSSF LDPKGRG GYDNAVA LPAGGRGDEEEL GVFEJ.QPJETDLUAK.PKD]KIQ". YAHELE S
Glycine max 1 RRLT YEEVEGTGTANQCPT IMGGVDSEAFKAGK Y {MCLEPTSEFTVK AEGVAKNA] "ONTK IMTR LTYT LDEIEGPFE, ‘KJ EFLVD RGS“rLUPK %CKMCYL)NA\/ALPAQQRC EEE LAKENNKBABSSHCK 1T LS SKPETGEV IGVEESMOPSDTD LGAKAPK DVK L OGEW YAQ TS
Glycine max 2* E /PKRAT.DEIOS TYBEVKGTGTANQCPT IMGGVDSEAFK PGKYNARKIC LEPTSFT VK AEGVAKNAP O\]TKLVITRLTYTLDEIEGPFEV FTIKQLVASGK PESF SGEF LVPSYRGSSFLDPKGRGAISTGY DNAVA LPAG EEELAKEN BASSSHCK IT LSVTKEK PETG GVFES.OPSDTDLGT-\KAPKJ\'KIQ 1 & LHS
Glycine max 3 ECXPKR.AT.DEIQS TYBMEVKGTGTANQC: PTIDCQ.SFAF‘("KYN}SKKFCLE)T._)FT\]KAEQ\/AKNAP NTK IMTRLTYT LDEIEGPFEVSSDGTV] FTIKQL"ASGKDI)F EF LVP YRGJSFLDPKG?/‘AJTGYDNA/ALPAquCDFF‘F‘ GVFESLQPSDTD LGAKEPK s
Glycine max 4* VPKRL TYBMEVKGTGTANQCPT I SFAFK PGKYNAKKEC GVEKNAP LFQ\]TKLVITE\LTYTLLEIE GPFEVS SDGT VK FTIKQ GK EFLVP ISTGY DNAVA LPAG EEL J¥ VEESEOPS DTDL"AKAPKJ\/KIQQ

Lotus japonicus 1 TYMEVKGTGTANQCPT IMGGV sFMKAgKYlAKK LE SFTVKAEGVIQ\I FQNTK IMTR LTYT LDEIEGPFEVSEDGT VE FTI<) .FLVPD GSS K ?(ASTGYDNA‘uALPAGGRLDEEE EMIGVFESMOPSDTD LGAKAPK DVK I O

Lotus japonicus 2 EIQJKTY.VIEVKGTGTANQCPTI.CuVlS KBGKYNAKK FC LEPTSFTVK AEG VAKNAPBEFONTK IMTR LT YT LDEIEGPFEVS SDGT "<F<E]KIZCIDYPH\/TVQLPCGERr FTIKQLVA GKDIS EF LVPSYRGSS FLDPKGRGAIST GY DNAVA LPAGGRGDEEE LAKEN] K PETGEV IGVFESEQP SDTD LGAKBIPK DVK I QG|

Medicago truncatula 1 EIQSK TYMEVKGTGTANQCPTIDGGVDS! K KYNAKK FC LEPTSFTVK AEGVEKNMEP BAFONTK IMTRLTYT LDEIEGPFEVS “DGIV‘(F EKDGIDYAAVTVQLPGGERV! FTIKQLVASGK PESF SGEMLVP SYRGSSF LDPKGRGRISTGY DNAVA LPAGGRGDEEE LGKE NNIK BA. ) IGVFESEQPSDTD LGAKEPK DVK I QG

Medicago truncatula 2 EGAPKRLTEDE IQSK TYMEVKGTGTANQCPT TG BFK BGK Y NAKK FC LEPTS F'T VK BE GIBBK NSP MBFONTK IMTR LT YT LDEIEGP FEVSEDC KDGI DYAAVIVOLEGGERVEFLET IK QLY VASGK PEISF SGEF LVPSYRGSSF LDPKGRGAISTGY DNAVA LPAGGRGDEEE LGKEN VTRSK PETGEV IGVFESEQP SDTD LGAKAPK DVK I QG

Phaseolus vulgaris 1 EGVPKRLTHMDE IQSK TYMEVKGTGTANQCPT IDGGVESFAFK PGK YNAKKIC LEPTSFTVK AEGVAKNAPBEFONTK IMTR LT YT LDEIEGPFE VIBBDGT' 7:( M LVP SYRGSSFLDPKGRGAISTGY DNAVA LPAGGRGDEEE IAKE NNIK DTD LGAKEPK DVK I Q

Phaseolus vulgaris 2 EGVPKRLTEDE IQSK TYMEVKGTGTANQCPT IDGGVDSEAFK P YYNAKKELEJTQFTVKnEqVAKDIAPE "\ITKLITRLTYTLEEIEqPFE\/SSDG”V‘( LVASCK PESFGGBF LVPS YR SSFLDPKGRGEISTGY DNAVA LPAGGRGDEEELAKE QIKIA.SSTJKITL G”FE_;.QI—JLTDLGAKAPKJV’KIQ

Linum issi 1 EGBPRRLTEDE 105 TleEmmu N)( PTIJ[ G JF’\RK(valT\KKF‘IEiT FTVKI\FN QLVASCR PESESGEE LVPSY ngLDPKC?(wG nYDN[\‘H\LPI\quLEEE TAKENBKNAASSMCK 1T LSV SVEESMOPSDTD LGAKAPK DVE 1O

Gossypium raimondii 1 EGVPRRLTYDE L ['TVP YRQAA;FL AGGRGDEE 3 ).

DPK
FLDPKGJ\GGJT"YDNnv’A LP GGRGDEEI
3 GSSFLDPRGRGGSTGY DNAVA LPAGGRGDEE]
TSGR E EQF[}EFL PSYRGOSFLDPRGRGGSTGY DNAVATPAGGRGDE!
W ICET T P~YRu qFLL)PKEJ, GSTGYDNAVALPAGGRGDEE
PENEEGEE LY K ?C(waT(‘YDNA/ALF GGRGDEE
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Theobroma cacao 1 EGYPKRLTYDEIQS: CPT 1DGODSEAFK POKY MAKK EC LEP TS FTVE A CVSKNAD
Eucal%ptus grandis 1* NQCPT IDGGMDSEAFK PGK Y NARKIKC LEP TS FT VK AR NAP
Mimulus guttatus 7% K AFRBGK YWARK FC LEP TS FTVKAEG
Fragaria vesca 1
Malus domestica 1
Malus domestica 2
Citrus reticulata 1
Citrus sinensis 1
Citrus trifoliata 1 EGVPKRL ‘TV DE TOQ( TYVVF‘ v’KGT/‘ TANQCPT ID
Populus x canadensis 1 K TYMEV K(Jlu TANQCPT IJ(_uK.SFAFK PGKY
Populus x canadensis 2 I DS EAFK PCKY NAKKMC LEP TS FTVE AEC -/(NI.FPIFQIIK IMTRITYT IDEIECPEE Vs SDG-/(
Populus deltoides 1 y [
Populus deltoides 2
Populus trichocarpa x P. deltoides 1 EC VPKRLTY DE IQ“
Populus trichocarpa x P. deltoides 2 EU/PKRAT"IE 105

