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“only those with their feet on rock can build castles in the air”
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ABSTRACT

Plants are photosynthetic organisms that use light to reduce carbon dioxide, nitrate
and sulfate to synthesise the organic molecules that are the building blocks of all life.
The reductants are produced in the photosynthetic linear electron transfer chain in
which two photosystems, PSII and PSI, operate in series. Excitation of PSII extracts
electrons from water and the electrons are transferred to PSI for a second excitation,
after which the electrons are potent reductants for anabolic reactions. Both
photosystems require light to function, but they can also be damaged by light. This
phenomenon is called photoinhibition. Plants have several overlapping mechanisms
to prevent photoinhibition, but too large or rapid changes in environmental
conditions can overwhelm the capacity of these protective mechanisms.

The first two papers included in the thesis, investigated the effects of
photoinhibition of either PSI or PSII on the regulation of photosynthesis in
Arabidopsis (Arabidopsis thaliana), a common model organism. The observed
changes occurred in the phosphorylation of light-harvesting antenna proteins, which
regulate the allocation of light to PSI and PSII. The detected changes, previously
associated with acclimation to fluctuations in light intensity and quality, are able to
restore the functional balance between the photosystems after photoinhibition. PSI
photoinhibition also induces the accumulation of ATP synthase and cytochrome bgf
complex in the thylakoid membrane. Chronic PSI photoinhibition also alters the
redox regulation of enzymes involved in light reactions and carbon metabolism.
These mechanisms have previously been linked to acclimation to changes in
environmental conditions. My results show that the same mechanisms are also
important in minimising the adverse effects of photoinhibition.

The third paper included in the thesis, examined how a 10°C drop in temperature
alters high light acclimation in lettuce (Lactuca sativa). Under these conditions, lettuce
is extremely efficient at quenching excitation energy to heat and protecting the PSII
photoinhibition repair cycle from photodamage. This is proposed to occur through the
concerted function of phosphorylation of the minor antenna protein, LHCB4, and
accumulation of the light-harvesting-like protein, SEP2. Further analysis also revealed
that PSII repair is regulated at the maturation stage of the reaction centre protein D1
under these conditions. The distinct regulatory mechanisms identified in lettuce show
that plants have diverse mechanisms to protect photosynthesis, depending on the plant
species and the environmental stresses to which they are exposed. The molecular
characterisation of these different mechanisms paves the way for improving the stress
tolerance and productivity of crop species.

KEYWORDS: light-harvesting, photoinhibition, photosynthesis, protein
phosphorylation
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TIVISTELMA

Kasvit muodostavat eldmaille vilttdmattomid orgaanisia molekyyleja pelkistimalla
hiilidioksidia, nitraattia ja sulfaattia. Té@hin tarvittavat pelkistimet tuotetaan
fotosynteesin lineaarisessa elektroninsiirtoketjussa, jossa kaksi fotosysteemid, PSII
ja PSI, toimivat sarjassa. PSI:n viritys irrottaa elektronit vedestd, jotka siirretdin
edelleen PSl:een uudelleen viritettdviksi, jonka jdlkeen ne kykenevit toimimaan
tehokkaina pelkistimind metaboliareaktioissa. Molemmat fotosysteemit tarvitsevat
valoa toimiakseen, mutta ne my0s vaurioituvat herkésti valon vaikutuksesta. Tatd
ilmiotd kutsutaan fotoinhibitioksi. Kasveilla on useita paillekkiisia mekanismeja,
joilla ne pyrkivét estiméén fotoinhibitiota, mutta ymparistdolosuhteiden liian suuret
ja nopeat muutokset voivat ylittdd ndiden suojamekanismien kapasiteetin. Tadma
aiheuttaa toiminnallisten fotosysteemien méirén vihenemisen viherhiukkasissa.

Viitoskirjan kahdessa ensimmadisessd osajulkaisussa tutkittiin, miten PSI:n tai
PSIL:n fotoinhibitio vaikuttaa fotosynteesin séddtelyyn lituruohossa (Arabidopsis
thaliana), kasvibiologian malliorganismissa. Suurin muutos séételyssd tapahtuu
fotosysteemeille valoa kerdiivien antenniproteiinien fosforylaatiossa, miké saitelee
valon jakaantumista PSI:1le ja PSII:lle. Havaitut muutokset, jotka on aiemmin liitetty
sopeutumiseen valon maérdn ja laadun vaihtelussa, pystyvit myos palauttamaan
fotosysteemien vilisen tasapainon fotoinhibition jélkeen. Liséksi PSI:n fotoinhibitio
muuttaa ATP-syntaasin ja sytokromi bsf -kompleksin mééria tylakoidi-membraanissa.
PSI:n krooninen fotoinhibitio aiheuttaa my6s muutoksia viher-hiukkasten valoreak-
tioihin ja hiilimetaboliaan liittyvien entsyymien pelkistystilassa seké tédhén perustu-
vassa sddtelyssd. Aikaisemmin edelld mainittuja mekanismeja on tutkittu sopeutumi-
sessa ympdaristdolosuhteiden muutoksiin. Tulokseni kuitenkin osoittavat, ettd samoilla
mekanismeilla on tirked merkitys fotoinhibition haittavaikutusten lieventdmisessa.

Viitoskirjan kolmannessa osajulkaisussa selvitettiin, miten 10 °C:n lasku lampo-
tilassa vaikuttaa salaatin (Lactuca sativa) sopeutumiseen kirkkaaseen valoon.
Salaatti pystyy tehokkaasti muuntamaan liiallisen viritysenergian lammoksi sekd
suojaamaan PSII:n fotoinhibition korjauskiertoa yliméaraisiltd valovaurioilta ndissi
olosuhteissa. Tdmé néyttdisi johtuvan pienen antenniproteiinin, LHCB4:n, spesifi-
sesté fosforylaatiosta seké stressin indusoiman proteiinin, SEP2:n, mi4rén noususta.
Tarkempi analyysi my0s paljasti reaktiokeskusproteiini DI1:n C-terminaalisen
prosessoinnin sditelevin PSIl:n korjauskierron tehokkuutta alemmassa lampoti-
lassa. Salaatissa havaitut erityiset sddtelymekanismit osoittavat, ettd kasvien valilla
on suurta vaihtelua fotosynteesin suojamismekanismeissa. Nima mekanismit riippu-
vat sekd kasvilajista ettd ympéristostressistid. Kasvilajien vilisten erojen tunteminen
on keskeistd, jotta esimerkiksi viljelykasvien stressinsietokykya voitaisiin paranta-
maa muokkaamalla niihin parhaiksi havaitut sditelymekanismit.

ASIASANAT: fotoinhibitio, fotosynteesi, proteiinien fosforylaatio, valonkeriys
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1 Introduction

As light-dependent autotrophic organisms, vascular plants are the main primary
producers in terrestrial ecosystems by synthesising organic molecules: carbohydrates,
amino acids, lipids, and nucleotides from common inorganic substances: carbon
dioxide (CO,), nitrate (NOs*) and sulfate (SO4*). The photosynthetic light reactions
that drive these anabolic reactions take place in the green parts of plants, mainly in the
specialised organs: the leaves. Leaves have evolved to maximise the surface area for
light interception and carbon dioxide exchange from the air through stomata to provide
the substrates for light reactions and carbon fixation, while minimising water loss.
Autotrophic leaves are supported by heterotrophic organs, roots and stems, which take
up water and inorganic nutrients from the soil and transport them to the leaves.
Reproductive parts are a third type of heterotrophic organ, forming seeds for plant
propagation. All these heterotrophic tissues depend on the organic compounds
produced in the leaves. Plants must optimise the allocation of resources between these
different organs as well as the protective secondary metabolites according to the
abiotic and biotic environmental conditions to maximise the survival, growth and
reproduction of the plant.

Cultivation techniques, providing optimal growth conditions, and plant breeding
have dramatically changed the allocation of resource to seed production in major
crop species, which has led to a dramatic increase in agricultural production during
the Green Revolution. To my knowledge, these advances have not altered the basic
functions of photosynthetic light reactions that are ultimately responsible for plant
productivity, which would make them a logical next step for improving plant
productivity. However, although we have a relatively good understanding of the
function of light reactions, we still have a limited understanding of the regulation of
light reactions under adverse environmental conditions, and of the diversity of such
regulation in different plant species. This could hamper the rational improvement of
plant productivity through the genetic engineering of light reactions, as there may be
unexpected negative consequences of the modifications, especially under field
conditions where multiple stresses co-occur. More research is therefore needed on
the effects of multiple stresses in different plant species to identify the most robust,
flexible and efficient mechanisms for improving environmental acclimation.
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Introduction

1.1 Endosymbiont theory — origins of energy
metabolism

Plant energy metabolism is carried out by two specific organelles: the heterotrophic
mitochondria, which generate adenosine triphosphate (ATP) by oxidation of organic
molecules in the tricarboxylic acid (TCA) cycle followed by oxidative
phosphorylation, and the autotrophic chloroplasts, which generate ATP and reducing
power by light-dependent oxidation of water which 1is coupled to
photophosphorylation. The endosymbiont theory states that the bioenergetic
organelles of eukaryotes, mitochondria and chloroplasts, are descended from free-
living alphaproteobacteria and cyanobacteria. The first eukaryote was formed when
an Asgard archaeon engulfed heterotrophic alphaproteobacteria, which evaded
digestion and over time became an endosymbiont, mitochondria. The second
endosymbiont was formed when a eukaryote cell engulfed autotrophic
cyanobacteria, leading to the evolution of chloroplasts.

During evolution, both endosymbionts have lost genes to the nucleus to the point
where most organellar proteins are nuclear encoded. Still, both endosymbionts have
small circular genomes that encode proteins and RNA for replication and for
transcription and translation of endosymbiont-encoded proteins, in particular the
components of the electron transfer reactions. It has been proposed that the retention
of these genes is due to the hydrophobicity of the proteins involved in the electron
transfer reactions, but also to the need for tight regulation of the translation and
assembly of proteins in the electron transfer reactions to avoid the formation of
harmful reactive oxygen species (ROS) (1.6.1) (Allen, 2015; Giannakis et al., 2022).

1.2 Chloroplasts — photoautotrophic organelles of
plants

The function of chloroplasts has diversified after the endosymbiosis and chloroplasts
can differentiate into, or develop from, several classes of plastids that are not
photosynthetically active (Sierra et al., 2023). Plastids, particularly the chloroplasts,
are the main anabolic organelles in plant cells, synthesising carbohydrates, amino
acids, nucleotides, lipids and protein cofactors in their soluble compartment, the
stroma. However, many of the enzymes in these biosynthetic pathways are not of
cyanobacterial origin (Reyes-Prieto and Moustafa, 2012), highlighting that
plastid/chloroplast metabolism has changed after endosymbiosis.

All plastids have a porous outer membrane and a continuous inner membrane
enclosing the soluble stroma, but the chloroplasts have an additional inner thylakoid
membrane system. The thylakoid membrane houses the protein complexes for
photosynthetic light reactions and forms the confined inner space, the lumen.
Thylakoid membranes in vascular plants have two distinct domains: the appressed
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grana stacks, which contain most of the photosystem II (PSII) and light-harvesting
complexes (LHCII), and the non-appressed stroma-exposed thylakoids, which
connect the grana stacks and contain photosystem I (PSI) and ATP synthase, while
cytochrome bef complex (Cyt bef) is found in both structural domains (Rantala et al.,
2020). Grana and stroma thylakoids are connected by grana margin slits that allow
lumenal and thylakoid soluble electron carriers to diffuse between the domains,
while the edges of grana and stroma thylakoids apparently form the curvature
domain, which seems to have mainly a structural function, but the structural changes
in curvature may also have regulatory aspects.

The thylakoid-embedded protein complexes: PSII, Cyt bsf and PSI form linear
electron transfer chain (LET) that oxidises water to molecular oxygen (O:) and
transfer the electrons to the stromal electron acceptor ferredoxin (Fd) (Figure 1). PSII
and Cyt bef are connected by lipophilic two-electron carrier plastoquinone (PQ),
while Cyt bsf and PSI are connected by lumenal one-electron carrier plastocyanin
(PC). Electron transfer at PSII and Cyt bsf is coupled to proton translocation into the
lumen, forming a proton gradient which is used by ATP synthase to drive the
endothermic coupling of adenosine diphosphate (ADP) and phosphate (POs*) to
ATP. Most of the reduced Fd is used to reduce nicotinamide adenine dinucleotide
phosphate (NADP") to dihydro-nicotinamide adenine dinucleotide phosphate
(NADPH) by ferredoxin NADPH reductase (FNR).

ATP ADP +P.

NADP NADPH

Figure 1. Simplified figure of linear electron transfer and ATP and NADPH synthesis in the
thylakoid membrane and stroma. Chapter 1.31 describes the LET and generation of
ATP and NADPH in more detail. The figure is a modified version of a figure made by
Sanna Gunell.
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1.3 Biochemistry of photosynthesis in a nutshell:
basics reactions, components and metabolic
interactions

In the following, I will give a brief introduction to the photosynthetic carbon
assimilation reactions, interactions and metabolic shuttles (chapters 1.3.1 - 1.3.4),
which use the energy fixed in photosynthetic light reactions to produce the carbon-
based metabolites essential for our life. I will then introduce the thylakoid-bound
photosynthetic pigments and protein complexes (chapters 1.3.5 - 1.3.11), which can
convert solar energy via the LET into chemical energy, ATP and NADPH, the basic
requirement for sustaining life on Earth. Finally, I will introduce the external light
harvesting system that collects light for the photosystems (Chapters 1.3.12-14).