Populus trichocarpa 1 GVPKRLTYDEIQ

P S

=

NAP

AKK FC LEDTSFTVF AE.\)“(NnFFgFO\ITK IMTRITYT LDEIEGPFE vA.D

AKKFCLEPT“F AP KL’ITRLTYTLEEIE”PFE‘«’a
P1S ri“’KAqul«N 3

_nKE\IIKNTFAS.GKITLS\/TKl(PETuE
STGR ITLSVIRSR PETGEN
) yRGS“rLUPKG%C( 5 TGK IT LSVTKSK PETG
GK PEMFGGEF LVP SYRGSS F LDPKGRGG STGY DNA STGK IT LSVIK SK PETGE
[FSGEE LVPSYRGES F LDPRGRGGSTGY DNA ALPAquLDLt ILHIRNTASSTGKITLS”TKSKPETGE
.FL\7PQYRPS FLDPKGRGGSTGYDNAVALP. EEEIBKENBKNTASSTGK IT LSVTKSK PETGEMT
FLDPKGRGGSTGY DNAVA LPAGGRGDEE E KENBKNTASSTGK 1T LS VTKSK PETGH]
FLDPKG?/‘GSTGYDNHVALPA4 JRCDEEEIE KNTASSTGK IT LSVTKSK PETGEI
TGY ELEMKENEKNTASSTGK IT LSVTKSK PETGEI
[KNTASSTGK IT LSVTKSK PETGE]
NTASSTGK IT LSVTKSK PETGEI

KDGIDYPH\/TVQLPCGER
KDGIDYAAV T\’QLP' ‘ER}/P~LFTIKQL\/A SGK PHSF

A
opulus trichocarpa 2 EGVPKRLTY.EI FTIYQLvAgGK —’IJF MELVPSYRGSS I\ IFNTASSTGKITLJVTKSKPET"E G”FE_;.QP_)LTDLGAKIPKJ\]KIQu 1
Capsicum annuum 1 EGVPRRLTEDE IQ RICRY LEP E SVSKN FTIRQLVASCK PENESGEE LVPSYRGSS E LDPKGRGGSTGY DNA SGRG N TIGVEESHOPD! SDTD PR DVK 1 QG AQIE
Capsicum annuum 2 EGVPKRLTYDE IQSI /‘T C ID AFK {F ! ol K AR} 9] FTIKQLVASGK PEISES G.FLv’PSYR S G AKEPK J\/KIO S
Nicotiana benthamiana 1 ECAPKRgT.DEIQ”‘TY MEVKG' C [ ee) \ ! FTIKQLVASGKPES GS

Nicotiana benthamiana 2 LTYDEIQSK TYMEVKG
Nicotiana tabacum 1* EGVPI‘RAT.DE IOS:( TY"JE\/KGT”TANQ “PT IDGGVASFAFK PGKYNAKK FC LEjTS FTVKAEBVEK AFF.F’\.TK IMTRLTYT LFEIEqPFE VS SDGT
Nicotiana tabacum 3 LTY VKGTGTANQCPTIDGGVDSFAFK PGKYNAKK FC LEPTSFTVK AEBVSKNAP ONTK IMTRLTYT LDEIEGPFEVSHEDGTV]

Nicotiana tabacum 2* KGTGTANQCPTIDGG VI FAFK PGKYNAKK FC LEPTSFT VK AEBVSKN "OMTK IMTR LT YT LDEIEGPFEVSBDGT VE
Nicotiana tabacum 4 E /PKRAT.DEIQS TY"IE\/KCT”TANO “PT THGGY AFK PGKYNAKK FC LEPTSFT VK AEGVEKN

FTIKQLVASGK PHIS
FTIKQLVASGK PESF
FTIKQLVASGK PBSE

LS

KENVKNTASATGK 1T LS VTBSK PETGEV
ENVKNTASSTGK IT LSVTICK PETGE’
EWKNTASSTG’KITLS”T.JKPETGE

GVFESEQPSDTD LGAKV PK DVK I QG
GVFESEQPSDTD LGAKV PK DVK I QG

Solanum habrochaites 1 PKRLTYDEIQS] TY \’IE”KGT\JTANQ PTI.Cu‘ GSFAFK F/‘KYIAKKFCLEnT“FT\/KA \7 KN VFESEQPSDTD LGRAKV PK DVKI QG
Solanum habrochaites 2 C L JKG \:TANQ\"PTIJC /DSFAFK PGKYNAKK FC LEPTSFTVK SKN S VFESHQPSDTD LGAKMPK DVK I QG
Solanum lycopersicum 1 EGVPKRLTYDE IQ <TYVU-“ KGTGTANQCPT IMGGVGSFAFK PGKY A VPFLET IKQLV F IVPSYRGSS FLDPKGRGGSTGY DNAVA LPAGGRGDEE l IGVFESEQPSDTD LGAKVPK DVK I QX
Solanum lycopersicum 2 EC\/PKR.AT.DEIQJ(TY\qEYrKGT\JTHNQ PTIDGGVDSFEFK PGKYNAKK FC LEPTSFT \KAEU\/JKN AAVTVQLPGGERV] FT IKQLVASGK 3E]S}:' ME LVPSYRGSSFLDPKGRGGSTGY DNA! /ALPAGGRCDEE E\T\/KNTAJITCIKIT-VTKSIP GVFESEQPSDTD LGAKHPK DVKIQG]

EF LVPSYRGSSFLDPKGRGGSTGY DNAVA LPAGG]

Solanum melongena 1 TYMEVKGTGTANQCPT ING! D FAF‘(PGKYIAKKFL.EﬁTgFT\/’KA_E GVSKN. KDGIDYAAVTVQLPGGERV FTIKQLVASGK PENF

ENEKNSASHET .ITLJ\]TK SK P! G”FEQ.QP_:LTDLJAKAPKD\/KIQ lf‘:‘:’AQLE
TKS AKV G Y

Solanum melongena 2 TYMEVKGTGTANQCPT IDGGVDGFMEFK PGKYNAKK FC LEP TS FTVK AEGVSKN KDGIDYAAVTVQLPGGERV FTIKQLVASGK Pl EF LVPSYRGSSFLDPKGRGGSTGYDNAVA LPAGGRG E ENVKNTAS. v

Solanum tuberosum 1 ECY\/YPKR.ATVDEIQJ TY"IEVKGTwTANQ PTI.Cq\/GuFAE?PaKYIAKK FCLEPTSFT \/'KAEQ\/SKN KDGIDYHA\/TVQLPCGER‘/ FTIKQLVASGK PESFSGEF LVPSYRGSS FLDPKG?\:GoTGYDNHVnLPASSRCDEEE’ 3 E\TJKNTA“.TGK ITLSYJT.JKP_

Solanum 2 EGVPKRLTEDEIQS] KGTGTAN TI’JC"'/D“FAF‘(PGYYNAKKFLLE—’T‘ A G N TVKFEEKDGI DY AAV! FTIKQLVASGKPES! ME LVPSYRGSSFLDPKGRGGSTGY DNAVA LPAGGRGDEE NVKNTA. GK ITHBVTKSHIP|

Vitis vinifera 1 EU/ PKR;T"DEIQ S i3 GVS TR IMTRITYT IDETEGOFEV va»(FIEKDnI DYAAVTVQLD! Rv FTIRQLVASGK PEMEGGEE LVPSYRGSS F LDPRGRGGSTGY DNAVA LPAGGRGDEEE STGK LT LSMTK S} SEVI
Vitis vinifera 2 ONTKIMTRLTYT LDEIEGPFEVS SDGTVK KDGIDYHA”TVQLPCGER‘/ FTIKQLVASGKD-FGGEFLJPSYRGSSFLDPKG \JGSTGYDNA ALPHQQRCDEEEIE\I“.A.S\)T(K ITLJVTKQKPETGE\/ GV
Spinacia oleracea 1* FONTRTMTR LTYT IDETEGPTFEVS .JDG”VZ TUVPSYRGSSFLDPRG A EEETIREN TSUVTESKPETGEVIG

Pl FTIRQTLVASGRPESES
IIIIIIIIII_IIIII -

G motifs (Lundin et al. 2007)