1.3.1 Carbon assimilation and photorespiration

Most of the NADPH produced in LET, is used in the chloroplast stroma in the
reductive pentose phosphate pathway, called the Calvin-Benson-Bassham (CBB)
cycle, to reduce CO: to carbohydrates (Figure 2). The CBB cycle starts with the
ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) catalysed carboxylation
of five-carbon ribulose 1,5-bisphosphate (RuBP) with CO; and its conversion to two
three-carbon 3-phosphoglycerates (3-PGA). 3-phosphoglycerate kinase (PGK)
phosphorylates 3-PGA to 1,3-bisphosphoglyrecate (1,3-BPGA) which is then
reduced to glyceraldehyde 3-phosphate (GA3P) by NADP-glyceraldehyde-3-
phosphate dehydrogenase (GADPH). One-sixth of the formed GA3P can be taken
out from the CBB cycle, while the rest is required for the regeneration of RuBP
through six-carbon fructose 1,6-bisphosphate, four-carbon erythrose 4-phosphate
and seven-carbon sedoheptulose 1,7-bisphosphate to ribulose 5-phosphate by several
enzymes, of which fructose 1,6-bisphosphatase (FBPase) and sedoheptulose
1,7-bisphosphatases (SBPase) catalyse unidirectional reactions that drive the
regeneration phase forward. Finally, ribulose S5-phosphate is phosphorylated to
RuBP by phosphoribulokinase (PRK) to complete the cycle. After three cycles of
CO; fixation, GA3P can be redirected from the cycle for downstream metabolism of
which the sucrose synthesis in the cytoplasm and starch synthesis in the chloroplast
are the main sinks. Sucrose is transported to heterotrophic tissues or growing leaves
while starch is stored in the chloroplast.

In addition to the carboxylation reaction, Rubisco also catalyses the oxygenation
of RuBP as a major side reaction, which is enhanced at low intracellular CO,
concentrations (Bathellier et al., 2020). This oxygenation leads to the formation of
3-PGA and two-carbon 2-phosphoglycolate (2-PG), which is an inhibitor of triose
phosphate isomerase (TPI) in the downstream processing of GA3P. This means that
the accumulation of 2-PG leads to a feedback loop that downregulates RuBP
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regeneration, which then leads to lower RuBP oxygenation, while simultaneously
preventing the draining of GA3P from the CBB to downstream sinks (Timm et al.,
2016). However, this type of regulation, which may be important for sensing
intracellular CO» concentration, would quickly lead to the halting of the CBB cycle
unless 2-PG is removed.
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Figure 2. Simplified figure of CBB cycle in chloroplast stroma. Chapter 1.31 describes the function
of the CBB cycle in more detail.

2-PG is salvaged by the C, oxidative carbon cycle which converts two molecules
of 2-PG to GA3P via a complex metabolic pathway that occurs in chloroplasts,
mitochondria and peroxisomes. In the first step, 2-PG is dephosphorylated by
phosphoglycolate phosphatase to glycolate, which is then transported to the
peroxisomes. Glycolate is then oxidised in the peroxisomes by glycolate oxidase to
glyoxylate, which produces hydrogen peroxide (H»O), which is detoxified by
catalase. Glyoxylate is aminated by glutamate-glyoxylate aminotransferase to form
2-oxoglutarate (20G) and glycine. The latter is then transported to the mitochondria
where two glycines are converted to serine by the glycine decarboxylase complex
and serine hydroxymethyltransferase, releasing CO, and ammonium (NH4") and
reducing nicotinamide adenine dinucleotide (NAD") to dihydro-nicotinamide
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adenine dinucleotide (NADH). Serine is transported back to the peroxisome where
it is deaminated to hydroxypyruvate by serine-2-oxoglutarate aminotransferase,
which regenerates half of the glutamines needed to aminate glyoxylate in the
previous peroxisomal step. Hydroxypyruvate reductase then uses NADH to reduce
hydroxypyruvate to glycerate, which is transported to the chloroplasts and
phosphorylated to 3-PGA by glycerate kinase. 3-PGA is then phosphorylated and
reduced to GA3P before being used to regenerate RuBP. To complete the cycle,
NH4" released in the mitochondria is used to regenerate the 20G produced in the
peroxisomes by transporting both of these molecules to the chloroplasts where NH4*
is first fixed to glutamine by glutamine synthetase (GS) and then 20G is aminated
to glutamate by Fd-dependent glutamate synthase (Fd-GOGAT), which is
transported back to the peroxisomes.

1.3.2 Photoassimilation of nitrate and sulfate

Like carbon, also inorganic nitrogen and sulfur are mostly available as oxides,
mainly NOs* and SO4*, which need to be reduced for the synthesis of organic
molecules. As, NOs* and SO4* are highly oxidised, their reduction in most plant
species is linked to photosynthetic light reactions, where reducing power is directly
available.

NOs?, taken up by roots, is transported to leaves where it is reduced to nitrite
(NO2) by cytosolic NADH-dependent nitrate reductase. NO>" is then transported to
the chloroplasts, reduced to NH4" by Fd-dependent nitrite reductase, and then used
for glutamine synthesis from 20G by GS and Fd-GOGAT enzymes, which are also
involved in the refixation of NH4" in photorespiratory metabolism (chapter 1.2.1).
Glutamine is then further used in transamination reactions to form other amino acids.

SO4* reduction occurs in plastids where SO4> is first activated to adenosine
5’-phosphosulfate (APS) by ATP sulfurylase (ATPS). The sulfate group in APS is
reduced to sulfite (SO;%) by glutathione-dependent APS reductase, but it can also be
used for sulfonation reactions after phosphorylation to 3’-phosphoadenosine
5’-phosphosulfate (PAPS) by APS kinase. Released SO;* is reduced by Fd to
hydrogen sulfide (H»S) by sulfite reductase. H»S reacts with O-acetylated-serine in
a reaction catalysed by O-acetyl-serine (thiol) lyase to form cysteine, which is then
used to synthesise other organic and inorganic compounds containing reduced sulfur,
such as iron-sulfur (FeS) clusters. Enzymes for cysteine synthesis have three
different isoforms in plastids, mitochondria and cytosol, but cysteine synthesis
appears to occur mainly in the cytosol with O-acetyl-serine being transported from
the mitochondria (Takahashi et al., 2011).
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1.3.3 The ins and outs of metabolite shuttles

Due to their central role in anabolism, chloroplasts export several metabolites to the
cytosol, but chloroplasts are also able to export excess reducing power through
malate shuttles, which consist of the malate-oxaloacetate metabolite pair,
malate/oxaloacetate transporter and malate dehydrogenase enzymes (MDH) in the
chloroplasts, mitochondria, peroxisomes and cytosol (Kinoshita et al., 2011; Selinski
and Scheibe, 2018). The malate shuttle allows chloroplastic NADPH or NADH to
reduce cytosolic NAD", which can be further transported to the mitochondria by
several metabolite shuttles (Hohner et al., 2021; Zheng et al., 2021). The malate
shuttle can also provide the NADH required for hydroxypyruvate reduction in
peroxisomes during photorespiration, while NADH generated during glycine
decarboxylation is used for oxidative phosphorylation (Shameer et al., 2019). This
allows chloroplastic NADPH to be used for ATP production or dissipation of excess
reductants by alternative dehydrogenases and oxidases or uncoupling proteins in
mitochondria (see 1.3.4).

Chloroplasts are also able to export ATP and NADPH via the GA3P shuttle,
which exports GA3P to the cytosol where it is oxidised and phosphorylated by
glyceraldehyde 3-phosphate dehydrogenase to form 1,3-bisphosphoglycerate (1,3-
BPG), which is coupled to the reduction of NAD" to NADH. 1,3-BPG is then
dephosphorylated to 3-PGA by phosphoglycerate kinase, which generates ATP from
ADP, and the formed 3-PGA is transported back to the chloroplast where it is
regenerated to GA3P in the CBB cycle (Heineke et al., 1991). GA3P can also be
oxidised by the non-phosphorylating glyceraldehyde 3-phosphate kinase to reduce
NADP* to NADPH.

These metabolite shuttles can also function between different cell types, for
example in C; photosynthesis in maize, the GA3P shuttle provides additional
NADPH and ATP for the fixation of CO> released from malic enzyme-catalysed
malate decarboxylation (Arrivault et al., 2017).

1.34 Mitochondria — working together with the chloroplasts

As with chloroplasts, also the function of mitochondria has diversified after
eukaryotes became autotrophic, and the mitochondrial metabolism is closely linked
to chloroplast metabolism in the light (Haferkamp and Schmitz-Esser, 2012; Mgller
et al.,, 2021; Igamberdiev and Bykova, 2022), but still, the main function of
mitochondria is to produce ATP for metabolism in the cytosol and nucleus (Shameer
etal., 2019; Vera-Vives et al., 2024).

Mitochondria have two membrane systems, consisting of an outer membrane and
an inner membrane, which is folded to form cristae structures to increase the surface
area of the inner membrane. The space enclosed by the inner membrane is called the
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mitochondrial matrix and it contains enzymes for the TCA cycle and other metabolic
pathways as well as mitochondrial DNA and ribosomes. The inner membrane houses
the membrane complexes for the mitochondrial electron transfer chain (MET):
NADH dehydrogenase, succinate dehydrogenase, cytochrome bc; complex and
cytochrome c¢ oxidase, which together with mitochondrial ATP synthase carry out
oxidative phosphorylation. NADH dehydrogenase reduces ubiquinone (UQ) to
ubiquinol (UQH») and simultaneously translocates protons to the intermembrane
space, whereas succinate dehydrogenase only reduces UQ. Next, in cytochrome bc;
complex, the UQH,-dependent reduction of cytochrome c is coupled to proton
translocation. Finally, electrons from reduced cytochrome c are used to reduce
oxygen to water and transfer additional protons to the intermembrane space at
cytochrome c¢ oxidase. The transferred protons are used for ATP synthesis, as in
chloroplasts, and ATP is transported across the membranes to the cytosol by adenine
nucleotide transporters.

In the dark, oxidative phosphorylation is mainly driven by reductants generated
from the catabolism of starch and sucrose in glycolysis and the TCA cycle. In the
light, the TCA cycle switches to non-cyclic mode and is mainly used to acylate
malate to citrate, which is oxidised to 20G in the cytosol from where it can be
transported to the chloroplasts for nitrogen assimilation (1.2.2.) or used for other
anabolic reactions, such as 20G-dependent dioxygenases in secondary metabolism
(Sweetlove et al., 2010; Toleco et al., 2020; Lee et al., 2021; Igamberdiev and
Bykova, 2022). Therefore, in the light oxidative phosphorylation is mainly driven by
NADH generated during photorespiratory glycine decarboxylation (Shameer et al.,
2019) or by the aforementioned metabolite shuttles from chloroplasts and cytosol.
However, under high photorespiratory flux, the NADH production in glycine
decarboxylation can saturate oxidative phosphorylation and mitochondria switch to
alternative electron transfer pathways. The alternative electron transfer pathway
consists of type II NAD(P)H hydrogenases, which can reduce UQ without proton
pumping, and alternative oxidase (AOX), which can oxidise UQ without proton
transfer across the membrane. These proteins thus consume excess reducing power
without forming a proton gradient. These alternative pathways can also operate
under high illumination to allow increased fluxes for citrate synthesis and consume
excess reducing power without forming excess ATP (Florez-Sarasa et al., 2016).
Mitochondria also have uncoupling proteins that can discharge the proton gradient
formed, allowing the cytochrome pathway to dissipate excess reducing power
(Toleco et al., 2020; Mgller et al., 2021).
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1.3.5 Photosynthetic pigments - interacting with light

The green colour of leaves is generally an indication of photosynthetic light
reactions, as the chlorophyll pigments are essential for photochemistry at the
photosystems, which absorb violet, blue and red light strongly, while green light is
less absorbed. Land plants have two different chlorophylls, chlorophyll a (Chl a) and
chlorophyll b (Chl b), which are macrocyclic tetrapyrroles that chelate a magnesium
ion to the secondary amines and ester-linked diterpene phytol at the periphery of the
macrocycle (Figure 3). The macrocycle forms a conjugated double bond system that
allows chlorophylls to interact with visible light and the spectral differences between
Chl a and Chl b are due to oxidation of the C7 methyl group in Chl a to formyl in
Chl b by the enzyme chlorophyllide a oxygenase (CAQO). The photosystem core
complexes contain only Chl a, but the external light-harvesting antenna of both
photosystems contain both Chl a and Chl b. The reaction centre of PSII also contain
pheophytin a (Pheo a), which is Chl a without the chelated magnesium ion.
Chlorophylls in the light-harvesting antenna rapidly transfer excitation energy to the
reaction centres because Chl a has a lower first excited state than Chl b. The spectral
properties of chlorophylls are further modified by the protein matrix in the reaction
centres and antenna complexes (Sirohiwal and Pantazis, 2021), which promotes
controlled photochemistry and enhances the directionality of excitation energy
transfer.

Figure 3. Structures of chlorophyll a, chlorophyll b and pheophytin a from top to bottom.

22



Introduction

The photosystems also contain -carotene which is a tetraterpenoid molecule with
methylated cyclohexenyl rings at each end linked by a linear conjugated double bond
system that allows the absorption of blue light (Figure 4). The light-harvesting antenna
proteins bind xanthophylls, which are oxidised carotenoids. Lutein is doubly
hydroxylated a-carotene, which is a regioisomer of f-carotene with different positions
of the double bond in one of the cyclohexenyl rings. In comparison, zeaxanthin is
doubly hydroxylated B-carotene that can be further derivatised by epoxidation of a
cyclohexenyl double bond to antheraxanthin or by two epoxidations to violaxanthin.
Violaxanthin is also isomerised to neoxanthin by opening one epoxy groups to form
an allene structure with the adjacent double bond. Carotenoids have a dual function in
photosynthesis, being able to transfer excitation energy to chlorophylls, but also to
safely quench the chlorophylls during excess illumination. The quenching of
chlorophyll excitation by carotenoids is possible due to their rapid vibrational
relaxation, which is faster in linear carotenoids than in macrocyclic chlorophylls.
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Figure 4. Structures of B-carotene, lutein, zeaxanthin, violaxanthin and all-trans neoxanthin from
top to bottom.