G1 Swi G2,G3 Swil G4
conserved regions 5422 R%e, [ 1a_} {1 {2} { 3 — 4 I { 5 | —
differences between isoforms | Eg H sRscEs 3B g 28 MG §E B2 PEE g E &8 sssesomEpeateE E i) §3 5 ¢ % BB
differences between species E% 8 E 88 ScE B NEES g g2 G 3 B §E838: EiEEE & B 8 HF 3 EEcc iz ommsal f S E SEQ £ & j &3
diferences between familis 2 B g 8 - RN R B g B gWamzge §2cf cHEE g g g s NEEEEE x28:% § f I : BB B
B-sheets I Bl B2 — B3 ] B4 [ | 86 |—| B7 — B8 -

Additional file 2: Alignment of the protein sequences of mature PsbOs from analyzed angiosperm species. The calculated values of the differences between isoforms, the differences
between species and the differences between families are shown below the alignment. The sequences that were not included in the calculation are marked with an asterisk. Hypothetic
GTP-binding domains (G motifs) predicted by Lundin et al. [10], conserved regions identified in wide range of photosynthetic organisms by De Las Rivas and Barber [9] and 3-sheets
forming the B-barrel structure are indicated below the alignment. Horizontal lines separate sequences from species belonging to the same angiosperm family.



Additional file 3: Number and divergence of expressed PsbO isoforms in the analyzed land plant species.
Number of distinct psbO cDNA sequences found in EST databases and maximal number of different amino acid
residues in mature proteins derived from these sequences.

Family Species _Number of PsbO Ma?(lmal number of dlﬁgrent agnlno acid
isoforms residues between any two isoforms
Bryophyta Funariaceae Physcomitrella patens 4 24
Lycopodiophyta | Selaginellaceae | Selaginella moellendorffii 1°
Cycadophyta Cycadaceae Cycas rumphii 1
Cryptomeria japonica 1
Cupressaceae - -
Sequoia sempervirens 1
Picea abies 1
Coniferophyta ) Picea sitchensis 1
Pinaceae
Pinus sylvestris 1
Pinus taeda 1
Taxaceae Taxus baccata 1
Hordeum vulgare 1
Oryza sativa 1
Poaceae
Triticum aestivum 1
monocots
Zea mays 2 6
e Curcuma longa 2 13
Zingiberaceae — —
Zingiber officinale 2 12
Asteraceae Artemisia annua 2 13
Arabidopsis thaliana 2 11
Brassica napus 5 7
Brassicaceae Brassica oleracea 3 9
Brassica rapa 4 7
Thellungiella halophila 3 10 (41)°
Euphorbiaceae | Manihot esculenta 2 14
Glycine max 4 13
Lotus japonicus 2 15
Fabaceae -
Medicago truncatula 2 12
Phaseolus vulgaris 2 7
Linaceae Linum usitatissimum 1¢
Gossypium raimondii 1
Malvaceae
Theobroma cacao 1
Myrtaceae Eucalyptus grandis 1
Phrymaceae Mimulus guttatus 1
dicots Fragaria vesca 1
Rosaceae -
Malus domestica 2 11
Citrus reticulata 1
Rutaceae Citrus sinensis 1
Citrus trifoliata 1
Populus x canadensis 2 23
. Populus deltoides 2 23
Salicaceae - -
Populus trichocarpa x Populus deltoides | 2 22
Populus trichocarpa 2 20
Capsicum annuum 2 18
Nicotiana benthamiana 2 12
Nicotiana tabacum 4 14
Solanaceae Solanum habrochaites 2 15
Solanum lycopersicum 2 13
Solanum melongena 2 21
Solanum tuberosum 2 12
Vitaceae Vitis vinifera 2 17

2 in mature form (without a transite peptide)

® Two psbO sequences of S. moellendorffii can be found in EST databases. One of them (PlantGDB:
PUT-165a-Selaginella_moellendorffii-12671) has far different mutation rate and seems to be a slightly expressed
pseudogene, thus was omitted from analyses.

¢ Two isoforms of T. halophila that are most similar to isoforms of A. thaliana have only 10 different amino acid residues,
another, the most diverged isoform, is orthologous to a truncated pseudogene of A. thaliana.

4 L. usitatissimum expresses two psbO genes, but the corresponding mature proteins have the same amino acid sequence.
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Capsicum annuum 1
Solanum tuberosum 1
Solanum lycopersicum 1
Solanum habrochaites 1
Solanum melongena 1
Nicotiana tabacum 1
Nicotiana benthamiana 1
Nicotiana tabacum 4
Solanum melongena 2
09 Solanum tuberosum 2
Solanum lycopersicum 2
Solanum habrochaites 2
Capsicum annuum 2
Nicotiana benthamiana 2
Nicotiana tabacum 2
Nicotiana tabacum 3
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Medicago truncatula 1
Lotus japonicus 2
Glycine max 4

Glycine max 3
Phaseolus vulgaris 2

Fragaria vesca 1
Malus domestica 1
Malus domestica 2
r— Linum usitatissimum 1

L Linum usitatissimum 2
Thellungiella halophila 3
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100

Thellungiella halophila 2
Arabidopsis thaliana 2
100F Brassica oleracea 2
rassica rapa 2
Brassica napus 2
Brassica oleracea 1
Brassica napus 1

100

99
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100

33 Oryza sativa 1

100

98 Pinus sylvestris 1
98 Pinus taeda 1
100 Picea sitchensis 1
Picea abies 1

100

— Physcomitrella patens 2
94 Physcomitrella patens 3
I_Ii:Physmmitrella patens 1
Physcomitrella patens 4
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Brassica oleracea 3

Brassica rapa 1

Brassica napus 4

Brassica napus 3

Brassica rapa 3

100 Brassica rapa 4
Brassica napus 5

Thellungiella halophila 1

Arabidopsis thaliana 1

Mimulus guttatus 1
Eucalyptus grandis 1
Triticum aestivum 1
3 Hordeum vulgare 1
Zea mays 1
Zea mays 2

Curcuma longa 2

B 96 Curcuma longa 1
94 Zingiber officinale 1
100 Zingiber officinale 2
100 100 Sequoia sempervirens 1
97 Cryptomeria japonica 1
—|——‘_—|;Taxus baccata 1
Cycas rumphii 1

Selaginella moellendorffii 1

Additional file 4: A phylogenetic tree from coding sequences of psbO genes from 49 land plant species. The tree was
constructed by the maximum likelihood method, numbers at branches denote bootstrap percentages.



A: threshold 0.10 B: threshold 0.24

below threshold differences between families below threshold differences between families
(conserved) (conserved)
192 223
differences between isoforms differences between species differences between isoforms differences between species

Additional file 5: Venn diagrams of amino acid positions clustered according to the predominant class of variability.
Threshold values of each type of variability to include an amino acid position in the diagrams are indicated.
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Additional file 6: Numbers of glutamic and aspartic acid residues in PsbO protein sequences. Each point represents
one PsbO; isoforms from one species are connected with a line, filled circles represent PsbOs from species with only
one isoform. Points with the same coordinates are slightly shifted in order to make them visible. One representative
species with two isoforms is shown from each family. Plotted species: Arabidopsis thaliana (Ath), Artemisia annua
(Aan), Citrus sinensis (Csi), Eucalyptus grandis (Egr), Fragaria vesca (Fve), Gossypium raimondii (Gra), Hordeum
vulgare (Hvu), Linum usitatissimum (Lus), Lotus japonicus (Lja), Malus domestica (Mdo), Manihot esculenta (Mes),
Mimulus guttatus (Mgu), Oryza sativa (Osa), Populus trichocarpa (Ptr), Solanum tuberosum (Stu), Spinacia oleracea
(spinach, Sol), Theobroma cacao (Tca), Tritcum aestivum (Tae), Vitis vinifera (Vvi), Zea mays (Zma), Zingiber
officinale (Zof).



Additional file 7: Mapping differences between isoforms on PsbO structure in selected species. Differences between
isoforms of (A) A. thaliana, (B) Zea mays and (C) Physcomitrella patens are shown in green. The homologous model
of the Solanum tuberosum PsbO2 based on the X-ray structure of cyanobacterial PsbO [PDB:3ARC] [5] was construc-
ted using Swiss-Model program [38]; the first 13 N-terminal amino acids were not present in the template structure, so
they were pasted in the model without attempts to show any folding.
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Introduction

The PsbO protein is an essential extrinsic subunit of photosystem II, the
pigment—protein complex responsible for light-driven water splitting. Water
oxidation in photosystem Il supplies electrons to the photosynthetic electron
transfer chain and is accompanied by proton release and oxygen evolution.
While the electron transfer steps in this process are well defined and charac-
terized, the driving forces acting on the liberated protons, their dynamics and
their destiny are all largely unknown. It was suggested that PsbO undergoes
proton-induced conformational changes and forms hydrogen bond networks
that ensure prompt proton removal from the catalytic site of water oxidation,
i.e. the Mn,CaOs cluster. This work reports the purification and characteri-
zation of heterologously expressed PsbO from green algae Chlamydomonas
reinhardtii and two isoforms from the higher plant Solanum tuberosum (PsbO1
and PsbO2). A comparison to the spinach PsbO reveals striking similarities
in intrinsic protein fluorescence and CD spectra, reflecting the near-identical
secondary structure of the proteins from algae and higher plants. Titration
experiments using the hydrophobic fluorescence probe ANS revealed that
eukaryotic PsbO proteins exhibit acid—base hysteresis. This hysteresis is a
dynamic effect accompanied by changes in the accessibility of the protein’s
hydrophobic core and is not due to reversible oligomerization or unfolding
of the PsbO protein. These results confirm the hypothesis that pH-dependent
dynamic behavior at physiological pH ranges is a common feature of PsbhO
proteins and causes reversible opening and closing of their g-barrel domain
in response to the fluctuating acidity of the thylakoid lumen.

using X-ray crystallography, revealing key features
including the water-oxidizing site (i.e. the Mn,CaO;

Photosystem 11 (PSIl) uses captured solar energy to split
water into reducing equivalents and oxygen gas; it is
the main source of the oxygen in the Earth’s atmosphere.
The structure and function of the PSII pigment protein
complex have been studied extensively because of its
importance to all organisms that depend on oxidative
metabolism. The structure of PSIl has been determined

cluster) and several cofactors of the electron transfer
chain (Ferreira etal. 2004, Umena etal. 2011, Kern
etal. 2018). Although the general process of photo-
synthetic electron transfer at PSIl is well-characterized
(Nelson and Junge 2015, Junge 2019), the specific roles
of many of the involved proteins (most of which are
essential) remain unclear (Bricker etal. 2012). PsbO

Abbreviations — PSIl, photosystem II; rH, hydrodynamic radius; rG, gyration.
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is among the most prominent of these proteins. It has
been given several different names, including OEET,
or oxygen evolving enhancer protein 1 (Mayfield et al.
1987); MSP, or manganese-stabilizing protein — a name
that describes its role in PSIl (Kuwabara etal. 1987,
Burnap et al. 1996); and the 33 kDa protein, based on
its apparent molecular mass in SDS PAGE experiments
(although the real mass of the spinach PsbO is 27 kDa).
Today it is generally referred to as PsbO protein because
it is encoded by the nuclear psbO gene. Among the
extrinsic subunits of PSII, PsbO is the only one present
in all organisms capable of water splitting and oxy-
gen evolution. The other extrinsic proteins of PSII differ
between classes — in cyanobacteria they are PsbU, PsbV,
CyanoQ and CyanoP (Shen and Inoue 1993, Kashino
et al. 2002, Thornton et al. 2004), while in green algae
and higher plants they are PsbP and PsbQ (Su et al.
2017). In red algae and diatoms, PsbQ’ (a homolog of
CyanoQ) is bound to PSIl (Ohta et al. 2003). Diatoms
also have a specific extrinsic subunit, Psb31, which may
be a homolog of PsbQ (Nagao etal. 2013). For more
information about the extrinsic proteins of PSII, see the
works of Roose et al. (2007), Enami et al. (2008), Bricker
and Frankel (2011), Ifuku (2014), Ifuku etal. (2008,
2011), Bricker et al. (2012).

The current structural model of PsbO is based on X-ray
and cryo-electron microscopy data for the intact PSII
complex (De Las Rivas and Barber 2004, Umena et al.
2011, Younget al. 2016, Su et al. 2017). Several attempts
to crystallize PsbO in isolated form failed to yield crys-
tals amenable to X-ray analysis (Anati and Adir 2000,
Nowaczyk et al. 2004). However, the crystal structure
of the isolated barrel domain of a cyanobacterial PsbhO
protein, PsbO-p, has been successfully resolved (Bom-
mer et al. 2016). The PSII crystal structures reveal that
PsbO is positioned on the lumenal side of the thylakoid
membrane with its -barrel projecting out into the lumen
such that both the N- and C-termini are exposed while
the flexible top loops are integrated into PSII, interact-
ing with several transmembrane PSII subunits including
another PSIl monomer in the PSII dimer (De Las Rivas
and Barber 2004, Bricker et al. 2012).

The PsbO protein has two major domains (De Las
Rivas and Barber 2004). Domain | consist of highly struc-
tured antiparallel g-strands forming an elongated bar-
rel in which the first strand is hydrogen bonded to the
last one to form a typical g-barrel fold; for a review
on p-barrel proteins, see Schulz (2000). The g-barrel
is stabilized by intramolecular hydrophobic interactions
between the lipophilic amino acid residues inside the
barrel that constitute the protein’s hydrophobic core.
The single tryptophan residue of PsbO (W241 in the
spinach sequence) is located inside this hydrophobic
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core and is responsible for the protein’s fluorescence
properties (Shutova etal. 2001). Domain Il consists
mostly of flexible, unstructured loops together with some
turns and short a-helices. Unlike Domain I, Domain
Il has a relatively high content of hydrophilic amino
acids. Its loops are stabilized by interactions with the
other PSII proteins and are therefore quite flexible in
solution. An NMR study on heterologically expressed
cyanobacterial PsbhO confirmed that it consists of two
well-defined parts, rigid together with approximately
40% being flexible and corresponding to Domain Il
(Nowaczyk et al. 2004). The N-terminus of PsbO forms
a tail-like structure containing a small a-helix that is
attached to the g-barrel by a conserved disulfide bond
(De Las Rivas and Barber 2004, Nikitina et al. 2008).
This disulfide bond is involved in redox regulation of
chloroplast proteins (Buchanan etal. 2002) via pro-
cesses such as oxidative folding in the lumen (Kieselbach
2013) and thioredoxin-dependent degradation of PsbhO
(Roberts et al. 2012).