Vascular plants also have other ubiquitous pigments, phenylalanine-derived
hydroxycinnamic acid derivatives and flavonoids, which are not required for
photosynthesis (Figure 5). However, they protect plants from ultraviolet (UV) light,
shield them from excessive visible light and act as potent antioxidants (Hakala-
Yatkin et al., 2010; Fernandez-Marin et al., 2020; Leonardelli et al., 2024).
Hydroxycinnamic acids and flavonoid glycosides are mostly stored in the vacuole,
while flavonoid aglycones are embedded in the epicuticular wax layer.
Hydroxycinnamic acid derivates are composed of a six-carbon aromatic ring which
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is conjugated to an o,pB-unsaturated carbonyl. The aromatic ring in hydroxycinnamic
acid derivates can be oxidised and the carboxylic acid moiety is often esterified to
polyols. The flavonoid structure consists of two aromatic rings connected by a third
oxygen-containing ring, which can be either aromatic or aliphatic depending on the
oxidation state. In addition to these oxidations in the connecting ring, the basic
flavonoid structure can be heavily modified, tuning the chemical and spectroscopic
properties of these pigments.
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Figure 5. Structures of cyanidin, quercetin 3-O-(6"-O-malonyl)-3-D-glucoside (examples of
flavonoids) and chlorogenic acid (example of hydroxycinnamic acid derivatives) from left
to right.

1.3.6 Photochemical reactions and major thylakoid
multisubunit protein complexes

The basic function of the major thylakoid-embedded protein complexes of
photosynthetic light reactions has remained almost unchanged during the evolution
of land plants. However, the addition of several small subunits to the protein
complexes during evolution has modified the assembly of the complexes and, in
particular, the regulation of these complexes. For example, the disappearance of the
type 1 NADPH-dehydrogenase (NDH1) from certain lineages would be expected to
require a different type of regulation. To understand how the changes in
environmental conditions or metabolic requirements affect the function of thylakoid
reactions, it is important to understand the photochemical, electron transfer and
proton transfer reactions catalysed by these complexes.

1.3.7 Photosystem Il

PSII is a dimeric core protein complex consisting of the reaction centre proteins D1
and D2 and the inner light-harvesting proteins CP43 and CP47 together with an
additional 16 small subunits, which are mostly bound to the sides of the monomeric
complex or at the lumenal side of CP43 and CP47 (Su et al., 2017). The PSII reaction
centre couples water oxidation to plastoquinone reduction through a photochemical
reaction. Water oxidation occurs on the lumenal side of the complex, where the
oxygen-evolving complex (OEC) harbours a Mn4OsCa cluster that undergoes four
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consecutive oxidations to generate O, from two water molecules, simultaneously
releasing four protons into the lumen. The influx of water and the efflux of protons
occur through specific channels on the lumenal side of PSII. OEC is oxidised by
photochemically oxidised reaction centre chlorophyll pair (P680™) via redox active
tyrosine residue (Tyrz) in the D1 protein. The PSII reaction centre complex has four
Chl a molecules (Ppi, Pp2, Chlp; and Chlpz) and two Pheo a molecules (Pheop; and
Pheonz) bound to the D1 and D2 proteins (Figure 6). Ppi and Pn» are stacked along
their planes to form an excitonic dimer (P680) surrounded on both sides by Chlp; and
Chlpy, while the pheophytins are located on the top of these chlorophylls. Excitation
of the reaction centre chlorophylls leads to charge separation at Pp; and the excited
electron is initially transferred to Pheop:, while the positive charge is rapidly localised
to the Pp; and Pp, pair forming P680™ (Sirohiwal and Pantazis, 2023). The electron is
transferred from Pheop; to a tightly bound plastoquinone (Q4) in the D2 protein and
then, via a histidine and bicarbonate (HCO5") chelated ferrous iron (Fe**), to a loosely
bound plastoquinone (Qg) in the D1 protein forming semiquinone (Qg™). Qg™ is further
reduced to Qg*, which is then protonated by iron-chelating histidine (His215) and by
hydrogen-bonded serine (Ser264) and histidine (His252) pair, forming plastoquinol
(PQH>) (Saito et al., 2013). The formed PQH, is released from the Qg binding pocket
to the thylakoid membrane, allowing the binding of a new PQ.

1.3.8 Cytochrome bef complex

PQHj; released from PSII is oxidised by the Cyt bsf complex in a bifurcation reaction
in which one of the electrons from PQHo is used to reduce PC in the high potential
chain via histidine- and cysteine-bound Rieske Fe»S, cluster and cytochrome f-bound
heme-chelated iron, while the second electron is recycled to reduce PQ in the low
potential chain via by, b. and possibly c, heme-chelated irons. The oxidation of PQH»
results in the release of the bound protons to the lumen and the recycling of half of
the electrons back to PQ, meaning that the transfer of one electron to PC is coupled
to the transfer of two protons to the lumen (Sarewicz et al., 2021).

1.3.9 Photosystem |

PC is oxidised by oxidised PSI reaction centre chlorophyll pair (P700™). The reaction
centre chlorophylls are bound to the PsaA and PsaB proteins, both of which also bind
a large internal chlorophyll antenna with a function similar to that of the CP43 and
CP47 internal antenna bound to the PSII reaction centre (RC) complex (Figure 6).
Excitation of the PSI reaction centre chlorophylls leads to charge separation and the
electron is first transferred to Chly and then to phylloquinone (PhQ), from where it is
transferred to cysteine-bound four-iron-four-sulfur cluster (FesS4) Fx. In contrast to
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PSII, electron transfer to Fx can occur in both branches, A and B, of the reaction centre
complex. From Fx, the electrons are transferred the PsaC-bound FesS4 clusters Fa and

Fg. and finally, to the Fe,S; cluster of Fd (Caffarri et al., 2014).
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Figure 6. Simplified structures of PSIl and PSI reaction centres. The figure is based on structures
of PSII-LHCII and PC-PSI-Fd resolved by cryo-electron microscopy (Su et al., 2017;
Caspy et al., 2020). Chapters 1.3.7 and 1.3.9 describe the function of the reaction

centres in more detail.
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1.3.10 ATP synthase

ATP synthase is a molecular machine that uses the proton motive force across the
thylakoid membrane, generated by LET and cyclic electron transfer (CET) (chapter
1.5.2), to couple the efflux of protons to ATP synthesis. Lumenal protons enter a
channel in the Fo part to the a-subunit where they protonate glutamate in one of the
proteins in the ci4 ring and after rotation of 12 c-subunits, the protons exit the ring to
the stromal side through another channel in the a-subunit. Rotation of the ci4 ring is
coupled to rotation of the central stalk, composed of y and € subunits, which alters
the structure of the adenosine nucleotide-binding domain F;, composed of three
dimers of o and B subunits, which catalyses ATP synthesis from ADP and PO+*. Fo
and F; are held in place by the peripheral arm, composed of b and b’ subunits and a
cap made of 6 subunit. A full rotation of the central stalk generates three ATP
molecules, and based on the number of subunits in Fo, the ATP/H" ratio has been
estimated to be 4.7, but experimental data gives the lower value of 3.9 (Petersen et
al.,2012). The discrepancy between these values affects the interpretation of the ratio
between reductants and ATP produced in the light reactions, which has implications
for the theoretical background of the regulation of photosynthesis (chapter 1.5).

1.3.11  Type 1 NADPH dehydrogenase

Contrary to its name, type 1 NADPH dehydrogenase (NDHI1) is an Fd:PQ
oxidoreductase that couples the oxidation of two Fd to the reduction of PQ to PQH,,
while simultaneously pumping four protons from the stroma to the lumen. The
mechanism of proton pumping is still not yet fully understood, but the enzyme can
function in both directions depending on the pH of the lumen and the redox state of
the PQ and Fd pools (Strand et al., 2017; Richardson et al., 2021).

1.3.12 Eukaryotic external light-harvesting antenna

Since the first endosymbiosis event the evolution of photosynthetic light reactions
has been only minor (Oliver et al., 2023), but major changes have occurred in the
external light-harvesting system and its regulation leading to a higher quantum
efficiency of light harvesting and adaptation of plants to more dynamic terrestrial
environments (Cao et al., 2020; Croce and van Amerongen, 2020). Eukaryotic light-
harvesting proteins have evolved from cyanobacterial high-light-induced proteins
(Hlip), which are critical for PSII biogenesis, repair and photoprotection (Komenda
and Sobotka, 2016). Presumably, the different Hlip genes fused to form different
families of light-harvesting-like (LIL) proteins to function in photoprotection
(Montané and Kloppstech, 2000; Lee et al., 2020; Psencik et al., 2020; Levin et al.,
2023) before their evolution led to light harvesting (Engelken et al., 2010). Light-
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harvesting and light-harvesting-like proteins have evolved together because they
have complementary roles in harvesting light under low light conditions and
dissipating excess light as heat under high light conditions. LHCB4 is thought to be
the evolutionary oldest light-harvesting protein, and its appearance coincides with
the loss of cyanobacterial-like soluble antenna, the phycobilisomes. Light-harvesting
proteins expanded rapidly into a large family before the diversification of green
algae. LHCSR, PSBS and the xanthophyll cycle evolved at the same time as light-
harvesting antenna, highlighting the importance of photoprotection under fluctuating
environmental conditions (Koziol et al., 2007; Neilson and Durnford, 2010).

1.3.13 Photosystem Il external antenna

PSII has a modular external light-harvesting antenna (LHCII) which is composed of
three minor antenna, LHCB4, LHCBS5 and LHCB6 and major antenna composed of
trimers of LHCB1, LHCB2 and LHCB3, which are named according to their binding
strength to strongly (S), moderately (M) and loosely (L) bound trimers. The minor
antenna LHCB4 is bound to CP47 and LHCBS to CP43, while LHCB®6 is bound to
LHCBA4, together with the M-trimer formed by LHCB3 and two LHCBI1. The S-
trimer is bound to the interface between CP43 and LHCBS (Su et al., 2017). PSII
supercomplexes are named according to the number of LHCII trimers (S and M)
attached to the PSII core dimer (C,). C2S:M: is the largest complex isolated from
land plants (Figure 7), and the antenna size is first reduced by detaching M-trimers
with LHCB4 and LHCB6, forming C,S:M and C,S, complexes, until the S-trimers
are also detached with LHCBS5 forming, C,S and C, complexes. Complexes
containing L-trimers have not yet been isolated but spectroscopic studies have shown
that the functional antenna size is larger than C,S:M», suggesting that a larger
number of antenna complexes are connected to PSII (Croce and van Amerongen,
2020).
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Figure 7. Simplified structure of C,S;M, PSII-LHCII supercomplex. Minor subunits of PSII core
complex are omitted for clarity. The figure is based on structure resolved by cryo-
electron microscopy (Su et al., 2017). More detailed description of the complexes in
chapter 1.3.13.

1.3.14  Photosystem | external antenna

The PSI antenna system (LHCA) has two dimers composed of LHCA1, LHCAA4,
LHCA2 and LHCA3 and it forms a belt of antenna connected to PsaA and PsaB,
with PSAG, PSAF, PsalJ and PSAN in the interphase mediating the excitation energy
transfer from the antenna to the PSI core (Mazor et al., 2015; Pan et al., 2018).
Compared to LHCII, the LHCA system has distinct spectral differences, as some of
the Chl a have shifted absorption maxima, increasing the far-red absorption of the
PSI antenna system, which is advantageous under canopy shading, that enriches far-
red light (Croce and Van Amerongen, 2013). PSI can also receive light from the
L-trimers, either through the formation of a specific PSI-LHCI-LHCII
supercomplex, which is mediated by phosphorylated LHCB2 interacting with
PSAH, PSAL and PSAO (Figure 8) (Pan et al., 2018), or indirectly via the LHCA
belt (Yadav et al., 2017; Schiphorst et al., 2021). These interactions allow the
L-LHCII trimers to act as a shared antenna lake for both photosystems (Grieco et al.,
2015). PSI can also form supercomplexes with PSII (Jarvi et al., 2011), which could
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increase the size of PSI antenna as excitation energy is efficiently transferred from
PSII to PSI, which has lower-energy chlorophylls. In the isolated complex, the core
antenna of PSI and PSII are in direct contact on the PsaB side of PSI, which means
that the formation of the PSI-LHCI-LHCII complex does not compete with the
formation of the PSI-PSII complex (Yokono et al., 2019). However, it has been
suggested that the PSI-PSII complex functions in photoprotection of PSII rather than
in increasing the size of PSI antenna (Yokono et al., 2015).

’

’

Figure 8. Simplified structure of PSI-LHCI-LHCII supercomplex. Minor subunits of PSI core
complex are omitted for clarity. The figure is based on structure resolved by cryo-
electron microscopy (Pan et al., 2018). More detailed description of the complexes in
chapter 1.3.14.

Some land plants also have a third type of PSI supercomplex optimised for CET
(PSI-NDHI1), in which two PSIs are bound to NDH 1, and this interaction is mediated
by the specific antenna proteins LHCAS and LHCAG6, which replace LHCA4 and
LHCAZ2? in two different PSI complexes (Figure 9) (Shen et al., 2022).
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Figure 9. Simplified structures of PSI-NDH1 supercomplex. Minor subunits of PSI core complex
and different subunits of NDH1 are omitted for clarity. The figure is based on structure
resolved by cryo-electron microscopy (Shen et al., 2022). More detailed description of
the complexes in chapter 1.3.14.

1.4 Dangers of light reactions — photodamage to
reaction centres

Both photosystems perform extreme redox reactions for biochemical systems, as the
oxidised PSII reaction centre P680* is one of the strongest biological oxidants, while
PSI is one of the strongest biological reductants. While other excited chlorophylls
are also reactive, the rapid downhill excitation energy transfer means that excited
chlorophylls are short-lived in the antenna system when photosystems can use the
excitation energy for photochemistry or dissipate it as heat (Caffarri et al., 2014).
These reactive intermediates can induce chemical modifications in the cofactors or
polypeptides that damage the photosystems directly or through secondary reactions,
mainly by activating O, to reactive singlet oxygen (!02) or superoxide (O,"). O," is
rapidly decomposed to hydrogen peroxide (H»O-), either non-enzymatically or
enzymatically by superoxide dismutases (SOD). H>O; is less reactive than O-’, but it
can react with free transition metal ions to form the extremely reactive hydroxyl
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radical (HO"), which can initiate radical reactions with organic molecules (Asada,
2006; Khorobrykh et al., 2020).