PsbO therefore has both rigid and fluid parts, giving
it both stability and high flexibility. This allows PsbO
to respond dynamically to changes in the abundance
of redox-active thioredoxin (Roberts etal. 2012), pH
(Shutova et al. 1997, 2005, 2007, Bommer et al. 2016),
GTP (Lundin etal. 2007) and the calcium ions (Here-
dia and De Las Rivas 2003, Shutova et al. 2005, Mur-
ray and Barber 2006). The structural dynamics of PsbO
have been analyzed and related to its functional role
in photosynthetic water oxidation based on experiments
using intra-molecular cross-linking (Enami et al. 1998)
and FTIR spectroscopy (Hutchison etal. 1999, Sachs
et al. 2003, Offenbacher et al. 2013). The substrate water
exchange in PSIl depends on the presence of the extrinsic
proteins and the removal of PsbO has slightly different
effect in prokaryotic and eukaryotic organisms (Hillier
etal. 2001). PsbO stabilizes the Mn,CaOs cluster, but
the mechanism by which it does this remains unclear.
The new evidences regarding the role of PsbO protein in
the maintaining the functional active manganese clus-
ter and long-distance hydrogen-bond network around
it were obtained using molecular dynamic simulations
(Guerra et al. 2018). PsbO also helps regulate PSII degra-
dation during the PSII repair cycle (Lundin et al. 2007)
and calcium and chloride binding in PSII (Loll et al.
2005, Popelkova etal. 2011, Roose etal. 2016). The
binding of divalent manganese ions to PsbO proteins
from higher plants and cyanobacteria in solution has
also been reported (Shutova et al. 2005, Bommer et al.
2016). It has been suggested that PsbO contributes to the
transport of protons from the water oxidation site to the
thylakoid lumen via a chain of carboxylic amino acids
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thereby forming the proton binding antenna (Shutova
etal. 1997, 2007).

Many plants, including Arabidopsis thaliana (A.
thaliana), express two psbO genes. Although their
duplication was independent in each plant family, the
differences between isoforms usually occur in similar
parts of the PsbO structure, mainly at the end of the
p-barrel projecting into the lumen and the #1-52 loop.
Consequently, if there are consistent functional differ-
ences between the isoforms in various plant families,
one would expect those differences to have arisen
via parallel evolution (Duchoslav and Fischer 2015).
A detailed functional analysis of A. thaliana mutants
lacking one PsbO isoform or the other (Allahverdieva
et al. 2009) revealed that the absence of PsbO2 had no
detectable phenotypic consequences, but plants lacking
PsbO1 exhibited impaired PSIl functionality and an
increased susceptibility to photodamage. The function
of PsbO2 is therefore unclear.

Only a few studies have examined PsbO proteins from
algae. However, FUD44, a A-psbO strain of Chlamy-
domonas reinhardltii, was characterized over 30 years
ago (Mayfield etal. 1987). C. reinhardtii can survive
as an organo-heterotroph or a photo-organoheterotroph
solely with functional photosystem I. It has a single
copy of the psbO gene that can be easily modified or
replaced. For example, Suzuki et al. (2005) reported the
cross-reconstitution of the extrinsic proteins and PSII
from C. reinhardtii and spinach; functional exchange
allowed the PSII complex from C. reinhardtii to produce
oxygen when bound to PsbO proteins from spinach and
vice-versa. Chemical cross-linking experiments have cor-
roborated these results (Nagao et al. 2010).

Here we report the efficient heterologous expres-
sion and structural characterization of two members of
the PsbO family: PsbO from the green alga C. rein-
hardtii and PsbO1/PsbO2 isoforms from the higher plant
Solanum tuberosum (potato). We address the pH depen-
dent dynamics in the wild-type and truncated versions
of PsbO protein produced and tested for correct folding
and for hysteresis in pH responses by ANS fluorescence
and acid titration and an NMR and CD spectrometry.

Materials and methods
Cloning

The amino acid sequences of the PsbO protein from
C. reinhardtii and S. tuberosum were used without the
transit peptide for location in the lumen of chloroplast
because this peptide is removed during translocation
in vivo (amino acid sequences of proteins used in this
study are presented in Fig. S1). The sequence of C. rein-
hardtii PsbO (same as Uniprot: A8JOE4) was converted
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to a new DNA sequence with Escherichia coli codon
usage and synthesized by Eurofins Genomics including
Ncol and Acc65l restriction sites for cloning. The psbO
gene was excised (Ncol/Acc651) and transferred into the
pET_zz_Ta expression vector.

For the truncated version of the PsbO protein, the
synthesis vector was amplified by inverse PCR. Primers
(5’-GCGCTGAAAGGCAGCGCGGTGTTTA-3/ and
5’-GCCCGGCACCAGAAAATCGCCTTTAATGT-3') were
chosen so that the truncation area would be left out
of the psbO gene. For all PCR reactions high fidelity
polymerase KAPA HiFi™ Hot Start ready mix (Kapa
Biosystems) was used. After PCR amplification, the
plasmid was recirculated by blunt end ligation. The trun-
cated gene was excised (Ncol/Acc65l1) and transferred
into the pET_zz_1a expression vector. The sequence was
confirmed using sequencing (Eurofins).

The S. tuberosum psbO1 and psbO2 genes were
isolated by PCR from cDNA from potato (Solanum
tuberosum L.) cv. Lada (breeder Selekta Pacov, Czech
Republic). Primer pairs used for isolation were 5-TTG
TCTACTCTCTCCATAGTCC-3" and 5'-CGAGCTTGATAA
TATACAGCAAG-3’ (psbO1) and 5’-ACCATCCAACTGTC
ACACTTGT-3’ and 5’-CCAAACACAGACAGATTCAACG-
3’ (psbO2). Sequences (checked by sequencing) were
the same as in Duchoslav and Fischer (2015). After
addition of Ncol and Kpnl restriction sites by successive
PCR with primers 5'-GCTTCCATGGAAGGAGTTCCAAA
ACGTTT-3’ and 5'-GCTTGGTACCTTATTCAAGTTGGG
CATACCAGA-3’ (psbOT) and 5'-GCTTCCATGGAAGG
AGTTCCAAAACGTCTA-3" and 5'-GCTTGGTACCTTATG
ATTCAAGCTGGGCATAC-3’ for the psbO2, psbO genes
were excised and transferred into the pET_DsbAin_1b
expression vector.

Protein expression and purification

E. coli BI21 (DE3) plysS was used as the expression
host. Several pET vectors designed for fusion of pro-
tein of interest with various carrier proteins, provided
by the Umea Protein Expertise Platform, Sweden, were
tested. The highest expression levels in the soluble frac-
tion were achieved with the pET_zz_1a (C. reinhardtii)
and pET_DsbAin_1b (S. tuberosum) vectors. These vec-
tors include sequences for His-tag, ZZ/DsbAin carrier
protein and TEV protease cleavage site located at the
N-terminal end of the PsbO protein. C. reinhardtii PsbO
expression was achieved using autoinduction media
(Grabski 2005, Studier 2005), S. tuberosum PsbO was
expressed at 22°C using LB media with 0.5 mM IPTG.
The cells were harvested by centrifugation for 30 min
at 5000g and the pellets were frozen and stored at
—20°C until use. For protein purification, the pellets
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were resuspended in 10 ml lysis buffer per gram of
wet cell weight (lysis buffer composition: 20 mM Tris,
10 mM imidazole, 150 mM NaCl, 0.2% Igepal CA-630,
1T mgml~" Lysozyme, 5 pgml™" DNAse I, 1 pM PEFA-
BLOC, pH 8).

Purification was achieved by NiNTA ligand affinity
chromatography using the following Tris-based buffers:
Wash 1: lysis buffer w/o lysozyme and DNAse; Wash 2:
wash 1 w/o Igepal; Wash 3: wash 2 with 1 M NaCl; elu-
tion: 20 mM Tris, 150 mM NaCl, 330 mM imidazole. The
resin (Macherey-Nagel, Diiren, Germany) was washed
with 20 vol. of deionized water and then equilibrated
with 20 vol. of Wash 1. A spin protocol for 50 ml Fal-
con tubes was used throughout the procedure except
during the elution step, which was performed with a col-
umn. The eluted protein was digested with TEV protease
1:50 w/w for 1-2 days, depending on the accessibility
of the recognition site (Tropea et al. 2009). The sample
was then desalted in a Millipore 10 kDa falcon centrifuge
filter unit until the imidazole concentration was below
10 mM (as in the Wash 2 buffer) in preparation for a sec-
ond NiNTA step.

The second purification was performed to remove
residual uncleaved protein and the TEV protease. Excess
NiNTA material was used to maximize the protein’s
purity. Because the protein of interest was contained
in the flowthrough rather than the eluate in this case,
the column’s dead volume was estimated, collected
separately, and later checked for protein content. The
flow through was also collected and reloaded onto the
column 3 times. An amount of Wash buffer 2 equal
to the estimated dead volume was added. Samples
of all fractions were loaded on an acrylamide gel for
SDS-PAGE (Laemmli 1970). All SDS-PAGE separations
were performed using Bio-Rad precast gels and hot
Coomassie stain. The separated proteins were aliquoted
and stored at —80°C. The sequence aliment of proteins
used in the study is shown in Fig. S1. Compared to native
mature protein, the proteins used here are 3—-4 amino
acid residues longer in the N-terminus (GAM/GAMA)
due to introduction of restriction site and TEV protease
digestion site.

Protein structure analysis

All analytical procedures were performed in 10 mM
KHPO, buffer (pH 7.2) containing 10 mM NaCl.
Buffer exchange was performed using Microcon 10
microcentrifuge filter units (Merck Millipore). Protein
concentrations were measured using a NanoDrop 1000
spectrometer (Thermo Scientific). Secondary structure
was monitored by circular dichroism spectroscopy. The
protein concentration was set to 20 pmolml~" and a
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spectrum was recorded in a quartz cuvette with a path
length of 0.5 mm (Starna scientific) with a JASCO J-810
spectrophotometer.

Fluorescence

The proteins’ intrinsic fluorescence spectra were mea-
sured at 25°C in quartz cuvettes with a path length
of 0.5 mm (Starna Cells 20-O/Q/0.5, Starna Scientific)
using a Cary Eclipse Fluorimeter (Varian/Agilent Tech-
nologies). The bandwidth of the excitation and emission
beams was 5 nm. Protein fluorescence was recorded
using excitation wavelengths of 280 or 295 nm to excite
tryptophan and tyrosine or tryptophan alone, respec-
tively. Emission was recorded between 300 and 400 nm.
All fluorimetry experiments were performed using
10 mM protein solutions in a pH 8.0 buffer con-
taining 10 mM KHPO, and 10 mM NacCl. For ANS
(8-anilino-1-naphthalenesulfonic acid) fluorescence,
the excitation wavelength was 395nm and emission
was recorded between 400 and 600 nm. Titration assays
were performed using four similar 2 ml glass fluores-
cence cuvettes (Starna 3/G/10, Starna Scientific) with
a 10 mm path length supplied with a 5 mm magnetic
stirrer. ANS titrations were performed with sample solu-
tions containing the protein under investigation (5 mM)
and ANS (20 mM) in 10 mM KHPO, with 10 mM NacCl
and an initial pH of 8.0. The pH was lowered in steps
of approximately 0.5 pH units by adding 0.1 M HCI
until the pH reached 3.80, at which point the pH was
increased stepwise to its original value by adding 0.1 M
NaOH. A fluorescence spectrum was recorded after
each addition of HCl or NaOH.

NMR

For the NMR spectroscopy the proteins were expressed
in M9 minimal medium including 1 g "N NH,CI for
15N enrichment, pH 7 to prevent precipitation, sterile
filtered with 0.2 pM filter. NMR spectra were recorded
in a Bruker™ 850 spectrometer using 178 mm long
high precision tubes with a diameter of 5 mm. The
hydrodynamic radius (rH) was determined by perform-
ing NMR-based diffusion experiments and using the
Stokes—Einstein relationship. In addition, predicted rH
values were obtained based on the calculated radius of
gyration (rG), which was determined from the crystal
structure of PSIl (Pdb:3ARC) using HYDROPRO (Ortega
etal. 2011). The relationship between rG and rH was
taken to be rG2 = (3/5) rH? (Burchard et al. 1980).

Structural protein modeling

Models of WT and AS145K187 PsbO proteins from
C. reinhardtii were generated based on the reported
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crystal structure of the PSIl from Thermosynechococcus
elongatus (3ARC.pdb) using MODBASE (Pieper et al.
2011).

Results

Secondary structure composition of PsbO protein
from different species

To characterize the PsbO protein from C. reinharditii, its
folding and behavior in comparison with higher plants
PsbO the heterologously expressed protein was puri-
fied and characterized. Moreover, we created a mutant
lacking 43 amino acids from the large top loop of
Domain Il (Ser145 to Lys187) to be able to distinguish
between effects in different areas of PsbO, the g-barrel
and the flexible loops. Structural models of the WT and
AS145K187 proteins are presented in Fig. 1. In addition,
the circular dichroism spectrum of the heterologously
expressed PsbO protein from C. reinhardltii was recorded
and used to elucidate the protein’s secondary structure
in solution. Fig. 2 compares the far-UV regions of the
CD spectra of the WT PsbO protein and the truncated
version. Removing the large hydrophilic loop did not
greatly alter the CD spectrum, indicating that the WT
and mutant proteins have very similar secondary struc-
tures. We therefore conclude that the mutant folds cor-
rectly. The CD spectra of the two PsbO isoforms from S.
tuberosum both closely resembled that of the algal pro-
tein (Fig. S2). The CD spectra of the WT PsbO protein
at pH 7.5 and 3.8 appeared almost identical, as previ-
ously reported for the spinach PsbO protein (Shutova
etal. 1997). The PsbO protein from the green alga thus
folded similarly to that from a higher plant (Fig. 2).
Calculations performed using the program CDPRO
(Sreerama and Woody 2004) based on the CD spec-
trum of the WT PsbO protein from C. reinhardtii revealed
that a-helices comprised 8% of its secondary structural
elements, B-strands comprised 32%, turns comprised
15% and the remaining 43% consisted of random coils.
Table T compares the relative abundances of a-helices
and p-strands calculated from the CD spectra of PsbO
in solution to the corresponding values observed in the
structure of the protein attached to the thylakoid mem-
brane and the crystal structure of PSIl. The data summa-
rized in this Table 1 include results for cyanobacterial
and algal PsbO proteins as well as those from higher
plants. The results obtained in this work and the litera-
ture data indicate that the secondary structure compo-
sition of PsbO in solution is virtually identical to that
seen in the PSIl supercomplex; the means and stan-
dard deviations for the relative abundances of a-helices
and p-strands over the entire dataset shown in Table 1
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Fig. 1. Structural model of WT (A) and AS145K187 (B) truncated
version of the PsbO protein from Chlamydomonas reinhardtii. The
crystal structure of PsbO protein from Thermosynechococcus elongatus
3ARCpdb was used as a template in homology-based calculations
MODBASE (Piper et al. 2011).

CD signal (mdeg)

\\\A,W“//

218 238
Wavelength (nm)
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Fig. 2. Far-UV circular dichroism spectra of the WT PsbO protein
from Chlamydomonas reinhardtii at pH 7.5, red line and AS145K187
truncated version, blue line. Protein concentration was 30pM in a
medium containing 10 mM phosphate buffer and 20 mM NaCl.

are 7+2 and 40+ 5%, respectively. These values are
consistent with those computed for spinach PsbO based
on its CD spectrum (Xu etal. 1994) and are typical
of B-type proteins in general (Schulz 2000). Moreover,
the secondary structure of the cyanobacterial PsbO pro-
tein closely resembles that of the PsbO proteins from
higher plants: its contents of a-helices and g-strands are
5.5+2 and 44 = 2%, respectively, compared to 6.7 £2
and 38+4% for the higher plants. The proportions of
a-helical structure in the algal (8 +2%) and higher plant
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Table 1. The secondary structure content (%) in the native PsbO protein from different species.