Photosynthesis is intricately regulated to prevent the accumulation of these
reactive intermediates and the formation of ROS, but under some conditions, the
damage cannot be completely prevented, and plants must have efficient mechanisms
to repair the damaged reaction centres. ROS can also damage other cellular
components, so suppression of ROS formation and removal of ROS is important for
reasons other than prevention of damage to photosystems (Juan et al., 2021).

Photodamage is part of photoinhibition, which means that the activity of light
reactions is reduced by light, but photoinhibition can also be caused by down-
regulation of light-harvesting or inhibition of repair. Therefore, photodamage is used
here exclusively to describe chemical modifications in photosystems that prevent
them from functioning in LET.

1.4.1 Photosystem |l photodamage and repair

PSII photodamage has been extensively studied, but there is still no consensus on
the exact mechanism(s) or the primary site of damage. It is likely that several
mechanisms operate in parallel, and the relative contribution of these mechanisms
depends on the prevailing environmental and metabolic conditions (Murata et al.,
2007; Oguchi et al., 2009; Vass, 2012). Furthermore, regardless of the primary site
of photodamage, secondary reactions may also damage other sites, making it difficult
to identify the primary site of photodamage. Regardless of the mechanism and site
of primary photodamage, the endpoint appears to be the same. The damaged reaction
centre protein D1 is degraded, and a new copy is synthesised to replace the damaged
one during the PSII repair cycle, allowing PSII to function efficiently as long as the
rate of repair keeps pace with the rate of damage.

The mechanisms of PSII photodamage have been broadly divided into donor-
and acceptor-side mechanisms. In donor-side mechanisms, the initial site of damage
occurs near the OEC or directly at the OEC, where excitation of the metal cluster by
UV or blue light destabilises the complex, leading to detachment of manganese ion,
which in turn prevents the water splitting and hence electron donation to oxidised
P680™ (Hakala et al., 2005; Hakala-Yatkin et al., 2010). OEC is also prone to misses
and, for some unknown reason, the catalytic cycle does not always proceed normally,
preventing electron donation to oxidised P680*. As a strong oxidant, the long-lived
P680™ can extract electrons from the surrounding organic molecules, leading to the
generation of putatively harmful oxidative modifications. P680™ can also be re-
reduced by charge recombination from downstream electron acceptors, and these
recombination reactions can lead to the formation of triplet chlorophyll (*Chl),
which, due to its long-lived excited state, can react with O to form 'O, (Mattila et

32



Introduction

al., 2023). Unlike the ground-state triplet O, excited 'O, is extremely reactive with
organic molecules, particularly with double bonds of aromatic amino acids,
chlorophylls and carotenoids present near the reaction centre (Takegawa et al.,
2019). Again, these secondary oxidative modifications are thought to be the cause of
photodamage to PSII, but the exact sites have not been conclusively elucidated.

'0; is also involved in the acceptor-side mechanism, where the forward electron
transfer is prevented by electron acceptors saturation, increasing the probability of
charge recombination and intersystem crossing directly to 3Chl. Acceptor side
limitation can also lead to a double reduction of Qa, which is then released from the
reaction centre D2 protein. The lack of Qa prevents normal PSII function, which in
turn increases the rate of 'O, production and secondary oxidative damage, which
may be beneficial under these conditions since Qa cannot be replaced without D1
resynthesis (Hayase et al., 2023). Charge recombination can also be enhanced by a
strong electric field generated the by accumulation of protons in the lumen during
the light reactions and electron transfer (Davis et al., 2016).

In the PSII repair cycle, the external outer antenna is detached from the
photodamaged PSII complexes and the damaged PSII core complex is transferred
from the appressed grana membrane to the grana margins for repair (Jarvi et al.,
2015). After dimer monomerisation, CP43 is detached from the complex, allowing
DEG-proteases to access the damaged D1 protein to cleave the protein into shorter
peptides, which are then progressively degraded by ATP-dependent FTSH-
proteases. At the same time, the OEC is disassembled and pigments released from
the RC complex are transferred to one-helix proteins (OHPs) and either reused or
targeted for degradation (Wang and Grimm, 2021). After removal of damaged D1,
the CP47-D2 complex interacts with Dl1-translating polysomes and new D1 is
synthesised directly into the complex with co-insertion of the pigments and other
cofactors. The C-terminus of the newly synthesised pre-D1 is then cleaved before
the complex can be reassembled completely (Che et al., 2013). OEC is then
assembled on the lumenal side and photoactivated by the reaction centre. The
repaired PSII cores are then dimerized and reassembled with the external antenna
proteins to form the PSII-LHCII supercomplex.

1.4.2 Photosystem | photodamage and repair

The mechanism of PSI photodamage has been less controversial than PSII
photodamage and the consensus is that the Fx, Fa and Fg FesS4 clusters are damaged
in an O-dependent manner when the PSI electron acceptors are saturated,
presumably by formation of O," and secondary oxidation of Fe4S4 by O," (Erling Tjus
et al., 1999; Scheller, Henrik and Haldrup, 2005; Sonoike, 2007). Destruction of
FesS, clusters prevents electron transfer from P700 to stromal electron acceptors and
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is often detected as a decrease in maximal P700 oxidation. The sequence of the
damage to Fx, Fa and Fg Fe4S4 clusters during PSI photoinhibition starts with F4 and
Fg, but a decrease in maximal P700 oxidation is only apparent after the damage to
Fx clusters as well (Tiwari et al., 2016; Tiwari et al., 2024). PSI photodamage was
first described in chilling-sensitive cucumber (Cucumis sativus) under moderate
illumination at low temperature (Terashima et al., 1994; Sonoike et al., 1995). Later,
it was also detected in more cold-tolerant Arabidopsis, barley (Hordeum vulgare)
and potato (Solanum tuberosum) under similar conditions, but the degree of
inhibition was much lower in these species (Havaux and Davaud, 1994; Tjus et al.,
1998; Zhang and Scheller, 2004). PSI photodamage was therefore initially thought
to be specific to low temperature, but the detection of PSI photodamage in the pgr5
mutant and in plants treated with fluctuating light showed that it may be a more
general phenomenon (Suorsa et al., 2012).

PSI photodamage leads to a decrease in the amount of the reaction centre proteins
PsaA and PsaB, but on a very slow time scale (Scheller, Henrik and Haldrup, 2005;
Sonoike, 2007). Damaged PSI reaction centres are therefore degraded in a similar
way to PSII repair, with the exception that in PSI, where the reaction centre and the
internal antenna are all bound to PsaA and PsaB, the entire PSI complex must to be
re-synthesised, and not just the damaged reaction centre proteins as in PSII (Zhang
and Scheller, 2004). Instead, the PSII core antenna CP43 and CP47 remain largely
intact, during the repair cycle of PSII, like the external light-harvesting complexes.
Compared to PSII repair, PSI repair is considerably slower, but the reason for this
has not been extensively studied (Zhang and Scheller, 2004). Nevertheless, both PSII
and PSI repair appear to be affected by environmental conditions (Murata et al.,
2007; Zhang et al., 2011), suggesting that both are controlled processes.

1.5 Regulation of light reactions and stromal
metabolism

Abiotic environmental conditions can change rapidly, and large changes in light
intensity can occur in less than a second due to cloud movement or wind-induced
changes in leaf angle or canopy shading (Burgess et al., 2021). The magnitude of
temperature changes is not as large as in light intensity, but in temperate regions it
can change by more than 15°C degrees during the day, and the daily averages can be
greater than 10°C (Zhou et al., 2020; Sharma et al., 2023). The third dynamic abiotic
factor is water availability, which affects the gas exchange, as plants must regulate
evaporation through stomata to prevent excessive water loss during drought. This
also reduces the evapotranspiration-driven transport of inorganic nutrients from
roots to leaves. In addition to affecting leaf movement, wind also increases
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evaporation by reducing the boundary layer, leading to increased evaporation, which
then reduces leaf temperature and leads to impaired water use efficiency.

It is noteworthy that the changes in abiotic conditions affect light reactions and
stromal metabolism differently. Light has a direct effect on the rate of light reactions.
In contrast, temperature changes have a more direct effect on gas exchange and
stromal metabolism, in particular on the rates of enzyme-catalysed reactions and by
changing the ratio between carboxylation and oxygenation at Rubisco (Fernandez-
Marin et al., 2020; Hiiner et al., 2022). Thus, plants have several dynamic short-term
mechanisms that regulate the rate and output of both systems to maintain a balance
between light reactions and stromal metabolism, thereby reducing the likelihood and
consequences of harmful side reactions. At the same time, however, long-term
regulatory mechanisms are also initiated to acclimate the plant to more stable
changes in environmental conditions (Athanasiou et al., 2010; Karim and Johnson,
2021).

The output of chloroplast metabolism is also strongly influenced by metabolic
needs of different cell types (Daloso et al., 2023). For example, young leaves have
higher concentrations of phenylpropanoids and phenylalanine which require higher
fluxes through the shikimate pathway in chloroplasts (Dethloff et al., 2017), whereas
glandular trichomes use the ATP and NADPH generated in light reactions mainly to
drive secondary metabolite production from imported sucrose (Balcke et al., 2017).
Another extreme example is the mesophyll and bundle sheath cell chloroplasts of C4
plants, such as maize, where mesophyll cells generate ATP and NADPH in LET,
whereas bundle sheath cells mainly generate ATP with NDH1-dependent CET
(chapter 1.5.2). This is regulated by lower expression of PSII assembly factors in the
bundle sheath cells through altered light signalling (Meierhoff and Westhoft, 1993;
Hendron and Kelly, 2020). A more moderate example of cell-type-specific
regulation of light reactions has been observed in Arabidopsis, which has a higher
accumulation of the PSI-NDH1 supercomplex in stems than in leaves (Laihonen et
al., 2024). Indeed, the light reactions are also regulated at the developmental level
and not only by the need to acclimate according to environmental cues.

1.5.1 Chloroplast antioxidant system

Under rapidly changing conditions, the chloroplast antioxidant system is in the first
line of defence against ROS, and consist of several enzymatic and non-enzymatic
antioxidants (Maruta et al., 2024). The antioxidant system must suppress not only
the accumulation of several types of ROS, but also the secondary products of ROS
generated by reactions with biomolecules, loosely classified as reactive electrophilic
species (RES). RES are reactive with nucleophilic groups in biomolecules to form
further adducts (Farmer and Mueller, 2013; Juan et al., 2021; Maruta et al., 2024).
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Secondary reactions with ROS can also form organic radicals, which can initiate
radical chain reactions, particularly in lipid membranes, therefore amplifying the
deleterious effects of ROS.

The majority of O, is generated at the acceptor side of PSI, most likely by
stromal monodehydroascorbate reductase (MDAR), which has a dual function in
ROS generation and scavenging (Asada, 1999; Khorobrykh et al., 2020). Generated
Oy is rapidly converted by SOD to H,O,, which is then reduced to water by thylakoid
or stromal ascorbate peroxidases (tAPX and sAPX) by oxidation of two ascorbates
to monodehydroascorbate (MDA) radicals. The formed MDA radicals are reduced
by monodehydroascorbate reductase (MDAR) to ascorbate with Fd or NADPH-
derived electrons or disproportionated to dehydroascorbate (DHA) and ascorbate.
DHA is reduced back to ascorbate by glutathione-dependent dehydroascorbate
reductase (DHAR), while oxidised glutathione is reduced by NADPH-dependent
glutathione reductase (GR). This chain reaction results in the reduction of O, to H.O
by PSII-derived electrons, and has been termed the water-water cycle, which allows
relatively safe scavenging of excess reducing power. Ascorbate can also scavenge
'0,, making it an effective antioxidant against the ROS derived from light reactions
(Kramarenko et al., 2006; Khorobrykh et al., 2020).

The thylakoid membrane is protected from ROS by a-tocopherol and
carotenoids. a-tocopherol scavenges peroxides and 'O, but it can also physically
quench 'O, (Munné-Bosch, 2005), while oxidised a-tocopherol is regenerated by
ascorbate (Asada, 1999). Carotenoids can also physically quench 'O, and scavenge
it by forming apocarotenoids, but more importantly, carotenoids can quench *Chl
and prevent the formation of 'O, (Khorobrykh et al., 2020).

Chloroplasts also have an overlapping system for H,O, and lipid peroxide
detoxification based on peroxidases and glutathione peroxidases. 2-Cysteine
peroxiredoxin (2-CysPrx), peroxiredoxin Q (PrxQ) and type II peroxiredoxin
(PrxIIE) are more specific for H,O,, whereas glutathione peroxidases (Gpx) are more
efficient against lipid peroxides (Dietz, 2016). 2-CysPrx appears to be more
important than APX in detoxifying H>O, during excess illumination (Awad et al.,
2015), demonstrating that these two systems are complementary. Glutathione also
plays a role in scavenging RES by forming adducts in a reaction catalysed by
glutathione transferase (Mueller and Berger, 2009; Mano et al., 2019).
Glutathionylated adducts are transported to the vacuole, where glutathione can be
released from the adduct by glutaredoxins.

1.5.2 Alternative electron transfer pathways

Alternative electron transfer pathways can be divided into cyclic pathways and
O,-reducing pathways. These pathways are thought to balance the production of
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ATP and NADPH according to metabolic needs or to remove excess reductants with
minimal accumulation of ROS. The PSI CET pathways pump electrons from PSI
acceptors back into the electron transfer chain, thereby increasing the production of
ATP at the expense of reductants, while the O,-reducing pathways consume excess
reductants, thereby increasing the relative production of ATP over NADPH in the
chloroplast.

Two of the O,-reducing pathways, the malate valve (chapter 1.3.3 and 1.3.4) and
the water-water cycle (chapter 1.5.1), have been discussed above and these pathways
operate at the PSI acceptor side. Another O, reduction pathway operating at the PSI
acceptor side is catalysed by flavodiiron (Flv) proteins in cyanobacteria, green algae
and lower plants (Zhang et al., 2009; Ilik et al., 2017). However, these proteins have
been lost during the evolution of angiosperms. One reason for this may be the
increased capacity of the water-water cycle in angiosperms (Maruta et al., 2024),
which may have a similar function to Flv proteins in consuming the excess electrons.
It is conceivable that the generation of ROS in the water-water cycle of angiosperms
may play arole in signalling. This signalling may be important for plants to acclimate
to changing environmental conditions (Foyer and Kunert, 2024), such as a constant
increase in light intensity (chapter 1.5.8), and may explain the loss of the Flv proteins
in angiosperms.