PDB Organism a-helix p-strand Location Comment
Cyanobacteria
5GTH Thermosynechococcus vulcanus 5 47 PSIl bound Dark state
3Wu2 Thermosynechococcus vulcanus 5 45 PSIl bound 3ARC
SKAF Thermosynechococcus elongatus 4 41 PSII bound Dark state
5G39 Thermosynechococcus elongatus - 45 In solution 100K
PsbO Thermosynechococcus elongatus 8 43 In solution Loll et al. 2005
Average 55+ 15 442 + 2
Algae
4YUuu Cyanidium caldarium 8.5 42 PSII bound 01
PsbO C. reinhardtii 8 32 In solution (@)
Average 83+03 37+ 5.1
Plants
5XNM Pisum sativum 5 41 PSIl bound Unstacked
5XNL Pisum sativum 9 44 PSIl bound Stacked
PsbO Spinacia oleracea 9 38 In solution Xu et al. 1994
PsbO Spinacia oleracea 8 33 In solution Shutova et al. 1997
PsbO2 S. tuberosum 6 36 In solution (@)
PsbO1 S. tuberosum 3 37 In solution (@b}
Average 6.7+2 382+35

(7 £2%) PsbO proteins appeared to be slightly higher
than that in the cyanobacterial protein (5.5 +2%); this
probably reflects the presence of a small a-helical exten-
sion on the N-terminal domain of the higher plant pro-
teins (De las Rivas and Barber 2004). In conclusion, our
results suggest that PsbO proteins from cyanobacteria,
algae and higher plants have similar secondary struc-
tures, both when bound to PSII and in solution (i.e. both
in vitro and in situ).

Fluorescence of PsbO protein from C. reinhardtii
and S. tuberosum

Fluorescence spectroscopy is a sensitive tool for studying
conformational changes in proteins. The intrinsic fluo-
rescence of proteins containing tryptophan and/or tyro-
sine residues can provide important information about
conformation changes because the fluorescence of these
residues is highly sensitive to their microenvironment
(for a review, see Callis and Liu 2004). In addition,
proteins may bind to various extrinsic fluorescent dyes
via hydrophobic or electrostatic interactions, providing
additional ways to use fluorescence spectroscopy for
protein characterization. Fig. 3A shows the room tem-
perature fluorescence spectra of the green algal PsbO
protein in a pH 7.5 buffer solution. The spectra were
acquired using excitation at wavelengths of 275nm
(solid line) and 295 nm (dashed line). The spectrum
obtained by 275nm excitation has a strong emission
peak centered at around 310nm. Conversely, excita-
tion at 295 nm (which excites only tryptophan residues)
produced a broad and weak emission peak, with a
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maximum at approximately 323 nm. The PsbO protein
from C. reinhardtii has only one tryptophan residue,
W235, which corresponds to residue W241 in the
spinach protein based on sequence aliment. The spec-
trum shown using the dashed line in Panel A of Fig. 3 can
be ascribed to emission originating from residue W235.
This spectrum exhibits a pronounced blue shift of more
than 20 nm relative to free tryptophan in solution, which
is indicative of a tryptophan residue in a hydrophobic
environment. This is consistent with the known location
of the W235 residue inside the hydrophobic g-barrel of
the PsbO protein, and thus indicates that the p-barrel
remained intact when the protein was expressed heterol-
ogously and stored in solution.

The spectrum obtained by excitation at 275 nm was
analyzed by curve fitting based on a log-normal function
(Fig. 3B). The de-convolution suggested the presence of
two major components in the fluorescence spectrum
obtained by 275 nm excitation: a 310 nm band due to
tyrosine residues and a 325 nm band due to the W235
residue, which appears to be buried in the p-barrel
in a similar fashion to the corresponding residue in
PsbO proteins from higher plants (Shutova et al. 2001).
The overall fluorescence spectrum of PsbO in solution
thus contains contributions originating from two differ-
ent emitters: a peak at around 310 nm due to tyrosine,
and a long-wavelength band due to the lone tryptophan
residue in the PsbO sequence (W235 in C. reinhardtii).
The tryptophan fluorescence has low quantum yield
because the emission is strongly quenched, probably
by the neighboring fully conserved disulfide and/or the
nearby tyrosine residue, which is present in all eukaryotic
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Fig. 3. Room temperature fluorescence spectra of the PsbO protein
from Chlamydomonas reinhardtii in buffer solution at pH 7.5. (A) The
excitation wavelength was 275nm, solid line and 295nm, dashed
line. (B) Deconvolution of the spectra excited at 275nm. (C) Room
temperature emission spectra recorded with 295 nm excitation light of
WT C. reinhardtii PsbO, solid line; its truncated version AS145K187,
dashed line; PsbO1 from Solanum tuberosum, dash/dotted line and
PsbO2, short dashed line.
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PsbO proteins (Shutova et al. 2001). To compare the fold-
ing of PsbO proteins from different species, the PsbO
proteins from C. reinhardltii and S. tuberosum were iso-
lated using the described purification protocol and their
tryptophan fluorescence emission spectra were studied
under the described measurement conditions. As shown
in Fig. 3C, all spectra acquired with excitation at 295 nm
are very similar, with a peak centered around 320 nm.

The titration of PsbO protein from C. reinhardtii
and its truncated version in the presence
of hydrophobic fluorescent probe ANS

The fluorescence of the hydrophobic probe ANS is a
useful tool for the monitoring conformational changes
in proteins (Semisotnov et al. 1991) because it depends
on the water-soluble fluorophore’s access to hydropho-
bic patches within the protein molecule (Hawe et al.
2008). The intensity of ANS emission in the presence of
the WT and mutant PsbO proteins from C. reinhardtii
is shown in Fig. 4 as a function of pH. Interestingly,
the intensity of ANS fluorescence increased dramatically
as the protein solution was made more acidic. Sub-
sequent titration towards neutrality by the addition of
KOH caused a progressive decrease in the ANS emission.
The results plotted in Fig. 4A,B show that titration from
pH 7.5 to pH 3.8 was accompanied by a pronounced
reversible increase in ANS emission both for the WT
and the AS145K187 mutant PsbO proteins. This indi-
cates that the protein’s hydrophobic core responds to
pH changes by becoming more accessible under acidic
conditions and less accessible closer to neutral pH, as
was also observed for PsbO proteins from higher plants
(Shutova et al. 1997).

As shown by Figs 1 and 4, the deletion of the
large extrinsic loop does not affect the folding of
PsbO of its dynamics in response to changes in pH.
Indeed, conformational changes related to the protona-
tion/deprotonation of amino acid residues with varying
pH appear to occur exclusively in the g-barrel of PsbO.
The pH-dependence of ANS fluorescence is monotonic,
reflecting the protein’s transition from an open to a closed
state as the pH rises. The titration curve shows that the
most pronounced change occurs between pH 5.5 and
4. Moreover, the acid and base titration curves do not
coincide but exhibit a reproducible discrepancy and
form a loop. This behavior is known as hysteresis and
appears to be characteristic of PsbO because it has also
been observed in PsbO proteins from higher plants pro-
tein but is not seen during titration of other extrinsic PSl
proteins (Shutova et al. 1997). Because the lumenal pH
decreases upon illumination (Kramer et al. 2003), the
response of PsbO to changes in pH suggests that it may
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Fig. 4. pH titration of the

PsbO protein monitored by the
hydrophobic fluorescent probe
ANS.  Titration curves were
measured by adding either HCI
to the protein kept at pH 7.5
(triangles), or NaOH to protein
kept at pH 3.8 (open circles).
Each point represents the area
under emission spectra of the
ANS added to the PsbO protein
in three independent experiments
for each pH values. (A) WT PsbO
and (B) AS145K187 truncated
version of the PsbO protein from
Chlamydomonas reinhardtii.