Photorespiration is also an O,-reducing pathway, as Rubisco catalyses the
oxidation of RuBP, but the salvage of 2-PG has a higher ATP/NADPH ratio than
CO, fixation (Smith et al.,, 2023). This means that maintaining a high
photorespiratory flux requires the activation of other alternative pathways to restore
the ATP/NADPH balance, but the outputs of the photorespiratory metabolism can
also change, making the effect highly dependent on the metabolic state of the cell
(Walker et al., 2024).

Unlike the other O, reduction pathways, the plastid terminal oxidase (PTOX)
acts between PSII and PSI by oxidising PQH,. PTOX is also involved in carotenoid
biosynthesis during chloroplast biogenesis and therefore its function has been
difficult to study using deletion mutants. A recent study using the Arabidopsis ptox
mutant, which expresses a bacterial carotenoid desaturase, showed that PTOX is
important under high light illumination to oxidise the intersystem chain that protects
PSI from photoinhibition (Messant et al., 2024). The mutant also has reduced PSII
inhibition, suggesting that PTOX-generated ROS are likely to have regulatory
functions by down-regulating PSII under excessive illumination.

CET around PSI has been known for decades, but the molecular mechanisms are
still partly unresolved. One reason for this is that several pathways have been
proposed to carry out CET in plants, namely NDH1, PGR5-PGRL1 and Cyt bef
(Yamori and Shikanai, 2016). In the case of NDHI, it is clear that NDH1 can accept
electrons from Fd to reduce PQ to PQH, while pumping protons into the lumen, but
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the exact mechanisms, such as electron carriers and site of PQ reduction, remain
elusive in the other pathways (Nawrocki et al., 2019).

1.5.3 Quenching of excess excitation energy

Under conditions that saturate the stromal metabolism and light reactions, the
lifetime of excited chlorophylls in the antenna increases because the downward
transfer of excitation energy is hindered. The accumulation of chlorophyll excited
states could lead to the formation of 'Os in the antenna, so the rate of non-radiative
relaxation of excited states must be increased to protect the antenna system from
photodamage and to down-regulate the light reactions by limiting light harvesting.
Collectively, this is referred to as non-photochemical quenching (NPQ), which
consists of several mechanisms that quench the excitation energy at the external
light-harvesting antenna and the reaction centres (Ivanov et al., 2008; Holzwarth et
al., 2009; Belgio et al., 2014; Dall’Osto et al., 2017).

Energy-dependent quenching (qE) is rapidly induced when the output of light
reactions exceeds the capacity of downstream metabolism, as occurs with a sudden
increase in light intensity. This is due to acidification of the lumen, which protonates
glutamate residues in the PSBS protein, changing its conformation. Activated PSBS
is thought to act as a chaperone, modifying the structure of LHCII trimers from a
light-harvesting state to a dissipative state by altering the interactions between the
chlorophylls and carotenoids bound to the LHCII antenna (Saccon et al., 2020; Son
et al., 2020a; Nicol and Croce, 2021; Ruban and Saccon, 2022). As qE depends on
the conformational switch in the antenna proteins, it is rapidly relaxed within seconds
when pH of the lumen increases and PSBS is deactivated.

Zeaxanthin-dependent quenching (qZ) is another mechanism activated by lumen
acidification, which changes the pigment composition of the thylakoid membrane
and the external light-harvesting antenna. Lumen acidification activates
violaxanthin-deepoxidase (VDE), which converts violaxanthin via antheraxanthin to
zeaxanthin. The formed zeaxanthin then replaces violaxanthin in the external light-
harvesting antenna, thereby increasing the qE sensitivity of the LHCII trimers and
directly promoting quenching at the minor light-harvesting antenna by changing
their conformation (Dall’Osto et al., 2017; Kress and Jahns, 2017; Son et al., 2020b).
qZ is relaxed when zeaxanthin is converted back to violaxanthin by zeaxanthin
epoxidase (ZEP). gZ is induced and relaxed more slowly than qE because qZ relies
on modification of thylakoid pigment pools, which are then equilibrated with the
antenna-bound pigment pools.

The third mechanism for quenching external light-harvesting antenna is
lipocalin-dependent quenching (qH), which again modifies the structure of LHCII
trimers to a quenched state, but the exact mechanisms are still unclear (Bru et al.,
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2022). However, the proteins required for qH formation and relaxation have been
identified by mutant studies. Chloroplastic lipocalin (CHL) is required for the
induction of qH, while redox-regulated suppressor of quenching (SOQ1) inhibits
lipocalin (Brooks et al., 2013; Malnog et al., 2017), and finally, the relaxation of qH1
(ROQH1) is required to return the antenna to the light-harvesting state (Amstutz et
al., 2020). qH appears to relax more slowly than qE and gqZ on the time scale of
hours, but the analysis intervals were quite long, making it difficult to assess how
persistent qH is in the wild-type plants (Amstutz et al., 2020).

The fourth quenching mechanism is reaction centre quenching at PSII, which is
again quite poorly understood. Reaction centre quenching occurs in damaged and
functional reaction centres. Damaged reaction centres quench by an unknown
mechanism (Nawrocki et al., 2021), but in functional reaction centres it has been
shown to occur through charge recombination reactions in reaction centres where the
Qa/Qa" and/or Qs/Qp™ midpoint potentials (Er) are altered (Ivanov et al., 2008), and
in closed reaction centres by still unresolved mechanism (Farooq et al., 2018).

1.54 Photosynthetic control at Cytochrome bef complex

PQH, oxidation at Cyt bef is the rate-limiting step in linear electron transfer and
therefore the modulation of its activity is an efficient way to regulate electron
transfer. Cyt bef is regulated according to light intensity, and under excess
illumination, PQH> oxidation is slowed down, resulting in the oxidation of PC and
P700. This regulation of electron transfer is called photosynthetic control and it is
activated by acidification of the lumen (Joliot and Johnson, 2011). Lowering the
lumenal pH is thought to increase the protonation of histidine bound to the Rieske
Fe,S; cluster. Protonation of this chelating histidine prevents the concerted proton
and electron transfer reactions of PQH> oxidation (Ustynyuk and Tikhonov, 2018).
The redox regulation of Cyt bef has also been suggested (Johnson, 2003), although
the exact mechanism still remains unclear (Degen and Johnson, 2024). In addition,
the recent structure of Cyt bef suggest that the phosphoprotein TSP9 may regulate its
activity, possibly in a phosphorylation-dependent manner (Fristedt et al., 2009;
Sarewicz et al., 2023).

1.5.5 Regulation of lumenal pH

As emphasised in previous chapters, the lumen acidification is critical for the
regulation of photosynthetic light reactions. Lumen pH is mainly influenced by the
balance between proton generation in OEC and proton influx at Cyt bef and NDHI,
as well as by other possible CET pathways, which are counteracted by proton efflux
through ATP synthase and thylakoid ion channels. ATP synthase uses the proton
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motive force (pmf), which is composed of an electric field component (A¥Y) and a
proton gradient component (ApH). Since the lumen pH plays the main regulatory
role in NPQ and photosynthetic control, adjusting the pmf partitioning to ApH and
AY has the potential to fine-tune the regulation of light reactions. However, high AY
increases the rate of recombination reactions at PSII, and thereby promotes 'O,
production and PSII photoinhibition (Davis et al., 2016), implying that also AY must
be tightly regulated.

The composition and magnitude of pmf is adjusted by ion channels, which can
dissipate AY by influx of anions, mainly chloride, or by efflux of cations. On the
other hand, the exchange of protons for cations converts between AY and ApH.
Thylakoids have several ion channels, but only two of them, the chloride channel
VCCNI1 and the proton/potassium antiporter KEA3, have been extensively studied,
and they appear to function under different conditions (Kunz et al., 2024). VCCNI1
is important under sudden increases in light intensity, where it allows chloride to
enter the lumen, dissipating AY and thereby protecting PSII from photoinhibition.
VCCNI1 was thought to be voltage-gated, and therefore activated when AY is too
high (Herdean et al., 2016), but a recent report has questioned the regulatory
mechanism of VCCNI1 (Hagino et al., 2022). KEA3 is important under sudden
decreases in light intensity, when ApH needs to be rapidly dissipated to relax qE and
photosynthetic control from limiting the light reactions. KEA3 is regulated by the
stromal ATP and NADPH levels and by stromal pH, allowing it to synchronise
lumen pH-dependent regulation of light reactions with stromal metabolism
(Uflewski et al., 2024). As VCCNI1 and KEA3 ion channels function under different
conditions, both of them are important for light acclimation, and dysregulation leads
to photodamage (Uflewski et al., 2021; von Bismarck et al., 2023).

Proton efflux from the lumen is mainly regulated by the conductivity of ATP
synthase, but the regulation of ATP synthase is poorly understood (Shikanai, 2023).
The conductivity of ATP synthase decreases under high light intensity compared to
low light or growth light (Kanazawa et al., 2017). This has been proposed to be due
to PO4* limitation of ATP synthase (Takizawa et al., 2008), and PO4+* concentration
is in turn thought to be controlled by triose phosphate utilisation (McClain and
Sharkey, 2019), which is dependent on the rate of metabolism beyond the CBB
cycle. However, measurements with a FRET-based ATP sensor indicate that the
stromal ATP concentration remains relatively stable with increasing light intensity
(Uflewski et al., 2024). Metabolite analyses of isolated chloroplasts also show that
the ATP/ADP ratio remains relatively stable in the light, even in the absence of
known major ATP-consuming reactions (Kobayashi et al., 1979). It is therefore
conceivable that some mechanism, other than PO4* limitation, regulates the ATP
synthase, especially since the use of triose phosphates is not thought to limit
photosynthesis under normal growth conditions (McClain et al., 2023). It has also
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been proposed that the magnitude of steady-state AY is smaller than generally
accepted. This implies that the lumen acidification-induced mechanisms need
additional forms of regulation. These may include, for example, the zeaxanthin-
dependent allosteric regulation of qE and redox regulation of photosynthetic control
at Cyt bef (Wilson et al., 2021).

1.5.6 Phosphorylation of thylakoid proteins

As the specific antenna systems of PSII and PSI can differ in size and light absorption
properties, changing light conditions often lead to an uneven distribution of
excitation energy and thus to an imbalance between the two photosystems. This
functional imbalance can be restored by altering the distribution of excitation energy
from the shared L-trimer antenna lake in a phosphorylation-dependent manner
(Grieco et al., 2015). The LHCB1 and LHCB2 proteins in LHCII trimers are
phosphorylated by the STN7 kinase, which is activated by binding of PQHo to the
Qo site of Cyt bsf complex (Vener et al., 1997), and inhibited by reduced
thioredoxins in the stroma (Rintaméki et al., 2000). Such dual regulation of STN7
links the excitation energy balancing between the two photosystems to the redox
state of stromal metabolism. Based on redox regulation of the STN7 kinase, the
formation of the phosphorylation-dependent PSI-LHCI-LHCII complex increases
when the light intensity decreases from that under the growth light (Rintaméki et al.,
1997), and under red light, which maximally activates the STN7 kinase due to the
reduction of PQ pool. Conversely, the LCHII trimers are dephosphorylated, by
TAP38 phosphatase (Shapiguzov et al., 2010), when light intensity increases over
certain threshold due to Trx-dependent inhibition of STN7 and under far-red light,
which preferentially excites PSI and keeps PQ pool mostly oxidised. Upon changing
light conditions, the LHCB2 phosphorylation is considerably faster than LHCBI
phosphorylation (Leoni et al., 2013), and only LHCB2 phosphorylation is required
to restore the functional balance between the photosystems (Cutolo et al., 2023).
The rebalancing of excitation energy is not only dependent on LHCII
phosphorylation, but also involves the disassembly of larger PSII supercomplexes
via the STN7 and STN8 kinase-dependent phosphorylation of PSII core proteins and
the minor antenna LHCB4 (Tikkanen et al., 2006; Tikkanen et al., 2008; Dietzel et
al., 2011). Phosphorylation of the PSII core proteins, D1, D2, CP43 and PSBH, by
the STNS kinase also controls the PSII repair cycle by promoting the disassembly of
the supercomplexes, thereby allowing better access of damaged PSII to D1 proteases
and for the contact with stroma-exposed membranes where the damaged D1 protein
can be replaced by de novo synthesised D1 copy (Vainonen et al., 2005; Tikkanen
et al., 2008; Nath et al., 2013). However, damaged D1 needs to be dephosphorylated
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by PSII core phosphatase (PBCP) before it can be degraded (Rintaméki et al., 1995;
Samol et al., 2012; Puthiyaveetil et al., 2014).

1.5.7 Thioredoxin-dependent redox regulation

Plant metabolism, especially in chloroplasts, is strongly redox-regulated by
thioredoxins, which reduce disulfide bonds between cysteine residues in proteins
(Buchanan, 2016; Geigenberger et al., 2017). The opening and formation of disulfide
bridges alters the conformation of proteins, with consequences for their activity or
ability to form complexes. Chloroplasts have several stromal thioredoxins, of which
the major isoforms in leaves are Trx-fl, Trx-m1, Trx-m2, Trx-m4, Trx-x, Trx-y2 and
Trx-z. These thioredoxins are mainly reduced by Fd-dependent thioredoxin
reductase (FTR). However, Trx-fl can also be reduced by chloroplastic NADPH-
dependent thioredoxin reductase (NTRC) (Nikkanen et al., 2016), which also has a
thioredoxin domain to reduce its targets directly with NADPH. Trx-fl is the main
regulator of CBB cycle enzymes and ATP synthase, whereas Trx-ms appears to
regulate nitrogen metabolism and other high light-induced processes, such as
inhibition of STN7-dependent LHCII phosphorylation (1.5.6) (Ancin et al., 2019;
Ancin et al., 2021; Gonzalez et al., 2021; Serrato et al., 2021). Trx-x and Trx-y2 are
important electron donors for the antioxidant enzymes, PrxQ, MDHAR and
methionine sulfoxide reductase (Okegawa et al., 2023), whereas NTRC is the main
reductant of 2-CysPrx (Nikkanen and Rintaméki, 2019). Trx-z is the only plastid
thioredoxin that has no known role in redox regulation, but is instead, it is a key
structural component of the plastid-encoded RNA polymerase (Wimmelbacher and
Bornke, 2014).

Thioredoxins also regulate alternative electron transfer pathways, in particular
the malate valve and CET. The malate valve is activated by Trx-m1 and Trx-m2
(Thormahlen et al., 2017), while Trx-m4 downregulates both CET pathways
(Courteille et al., 2013; Okegawa and Motohashi, 2020; Ancin et al., 2022). In
contrast, NTRC has been shown to activate NDH1-dependent CET (Nikkanen et al.,
2018).

Thioredoxin-like proteins have been shown to mediate the oxidation of Trx target
proteins, which is linked to the redox state of 2-CysPrx (Yokochi et al., 2021;
Fukushi et al., 2024). These processes have also been suggested to affect the
oxidative inactivation of stromal enzymes during the light-dark transition (Y okochi
et al.,, 2021), and NTRC, as a major reductant in the junction between different
thioredoxins, appears to be the most important regulator of CBB activity under
fluctuating light intensities (Dziubek et al., 2023).
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In addition to dynamic regulation of light reactions and stromal metabolism
thioredoxins also affect the biogenesis and long-term regulation of PSII and Cyt bef
(Wang et al., 2013; Chen et al., 2024).

1.5.8 Long-term regulation

Chloroplasts have several mechanisms to ensure that light reactions and stromal
metabolism remain in balance under changing environmental conditions. As
described above, exposing plants to higher light intensities than those during the
growth period, activates the NPQ and photosynthetic control, thereby reducing the
risk of ROS generation and photodamage (Bednarczyk et al., 2020). However, such
a down-regulation of light reactions and the dissipation of excitation energy as heat
would be detrimental to plant growth when the light intensity increases for longer
time periods. To avoid this problem, plants have evolved acclimation strategies for
the long-term regulation of photosynthesis. In the case of high light acclimation,
plants increase the level of CBB cycle enzymes, thereby increasing the sink strength
of stromal metabolism. Once the stromal sinks become stronger, plants can increase
the amounts of ATP synthase and Cyt bsf (Anderson et al., 1988; Yin and Johnson,
2000; Miller et al., 2017), which determines the maximum electron flux through the
LET (Yamori et al., 2011). Proteomic analysis of high light acclimation shows that
overall primary carbon metabolism is upregulated along with an increase in
phenylpropanoid metabolism, and a similar trend is visible at metabolite levels
(Dziubek et al., 2023). High light also upregulates nitrogen assimilation and thus the
availability of organic nitrogen, and this occurs as early as the first day after the high
light switch, which has been suggested to drive the upregulation of CBB cycle
capacity (Baker et al., 2023), and may also explain why the t7x-mIm2 double mutant
shows a weaker high light response (Dziubek et al., 2023). The increase in primary
and secondary metabolism allows for an increase in the electron flow in light
reactions, and the increase in resource production allows for improved growth.

Acclimation of light reactions and the CBB cycle to fluctuating light differs from
high light acclimation. Rubisco up-regulation appears to follow the acclimation to
the high-light periods, whereas Cyt besf expression responded positively to the length
of high-light periods (Yin and Johnson, 2000). Fluctuating light also upregulates
NDHI1-dependent CET, which may be due to increased photorespiration during the
high light periods (Niedermaier et al., 2020).

Arabidopsis plants grown under field conditions increased the levels of ATP
synthase, Cyt bsf and NDH1 even more than plants grown under controlled high light
conditions (Flannery et al., 2021a; Flannery et al., 2021b). In addition, field
experiments performed with different maize planting densities confirmed the
importance of the length of the high light periods in acclimation (Wu et al., 2023),
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similar to what has been inferred from acclimation to artificially fluctuating light
conditions (Yin and Johnson, 2000).

High light acclimation also decreases the abundance of light-harvesting proteins
and changes their composition, particularly the isoforms of LHCB4. In Arabidopsis
and pea, the abundance of LHCB4.1 and LHCB4.2 decreased and LHCB4.3
increased in high light (Albanese et al., 2016; Flannery et al., 2021a). Not only did
changes occur in light harvesting proteins, but the stoichiometry between
photosystems also changed, with PSII remaining fairly stable but the amount of PSI
decreasing (Flannery et al., 2021a). Again, these acclimation responses were
stronger in field-grown Arabidopsis, with additional up-regulation of LHCAS5 and
LHCAG®6, which are required for the formation of the NDH1-PSI complex (Flannery
et al., 2021b).

Low light acclimation responses are mostly the opposite of high light responses
(Flannery et al., 2021a), but light is not the only factor that induces long-term
acclimation responses. Lowering temperature also induces changes in the proteome,
with some responses similar to high light acclimation. Exposure of plants to low
temperature and moderate light leads to over-excitation because low temperature
inhibits the activity of metabolic enzymes, causing an imbalance between
metabolism and light reactions (Hiiner et al., 2022). Increasing the sink strength by
up-regulation the CBB cycle, as occurs in high light, is one of the mechanisms used
by plants to restore the balance, but depending on the plant species, other strategies
are also used. These include the upregulation of alternative electron transfer
pathways, reduction of light-harvesting capacity by decreasing the amount of
antenna proteins, activation of sustained quenching or synthesis of screening
anthocyanins (subgroup of flavonoids) (Allen and Ort, 2001; Hiiner et al., 2016;
Hiiner et al., 2022; Grebe et al., 2024).
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2 Aims of the study

My thesis is focused on the regulation of photosynthesis in angiosperms, the model
species Arabidopsis (Arabidopsis thaliana) and lettuce (Lactuca sativa), a non-
model crop species. The main objectives of the experimental work were:

1. To understand the mechanisms that are critical for maintaining the
functional balance between photosynthetic light reactions and stromal
metabolism in chloroplasts under changing internal and external conditions
(papers 1, 11, and III).

2. To understand the role of short- and long-term acclimation mechanisms
following photoinhibition of either one of the two photosystems (papers I
and II).

3. Elucidation of the diversity of mechanisms behind the quenching of
excitation energy under combined high light and low temperature conditions
in a non-model plant species lettuce (paper III).
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3 Materials and Methods

3.1 Plant material and growth conditions

Wild-type (WT) Columbia ecotype Arabidopsis was grown in an 8 h photoperiod in
constant moderate white light (paper I: 165 umol photons m™ s™!, paper II: 120 umol
photons m? s') with POWERSTAR HQI-T 400 W/D metal halide lamps (OSRAM
GmbH, Munich, Germany) as the light source at 25°C and 60% relative humidity.
The Arabidopsis plants used in the experiments were five to six-weeks-old.

Lettuce (Lactuca sativa) Hilde White Boston cultivar (paper III) was grown in a
16 h photoperiod in moderate white light (140 umol photons m2s') with
POWERSTAR HQI-T 400W/D metal halide lamps (OSRAM GmbH) as the light
source at 23°C. The lettuce plants used in the experiments were 4 weeks old.

3.2 Light treatments of plants

In paper I, whole Arabidopsis plants were treated with a specific fluctuating light
regime to induce PSI photoinhibition (Tikkanen and Grebe, 2018). Plants were
treated for 4 h and 8 h to induce moderate and severe PSI photoinhibition. Recovery
plants were transferred to growth conditions for 24 h after the inhibition treatments.
Control plants were taken directly from the growth conditions. After this control,
PSI-inhibited and 24 h recovered plants were kept for 1 h in darkness, low light
(35 umol photons m2s"1), growth light (165 pmol photons m™s™1) and high light
(635 umol photons m2s"1) before thylakoid isolation and leaf sampling.

In paper II, detached WT Arabidopsis leaves were collected on Petri plates with
water (control) or 1 mg ml' lincomycin solution (treatment). The leaves were
incubated on the Petri plates overnight after which the leaves were treated with high
light (1000 umol photons m2s™") for 0.5 or 1 h using a Heliospectra Dyna LED lamp
to induce PSII photoinhibition. After the photoinhibition treatment, part of the leaves
was treated with low light (50 umol photons m2s71) or moderately high light
(500 umol photons m2s™!) for 30 min with POWERSTAR HQI-T 400W/D metal
halide lamps (OSRAM GmbH) as a light source before biophysical measurements
and thylakoid isolation.
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In paper III, lettuce plants were treated with high light (1500 umol photons
m2s7!) for 4 h with Heliospectra Dyna LED lamps at low temperature (13°C) or at
growth temperature (23°C). After the light treatment, one part of the plants was
transferred to recover in the dark at growth temperature for 24 h and the other part
was transferred to recover in growth conditions for 24 h. Control plants were taken
directly from the growth conditions to the dark for 24 h.

3.3 Thylakoid isolations and chlorophyll
determination

Arabidopsis leaf samples (papers I-II) for thylakoid isolation were collected in ice-
cold isolation buffer (330 mM sorbitol, 5 mM MgCl,, 50 mM Hepes-KOH pH 7.5,
10 mM NaF, 13.3 mM sodium ascorbate and 0.03% (w/v) BSA). Leaves were
homogenised and filtered through Miracloth (Millipore). Chloroplasts were
collected by centrifugation at 3950 g for 5 min at 4°C and ruptured osmotically in
ice-cold shock buffer (5 mM MgCl,, 50 mM Hepes-KOH pH 7.5, 10 mM NaF). The
released thylakoid membranes were collected by centrifugation at 3950 g for 5 min
at 4°C and suspended in storage buffer (100 mM sorbitol, 5 mM MgCl,, 50 mM
Hepes-KOH pH 7.5, 10 mM NaF). Lettuce leaf samples (paper III) were treated
similarly, except those centrifugations were performed at a lower speed (1350 g) and
thylakoids were washed twice with storage buffer, to avoid mitochondrial
contamination. Thylakoid samples were stored at -80°C and, in the case of lettuce,
thylakoids were aliquoted to several tubes to prevent repeated freeze-thaw cycles.
Chlorophyll concentration was determined as described in (Porra et al., 1989).

3.4 Gel electrophoresis, protein staining and
immunoblotting

3.4.1 Native gel electrophoresis

Isolated thylakoids were suspended in ice-cold 25BTH20G buffer (25 mM BisTris-
HCI pH 7.0, 20% (v/v) glycerol, 0.25 mg/ml Pefabloc). Resuspended thylakoids
were solubilised with an equal volume of 2% B-D-dodecyl maltoside (B-DM) (papers
[-1II), 2% digitonin (paper I) or 3% digitonin (paper III). f-DM samples were
solubilised for 5 min on ice and digitonin samples were solubilised for 8 min at room
temperature with gentle mixing. Insoluble material was removed by centrifugation
at 16 000 g for 20 min at 4°C, and 1/10 volume of loading buffer (100 mM BisTris-
HCl pH 7.0, 0.5 M aminocaproic acid, 30% (w/v) sucrose and 50 mg ml™!' Serva Blue
G) (papers I and II) or 1/10 volume of 10% deoxycholate (paper III) was added to
the supernatant. Solubilised thylakoidal protein complexes were separated with
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3-12% (papers I-I1I) or 5-12% (paper III) acrylamide gradient gels according to
(Jarviet al., 2011).

3.4.2 Denaturing gel electrophoresis and protein staining

Isolated thylakoids were solubilised with sample buffer (138 mM Tris-HCI pH 6.8,
6 M urea, 22.2% (v/v) glycerol, 4.3% (w/v) SDS, 10% (v/v) B-mercaptoethanol), and
the insoluble material was removed by centrifugation. Solubilised proteins were
separated on a SDS-PAGE gel containing 12% acrylamide and 6 M urea. Samples
were loaded according to chlorophyll concentration.

In papers I and 111, protein complexes in native gel electrophoresis strips were
solubilised with (138 mM Tris-HCI pH 6.8, 6 M urea, 22.2% (v/v) glycerol, 4.3%
(w/v) SDS, 5% (v/v) B-mercaptoethanol) for 30 min at room temperature, after which
the solubilised proteins were separated on SDS-PAGE gel containing 12%
acrylamide and 6 M urea.

In papers I and I1I, the separated proteins were fixed on gels (10% acetic acid,
50% methanol). The fixed gels were washed twice with water and the gels were
incubated for 2 h with Pro-Q Diamond phosphoprotein stain (Invitrogen). Excess
Pro-Q was destained (50 mM sodium acetate pH 4.0, 20% acetonitrile) and the gels
were washed twice with water. Pro-Q-stained gels were imaged on a Perkin Elmer
Geliance 1000 using the Cy3 filter. For paper I, the gels were washed with water
after Pro-Q staining and the gels were incubated overnight with Sypro Ruby protein
gel stain (Invitrogen). Gels were washed once (30% acetic acid, 7% methanol) and
twice with water. Stained gels were imaged with Perkin Elmer Geliance 1000 with
UV-filter.

3.4.3 Western blotting

Proteins separated by SDS-PAGE were electroblotted onto a PVDF membrane
(Millipore) using a transfer buffer (20% methanol, 40 mM glycine, 50 mM Tris,
5 mM SDS). Membranes were blocked with 5% non-fat milk (Bio-Rad) in TBS
(20 mM Tris-HC1 pH 7.7, 150 mM NacCl), and the blocked membranes were
incubated with primary antibodies overnight: In Paper I: PsaB (Agrisera), ATPF
(Agrisera), PetA (Agrisera) and PsbA (Kettunen et al., 1996). In paper II: PsbA and
P-Thr (New England Biolabs) and in paper III: P-Thr, diluted in 1% non-fat milk in
TTBS (TBS with 0.05% Tween 20). The membranes were then washed with TTBS,
and incubated for 1 h with infrared dye-labelled secondary antibody (IRDye®
800CW goat anti-rabbit IgG secondary antibody, Li-Cor) (papers I and III) or
horseradish peroxidase-linked secondary antibody (Agrisera) (paper II) diluted in
1% non-fat milk in TTBS. The secondary antibody was detected using an Odyssey
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CLx imager (Li-Cor) (papers I and III) or with an ECL detection kit (GE Healthcare)
(paper II). In Paper I, signal quantification was performed with Image Studio (Li-
COR) and the relative amounts of proteins were intrapolated from the linear
regression of signals from control dilution series.