A B
300 300
> >
< <
8 200 - 8 200 -
C C
[ Q
O O
(2] (0]
g 2
S 100 S 100}
L (1
0 1 L L 1 0 |
4 5 6 7 4

contribute to the regulation of photosynthetic electron
flow from the water oxidation site. The characteristic
hysteresis of PsbO under acid—base titration is thus
associated with a reversible increase in the accessibility
of the hydrophobic core of the g-barrel at low pH.

NMR spectroscopy of PsbO protein from C.
reinhardtii and its truncated version AS145K187

The proton-induced conformational changes of the green
algal PsbO protein were further analyzed by diffusion
NMR spectroscopy. The hydrodynamic radius calculated
for C. reinhardtii PsbO based on its NMR spectra yielded
a correct estimate of the protein’s molecular mass (Fig. 5).
The hydrodynamic radius of the truncated PsbO protein,
AS145K187, is significantly smaller, in keeping with its
lower molecular mass. As shown in Fig. 5, the PsbO pro-
tein is stable over a broad pH range (pH: 3-8), clearly
demonstrating that it does not undergo pH-induced
unfolding or reversible dimerization/multimerization in
this pH range. PsbO diffused more slowly at pH above
8.5, suggesting that it does partially unfold at higher pH
values (see also fluorescence study of the spinach PsbO,
Shutova et al. 2001).

Discussion

The light-induced acidification of the thylakoid lumen
by protons liberated during water oxidation in the
Mn,CaOjs cluster generates the ApH across the thylakoid
membrane that drives ATP synthesis. The acidification
of the lumen upon illumination is also an important
regulatory factor in many processes in chloroplast (Jarvi
etal. 2013). The catalytic site of water oxidation, the
Mn,CaOs cluster, is bound to the PSII intrinsic sub-
units approximately 30A apart from the bulk phase
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Fig. 5. Radius of hydration (rH) of PsbO, wild-type (filled circles) and
AS145K187 (open circles), as a function of the pH. The rH was deter-
mined from NMR based diffusion experiments and the Stokes—Einstein
relationship. The dotted line represents the calculated rH for the
homolog PsbO from Thermosynechococcus elongatus (Pdb 3ARC). The
calculated rH was determined from the radius of gyration (rG) calculated
using HYDROPRO (Ortega et al. 2011). The relationship between rG and
rH is estimated to: rG2 =(3/5) rH? (Burchard et al.1980).

of the lumen. The surrounding protein matrix of the
Mn,CaOs cluster in PSIl is enriched in negatively
charged amino acid residues capable of proton binding
at this physiologically acidic pH range (del Val and
Bondar 2017).

In solution, protonation of PsbO protein increased
the fluorescence intensity of a hydrophobic fluores-
cent probe (ANS) bound to the PsbO and showed that
the protein’s tertiary structure changes at pH values
below 5.7. At neutral pH, the hydrophobic core of the
p-barrel is closed, and lipophilic amino acid residues
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are inaccessible to the water-soluble fluorescent probe.
When the protein is placed in an acidic solution, the
hydrophobic patches of the protein become exposed to
the surrounding medium, enabling them to bind ANS.
Remarkably, the sigmoidal curves for acid and base titra-
tion had common saturation points but were otherwise
non-coincident, forming a hysteresis loop. Hysteresis
in protein chemistry is indicative of cooperativity and
non-equilibrium states. The protonation/deprotonation
hysteresis did not disappear or become less pronounced
after multiple cycles of titration and was sufficiently
persistent to be considered a permanent aspect of the
light/pH-induced conformational behavior of PsbO in
PS 1. Hysteresis was also observed during the titration
of the spinach PsbO protein in the presence and in the
absence of ANS (Shutova etal. 1997), allowing us to
omit the possibility that it is due to reversible binding of
ANS to the protein.

The protonation points of the titration curves differ,
so they cannot be directly compared to the known pKa
values of amino acid residues. However, the two sides
of a given hysteresis loop limit the range of the corre-
sponding pK value. The pK values of the amino acid
residues involved in the acid-induced conformational
changes of PsbO appear to be shifted relative to their pre-
viously values depending on titration direction (Shutova
etal. 1997). The amino acid with an ionizable side
chain found in PsbO is tyrosine. As shown previously
(Shutova et al. 2001), the titration of the Tyr fluorescence
is described by a titration curve with a pK of 11.7 that
was attributed to deprotonation of tyrosine residues in
PsbO. Because the PsbO protein from C. reinhardtii lacks
histidine side chains, the hysteresis described here pre-
sumably originates from the reversible protonation of
carboxylic amino acid residues, i.e. aspartic acid and
glutamic acid side chains. The large hydrophilic loop of
Domain Il is enriched in aspartic and glutamic residues,
but its removal in the truncated PsbhO, AS145K187,
does not alter the protein’s acid—base titration hysteresis
(Fig. 4). We therefore conclude that the pH-induced con-
formational changes of PsbO occur within the properly
folded g barrel of Domain | (Figs 4 and 5). The results
from crystallography in combination with MD simula-
tions of cyanobacterial PsbO (Bommer et al. 2016) show
reversible opening of the hydrogen bond between two
carboxyl residues, E97 and D102. They form strong
hydrogen bonds resulting in local structural change with
apparent pK in the functional relevant pH range. The
carboxyl side chains involved in hysteresis of the PsbO
protein also exhibit high pK (Shutova et al. 1997, 2005
and this study).

The conformational changes of PsbO could sub-
stantially affect the dynamic processes it performs
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in vivo, which include removing protons from the
site of water oxidation (Shutova etal. 1997, 2005,
2007) and substrate water supply (Shutova et al. 1997,
Hillier et al. 2001). Although the distance between the
Mn,CaO; cluster and the PsbO protein is at least 17 A,
the phenomena described herein may help explain
the function of PsbO. Moreover, PsbO proteins from
evolutionary distant organisms including cyanobacte-
ria, algae and higher plants are very similar in terms
of basic structure and functionality and pH-induced
conformational changes. Consequently, the conclusions
presented herein are generally valid for almost any
PsbO protein. Including our findings, our hypothe-
sis is that PsbO is not directly regulated by light, but
via light-induced pH-changes in the lumen. Protons
released during water oxidation protonate the carboxy!
side-chains of PsbO. This leads to reversible confor-
mational changes that open the hydrophobic core of
Domain | to partially expose its hydrophobic patches.
In its protonated, open conformation a hydrogen-bond
network (proton binding antenna) is formed, enhancing
the speed of proton transport to the lumen. Essentially,
we are suggesting a Grotthuss mechanism for proton
transport, involving the PsbO carboxylic groups at
low pH. When the pH increases, for example in dark-
ness, the PsbO protein closes and the proton-binding
antenna are retracted; the hydrogen bond network
dissolves.

To conclude, the biochemical observations pre-
sented in this work reveal that PsbO proteins exhibit
pH-dependent dynamics and hysteresis over the range
of pH values encountered in the thylakoid lumen. This
dynamic behavior results in the reversible opening and
closing of the protein’s g-barrel (Domain 1) in response
to changes in the acidity of the thylakoid lumen.
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Fig. S1. Sequence alignment for the proteins used in the
study.

Fig. S2. Far-UV circular dichroism spectra of Solanum
tuberosum PsbO1 and PsbO2.
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Figure S2. Far-UV circular dichroism spectra of potato PsbO1 and PsbO2. Protein (concentration
30 pM) was dissolved in 10 mM KH,PO4/K>HPO, buffer (pH 7.2) containing 10 mM NaCl. Multiple
spectra were accumulated (35 for PsbOl1, 30 for PsbO2).