3.4.4 Protein redox labelling

Leaves frozen in liquid nitrogen were homogenised in 10% trichloroacetic acid and
the precipitated proteins were pelleted by centrifugation. Precipitated proteins were
washed twice with ice-cold buffered acetone (50 mM Tris-HCI pH 7.0, 80% acetone)
and once with 100% acetone. The washed protein pellets were dried and resuspended
in urea denaturing buffer (100 mM Tris-HCI pH 7.5, 8 M urea, 1 mM EDTA, 2%
(w/v) SDS, Pierce™ protease inhibitor cocktail (Thermo Scientific)) with 50 mM N-
ethylmaleimide (NEM). After 30 min incubation with NEM 1,4-dithiothreitol (DTT)
was added to a final concentration of 100 mM to scavenge excess NEM and to reduce
in vivo oxidised thiols. DTT was not added to the -DTT control samples. After
overnight incubation at 4°C with DTT, the samples were filtered, and the proteins
were precipitated with 10% trichloroacetic acid. The precipitated proteins were
washed as before, and the washed proteins were resuspended in urea denaturing
buffer containing 10 mM pegylated maleimide (MAL-PEG, 5 kDa). Samples were
mixed for 2 h at 27°C and excess MAL-PEG was scavenged by adding DTT to a
final concentration of 50 mM.

Redox labelling affects most commonly used protein content determination
methods and to ensure equal loading in the western blots analysis the sample
amounts were normalised to the content of Rubisco small subunit, which was
determined with Sypro Ruby protein stained SDS-PAGE gels. Labelled protein
samples were mixed with sample buffer (150 mM Tris-HCI pH 6.8, 6% SDS, 60%
(v/v) glycerol) in a 2/1 ratio and the proteins were separated with SDS-PAGE gels
containing 12% acrylamide and 6 M urea. The separated proteins were stained with
Sypro Ruby protein stain and imaged as before (3.4.2). Sample loading for the
determination of protein redox states was normalised to the amount of Rubisco small
subunit in the first gel and the proteins were separated on an SDS-PAGE gel with a
5-15% acrylamide gradient and 6 M urea. The separated proteins were electroblotted
onto PVDF membranes (Millipore). Membranes were blocked with 5% non-fat milk
(Bio-Rad) in TBS, and the blocked membranes were incubated overnight with
FBPase antibody (Sahrawy) diluted in 1% non-fat milk in TTBS. The membranes
were then washed with TTBS and incubated for 1 h with horseradish peroxidase-
linked secondary antibody (Amersham). The amount of bound secondary antibody
was detected with an ECL detection kit (GE Healthcare) and the fluorescence was
imaged with Perkin Elmer Geliance 1000.
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3.5 Proteomics

In paper III, equal amounts of isolated thylakoids, based on Chl content, were
solubilised by mixing the thylakoids with a buffer (0,IM Tris-NaOH pH 8)
containing 6 M urea and 0.1% RapiGest (Waters). The concentrations of solubilised
proteins were determined by the Bradford assay, and aliquots of solubilised proteins
corresponding to 100 pg of protein were then subjected to reduction with
dithiothreitol (DTT), and alkylation with iodoacetamide (IAA), followed by
precipitation of the proteins in a cold acetone/ethanol mixture at -20°C overnight.
The proteins were then digested with trypsin (1 pl 1 pg/ul, 1:100) in a buffer (5%
acetonitrile (ACN), 0.05 M Tris-NaOH pH 8) for 4 h, after which a second batch of
trypsin (1p 1 pg/pl, 1:100) was added and the digestion was continued overnight.
The peptide mixtures were desalted in parallel with Wet Sep-Pak 100 mg C18 96
(Waters) according to the manufacturer's protocol.

The peptide concentration of the desalted peptides was determined using a
DeNovix DS-11+ spectrophotometer and equal amounts of peptides were injected
for nLC-ESI-FAIMS-MS/MS analyses. Prior to injection, the samples were spiked
with iRT synthetic peptides (Biognosys). The injected samples were first trapped on
a pre-column and then separated on an analytical C18 column (75 um x 15 cm,
ReproSil-Pur 3 um 120 A C18-AQ, Dr. Maisch HPLC GmbH, Ammerbuch-
Entringen, Germany) by a two-step, 110 min gradient from 5 to 26% solvent B over
70 min, followed by 26 to 49% B increase over 30 min. The mobile phase consisted
of water with 0.1% formic acid (solvent A) or acetonitrile/water (80:20 (v/v)) with
0.1% formic acid (solvent B). The MS data were acquired automatically using
Thermo Xcalibur 4.6 software (Thermo Fisher Scientific). FAIMS was operated at
two compensation voltages (CV) values: -50 and -70 for both MS and MS/MS
modes. The data-independent acquisition (DIA) method consisted of a survey scan
of the mass range 395-1005 m/z with a maximum injection time of 50 ms and an
automatic gain control (AGC) target set to 7¢5 ions, followed by a series of tMS2
scans triggered by a set of variable isolation window for molecular ions. The
isolation width of windows ranged from 15-110 m/z covering mass range of 395-
1005 m/z for molecular ions (paper 111, Supplemental table 1 contains the full list of
isolation windows) with a maximum injection time of 52 ms and an AGC target of
le6. All ions within the isolation windows were subjected to HCD fragmentation
and the fragments were registered within 180-2000 m/z range. All precursors within
the isolation windows were fragmented with a normalised collision energy of 28%.
The spectra were registered at a resolution of 120 000 and 30 000 (at m/z 200) for
full scan and fragment spectra, respectively.

Data analysis was performed using Spectronaut (version 16.1) software
(Bruderer et al., 2015) (Biognosys, Schlieren, Switzerland). DIA data were searched
against a customised FASTA file using the Pulsar directDIA™ algorithm. In paper
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IIT the customized FASTA file was manually curated by combining the lettuce
proteomes from UniProt and Swiss-Prot (paper III, Supplemental file 2). UniProt
homologs of Swiss-Prot sequences were manually removed from the combined
database based on BLAST searches (paper 111, Supplemental files 3 and 4). Searches
against the curated database (paper III, Supplemental file 5) were performed
allowing a maximum of 2 missed trypsin cleavages, carbamidomethylation
modification was set as static, while methionine oxidation, N-terminal acetylation,
and lysine acetylation in addition to serine, threonine, and tyrosine phosphorylation
were set as dynamic modifications. The FDR identification threshold (g-value) for
peptides and proteins was set at 0.01. Data for target proteins and peptides (identified
based on homology to Arabidopsis sequences (paper III, Supplemental files 6 and
7)) were extracted and analysed in Excel files. Protein and peptide abundances were
normalised within samples, to the average of the detected PSI, ATP synthase, and
Cyt bef subunits to avoid, as much as possible, the effect of contaminants from the
isolations and differential attachment of stromal proteins to the thylakoids under
changing experimental conditions (e.g. a switch to HL rapidly recruits ribosomes to
the thylakoid membrane), similarly to previous studies on the plant thylakoid
proteome (Flannery et al., 2021a; Flannery et al., 2021b).

For more detailed analysis of the PSII reaction centre, DIA data were searched
against database containing only lettuce PsbA, PsbB, PsbC and PsbD sequences.
Searches against the limited database were performed allowing semi-specific trypsin
cleavages with a maximum of 2 missed cleavages. Carbamidomethylation
modification was set as static, while methionine oxidation, N-terminal acetylation,
lysine acetylation, serine, threonine, and tyrosine phosphorylation, tryptophan,
tyrosine and histidine oxidation and dioxidation, and histidine conversion to
aspartate and asparagine were set as dynamic modifications. The FDR identification
threshold (g-value) for peptides and proteins was set at 0.01. Data for target peptides
were extracted and analysed in Excel files. Peptide abundances were normalised
within samples, to the average of the detected PSI, ATP synthase, and Cyt bef
subunits from the previous analysis.

3.6 77 K chlorophyll fluorescence measurements

Isolated thylakoids were diluted with storage buffer to a chlorophyll concentration
10 ug ml™!, and fluorescence spectra were measured with 480 nm excitation light in
liquid nitrogen. Fluorescence was recorded using -Ocean Optics S2000
spectrophotometer. Spectra were normalised to the 685 nm peak or the ratio between
685 nm and 735 nm peaks was calculated to illustrate the distribution of excitation
energy between PSII and PSI.
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3.7 In-vivo functional measurements of
photosynthesis

3.71 In-vivo chlorophyll fluorescence and near-infrared
difference absorption measurements

In papers I and II, Dual KLAS-NIR was used to measure chlorophyll a fluorescence
with pulse-modulated 540 nm measuring light, and P700, Fd and PC redox states
were determined by deconvolution of pulse-modulated dual wavelength 785-840,
810-870, 870-970 and 795-970 nm signals. Deconvolution was performed using
differential model plots measured from control plants according to (Klughammer
and Schreiber, 2016). PSI quantum yield (@1, Y(I)), donor side limitation (@,
Y(ND)) and acceptor side limitation (@na, Y(NA)) were calculated according to
(Klughammer and Schreiber, 1994; Klughammer and Schreiber, 2008) using the
average of control leaves maximal P700 oxidation (Pwm) (paper I) or Py of each
individual leaf (paper II) measured with NIR MAX script (Klughammer and
Schreiber, 2016). Fd results were not analysed further in paper I because the signal
is partly derived from PSI iron-sulfur clusters (Klughammer and Schreiber, 2016),
which are presumed to be damaged in the PSI photoinhibition treatment. While in
paper II, relative Fd reduction was calculated analogously to @p. In paper I,
maximal oxidation of P700 and PC (Py* and PCy*) were measured with a saturating
pulse in the saturating light condition at the end part of the light curve (paper I, Table
2), where photosynthetic control is assumed to be able to keep them maximally
oxidised. This is because the normal method of Py determination in the dark with
far-red pre-illumination followed by a saturating pulse is unable to fully oxidise P700
in severely PSI photoinhibited leaves due to the functional imbalance between the
photosystems. In paper I, Py* and PCy* values were used to calculate the yields of
functional PSI (marked with an asterisk): @*, @xp* and @na* and the steady-state
redox state of PC. In papers I and II, the steady-state oxidation of PC was calculated
analogously to @np. quantum yield of PSII photochemistry (@) was calculated
according to (Genty et al., 1989). @xpo, @no and gLt were calculated according to
(Kramer et al., 2004).

In paper 111, chlorophyll a fluorescence was measured by FluorPen FP 110 using
the saturating pulse method (Photon Systems Instruments, Drasov, Czech Republic)
with default settings from control, treated and recovered plants immediately after the
low temperature and high light treatments, without dark acclimation, and after 1 h
and 24 h recovery in darkness or 24 h recovery in growth conditions. The quantum
yield of PSII photochemistry (Y(II)) was estimated as previously. NPQ was
calculated as (Fym’™/Fu’)-1 using the average of Fy’ from control plants which had
recovered for 24 h in darkness as the reference value (Fy’™). The fraction of open
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and functional PSII reaction centres (qLt) was calculated according to (Porcar-
Castell, 2011).

3.7.2 Electrochromic shift measurements

In papers I and II, the electrochromic shift was recorded with Dual-PAM-100
equipped with a P515/535 module (Heinz Walz GmbH, Effeltrich, Germany). The
electrochromic shift was determined by the difference between the 515 nm and 550
nm signals (Schreiber and Klughammer, 2008). Dark intervals were used to quantify
thylakoid proton conductivity (gn+) and proton motive force (pmf). gy was calculated
as the inverse of the time constant of a first order exponential fit to the decay of the
electrochromic shift (ECS) signal during the dark interval. (Kanazawa and Kramer,
2002) Pmf was calculated as the difference between the ECS in the light, before the
dark interval, and the ECS dark baseline calculated from the first order exponential
fit. In paper I, pmf was normalised to the chlorophyll content of measured leaves,
whereas the data presented in paper Il are not normalised as the leaf material was
homogenous. The chlorophyll content of the leaves in paper I was determined by
DMF extraction according to (Inskeep and Bloom, 1985)

3.7.3 Gas exchange measurements

In paper I, CO, assimilation was measured simultaneously with chlorophyll a
fluorescence, P700, Fd and PC redox states using a GSF-3000 infrared gas analyser
connected to a Dual-KLAS-NIR with 3010-Dual gas exchange cuvette (Heinz Walz
GmbH, Effeltrich, Germany) The average of CO, assimilation was measured every
10 s during the light curve. The flow rate was set to 400 umol s, the cuvette
temperature was kept constant at 25°C and the concentrations of CO and H>O were
set to 400 and 18 000 ppm respectively. Assimilation was calculated according to
(von Caemmerer and Farquhar, 1981).
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4 Short overview of results

The experimental setups and detailed results of my research are described in papers
I, IT and III, and will not be repeated here. Instead, I have summarised below only
the most important results from papers I-11I, with some additional results (Figure
10). I consider these results to be particularly important for a general understanding
of plant performance under abiotic stress conditions, which promote photoinhibition,
and during subsequent recovery.

4.1 PSl is specifically damaged by customised
fluctuating light treatment

In paper I, PSI inhibition was induced by a specific light treatment. The light
treatment was designed to first accumulate electrons in the intersystem chain by
illumination with red light, which excites PSII more efficiently than PSI. This was
followed by a short high-light pulse, which rapidly consumes the accumulated
electrons in the intersystem electron transfer chain (Tikkanen and Grebe, 2018).
Such illumination cycles lead to periodic high acceptor-side limitation at PSI and
exposes the reduced FesS4 clusters to damage by subsequent reaction with O, and
formation of O,". Destruction of the FesS4 clusters was shown to prevent the
oxidation of the P700 reaction centres, as evidenced by the decrease of Py levels in
PSI-inhibited plants compared to control plants (paper I, Figure 2a). The induced
PSI inhibition appeared to have little effect on PSII function (paper I, Figure 2b).
The designed fluctuating light treatment seems to be quite specific for the FesS4
clusters, since no clear decrease in the level of the PSI subunit PsaB was observed
when compared to the control, despite a clear reduction in the Py value (paper I,
Figure 6a). However, we did not directly analyse the FesSs clusters, which could
confirm this interpretation.

4.2 PSII photoinhibition induced by high light is
affected by the efficiency of PSII repair

PSII is inhibited by light, but the efficient repair cycle keeps PSII functional if the
rate of damage is less than the capacity for repair. PSII was inhibited by high light,

54



Short overview of results

either in the presence of lincomycin (paper II) or by simultaneous exposure to low
temperature (paper III), both of which are known to inhibit PSII repair (Tyystjarvi
and Aro, 1996; Murata et al., 2007). Consistent with the inhibition of the repair cycle,
PSII photoinhibition decreased the PSII maximal quantum yield (Fv/Fm) and
maximal fluorescence (Fum) more in lincomycin-treated leaves than in the just high
light-treated and control leaves (paper II, Figures 2A-B). This was also seen in the
increase in minimal fluorescence (Fo) in the high light treated leaves compared to the
control, and the effect was more pronounced in the lincomycin treated leaves (paper
II, Figure 2C). As expected, the PSII quantum yield was reduced more in low
temperature and high light-treated plants than in high light treated plants and control
plants (paper III, Figure 2). However, this could only be assessed after 24 h of dark
recovery, when the relaxation of all NPQ mechanisms was complete (paper III,
Figure 2B).

The proteomics data set generated in paper III, allowed me to look more closely
at the changes in the PSII reaction centre after PSII photoinhibition. Treatment with
low temperature and high light led to the accumulation of pre-D1 specific peptide
(paper 111, Figure 8A), which prevents PSII from assembling the OEC (Che et al.,
2013). The amount of pre-D1 then decreased during the dark recovery, implying that
the later stages of the D1 repair cycle can occur in darkness. This was also evident
in the amount of mature D1 specific semi-tryptic peptide, which increased during the
dark recovery of low temperature and high light treated plants (Figure 10A). These
results also suggest that D1 processing is partially inhibited under stress conditions,
and only resumes after the stress is over. At the same time, the fraction of open and
functional PSII reaction centres (qLt) increased during the dark recovery of low
temperature and high light treated plants (paper 111, Figure 8F).

I also detected an accumulation of the D1 DE-loop peptide, where histidine 252
is oxidised to aspartic acid, during the low temperature and high light treatment, and
a decrease in the amount of modified peptide during the dark recovery (Figure 10B).
There were no clear changes in the amount of unmodified peptide (data not shown),
suggesting that only minor amount of D1 proteins have histidine 252 oxidised.
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Figure 10. Effect of low temperature and high light treatment, and the subsequent recovery, on D1
maturation and oxidation in lettuce. A) mature D1 protein C-terminal peptide
(NAHNFPLDLA) B) Oxidised D1 protein DE-loop peptide (FGQEEETYNIVAAH[His-
>Asp]GYFGR). Error bars show standard deviations among technical replicates (n = 3).
Coloured bars above the graphs represent the temperature and light conditions from
which the thylakoids used in the analyses were isolated: light blue for growth
temperature and growth light (GT/GL), orange for low temperature and high light (LT/HL)
and black for growth temperature and dark (GT/dark). More details in chapters 3.1, 3.3
and 3.5.

4.3 General consequences of PSIl and PSI
photoinhibition on light reactions

4.3.1 Quenching by damaged reaction centres decreases
the light use efficacy and activation of NPQ

Photoinhibition of either photosystem reduces the light use efficiency because the
damaged reaction centres still collect light but cannot use it for photochemistry. This
was seen as an inability for net CO; assimilation under low light illumination and as
lower net assimilation under growth and high light illumination in severely PSI
photoinhibited plants compared to controls (paper I, Figure 2e), as well as in the
yields of PSI and PSII as revealed by biophysical measurements (paper I, Figure 3b
and paper II, Figure 6A). This led to a lower activation of qE in both PSI-inhibited
and PSlI-inhibited plants and leaves when compared to controls (paper I, Figure 3a
and Paper Il 6B), as the stromal metabolism remains unsaturated.

43.2 Photoinhibition-induced imbalance affects the
apparent plastoquinone redox state revealed by
fluorescence measurements

The effects of the photoinhibition of only one photosystem on the apparent redox
state of the PQ pool were estimated by calculating the photochemical quenching of
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fluorescence by open (oxidised PQ at the Qg site) PSII reaction centres. In the case
of PSI photoinhibition, qP was lower than in control plants, especially under low and
growth light illumination, when the lower light-utilisation efficiency of
photoinhibited PSI limits electron transfer (paper I, Supplemental Figure 5). Under
high light illumination, the effects of PSI photoinhibition on the apparent redox state
of the PQ pool were less pronounced, because the increased electron flow by
functional PSI can compensate for the inhibited ones and the activation of the
photosynthetic control has a greater contribution to the regulation of PQH, oxidation
at Cyt bsf (paper I, Supplemental Figure 5). On the other hand, photoinhibition of
PSII had an oxidising effect on the apparent redox state (qL) of the PQ pool under
both the low and high light illumination when compared to the control (paper II,
figure 6C).

4.3.3 Plastocyanin redox state is sensitive to functional
imbalances between photosystems

The redox state of intersystem electron carriers was also analysed by determining
the redox state of PC and PSI RC (P700) using differential absorption spectroscopy.
PC was shown to be less oxidised in PSI photoinhibited plants compared to control
plants under growth and high light illumination (paper I, Figure 3d), and it also
correlated with the lack of donor side limitation in PSI (®np) (paper I, Figure 3c).
Notably, the oxidation state of PC was more sensitive than ®@np to the photosystem
imbalance induced by PSI photoinhibition, as PC was more oxidised under growth
light illumination when there were no detectable changes in ®xp when PSI-inhibited
plants were compared with controls (paper I, Figures 3c-d). PSII photoinhibition had
the opposite effect on PC oxidation, as PC was more oxidised in the control at low
light intensity and the degree of oxidation was higher in more inhibited samples
(paper 11, Figure 7A). Also, in the case of PSII photoinhibition, the oxidation state
of PC was more sensitive than ®np to imbalances between photosystems, as
increased oxidation in PC was detected before any changes in ®xp when PSII-
inhibited plants were compared with control plants (paper I, Figures 7A-B).

434 PSI photoinhibition-induced changes on the acceptor
side of PSI and the stromal redox regulation

Photoinhibition of both PSII and PSI also affects the PSI acceptor side limitation
(®na), which is reflected in the changes in ®@p, in such a way that a decrease in ®xp
increases ®na and vice versa (paper I, Figure 3¢ and paper II, Figures 7A and 7B).
This was visible in PSI photoinhibited plants when only the functional PSI centres
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were determined (paper I, Figure 3c). These changes in ®na were also reflected in
the redox state of the CBB cycle enzyme FBPase (paper I, Figure 7d).

Photoinhibition of PSI also seems to affect the distribution of reducing power in
stromal metabolism under growth light illumination (paper I, Figure 4), and the
effect was even larger when changes in the distribution of excitation energy were
considered (paper I, Supplemental figure 3).

4.3.5 Phosphorylation-dependent re-organization of the
antenna system alters the light distribution between
PSIl and PSI after photoinhibition

PSI photoinhibition increased the phosphorylation of PSII core and LHCB1-2
proteins under all light conditions compared to control plants (paper I, figure 7b).
LHCBI1-2 phosphorylation increased the amount of PSI-LHCI-LHCII super-
complex (paper I, Figure 7c), which was reflected in the higher relative PSI/PSII
ratio obtained from 77K fluorescence measurements when compared to control
plants (paper I, Figure 7a). PSII inhibition reduced the phosphorylation of LHCBI1-
2 proteins under low light illumination compared to control and the effect was even
stronger in lincomycin-treated leaves (paper I, Figure 5). These changes also
lowered the relative PSII/PSI ratio in 77K fluorescence compared to the control
plants (paper 11, figures 4A-B). The consequences from PSII photoinhibition were
not as clear as those from PSI photoinhibition, suggesting that processes other than
LHCBI1-2 phosphorylation also affect the light distribution after PSII
photoinhibition.

4.3.6 Long-term changes induced by PSI photoinhibition

PSI inhibition also altered the levels of key proteins involved in LET and its
regulation. The levels of Cyt be¢f and ATP synthase were increased in PSI
photoinhibited plants compared to the control (paper I, Figures 6¢-¢), which was also
seen as lower ®Onp and higher thylakoid proton conductance (gu+) under high light
illumination compared to control (paper II, Figures 3b and 5b).

4.4 Combined low temperature and hilgh light
stress leads to downregulation of PSII by
several mechanisms in lettuce

Exposure of lettuce plants to low temperature and high light treatment induced high
NPQ, of which only half can be clearly explained by canonical NPQ mechanisms
(qE, gZ and ql) based on the relaxation kinetics (paper III, Figure 2B). Analysis of
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the thylakoid proteome from low temperature and high light treated plants, in parallel
with untreated control plants and plants recovered from the treatment in the dark and
under growth conditions, revealed that zeaxanthin biosynthesis and Chl b
degradation were increased during dark recovery (paper 111, Figures 7D and 7G).
These results were partially confirmed by pigment analysis for B-carotene and
xanthophylls (paper III, Figure 9B and 9F-H). Proteomic analysis also revealed
changes in the levels of the light-harvesting-like (LIL) proteins, early light induced
protein (ELIP1.2) and stress enhanced protein (SEP2) (paper III, Figures 6A and
6D), which partly coincided with the formation and relaxation of the more persistent
NPQ (paper 111, Figure 2B). Low temperature and high light treatment also induced
a strong phosphorylation of LHCB4 (paper III, Figure 8D), which seems to affect
the stability of the PSII super-complexes (paper 11, Figure 3C) and distribution of
light from the antenna system (paper III, Figure 3F).

59



5 Discussion

In the previous section, I presented the main results of my experimental work. In this
section, I will place them in a broader context and extend the interpretation of the
results further from that in papers L, II and III. I also outline some new experiments
that could be performed to test the hypotheses presented, new research directions
and possible applications arising from my research.

5.1 Mechanisms of PSI photoinhibition depend on
photoinhibition conditions

In paper I, 1 used a specific PSI photoinhibition treatment to study how
photosynthesis acclimates to the functional imbalance of the photosystems.
According to the P700 measurements, PSI function recovered faster (paper I, Figure
2a) than previously reported after the low temperature-induced PSI photoinhibition
or high light induced PSI photoinhibition in Arabidopsis pgr5 mutant (Kudoh and
Sonoike, 2002; Zhang and Scheller, 2004; Lima-Melo et al., 2019). Additionally, I
did not detect major changes in the amount of reaction centre protein PsaB (paper I,
Figure 6a) which had been detected in above mentioned previous studies, indicating
that there may be specific PSI photoinhibition mechanisms under different
conditions. Chilling treatment, inactivating antioxidant enzymes (Asada, 1999), and
high light treatment of pgr5 mutant, unable to control electron transfer to PSI (Suorsa
et al., 2012), are likely to cause continuous accumulation of O, and H,O» at PSI
acceptor side, which can then damage proteins and cofactors. Our specific PSI
photoinhibition protocol (paper I, Table 1), on the other hand, is likely to produce
only short bursts of O," and H,O, production, allowing the antioxidant system to
scavenge most of the ROS. However, these short bursts of ROS may be sufficient to
damage the FesSs clusters only on the stromal side of PSI, with minimal damage
exerted to the PSI reaction centre proteins. Therefore, if only the Fes4S4 clusters on
stromal side of PSI are damaged, they apparently can be repaired without the need
for resynthesis of reaction centre proteins (Tiwari et al., 2024).

Another study, based on cucumber leaves treated either with high light at chilling
temperature or with repetitive saturating flashes (6000 pmol photons m? s1),
concluded that there are different PSI inhibition mechanisms operating during the
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two different treatments (Shimakawa et al., 2024). The chilling treatment damaged
the FesS4 clusters as has been reported previously, but the repetitive flash treatment
was suggested to damage Chla and Chloa in the A branch of the reaction centre. Also,
a differential susceptibility of PSI FesSy clusters to photodamage (Tiwari et al., 2024)
can be postulated as a reason for two different PSI photoinhibition mechanisms
induced under different conditions. As I have not carried out detailed analysis on PSI
function after our specific PSI photoinhibition treatment, it is unclear what the
mechanism of inhibition is in our experimental setup. However, a similar treatment
had effect on transcripts related to iron metabolism (Kilig et al., 2023), suggesting
that FesS4 clusters may be damaged and therefore the inhibited samples should be
analysed, at least with EPR spectroscopy that can identify the functionality of all
three PSI FesS; clusters, two of them located on the stromal side of PSI and one deep
inside the PSI complex ligated to the PsaA and PsaB reaction centre proteins.

5.2 PSI inhibition induces rapid responses
resembling high light acclimation

The specific PSI photoinhibition treatment induced the accumulation of ATP
synthase and Cyt bsf (paper I, Figures 6¢ and 6d), which also occurs during high light
acclimation of plants. However, the response in PSI photoinhibited plants was
considerably faster than during high light acclimation, which usually takes days. The
mechanisms behind the regulation of ATP synthase and Cyt bef amounts are not
known (Schéttler and Téth, 2014), but based on transcriptomic analysis after similar
PSI photoinhibition treatment, the regulation is likely to occur, at least partly, at the
transcriptional level and may be initiated by the iron released from damaged PSI
FesSs clusters (Kilig et al.,, 2023). Transcriptomic analysis also revealed
downregulation of light harvesting and upregulation of Cyt bsf, NDH1, and enzymes
of the violaxanthin cycle, CBB cycle and photorespiration, which are also hallmarks
of high light acclimation. The upregulation of the CBB cycle is also partly visible in
the CO, assimilation of the moderately recovered plants (paper I, Figure 2e), but as
the standard deviation is quite high, this should be verified with more replicates. Due
to a rapid high light response, the specific PSI photoinhibition treatment could be
used as a model to study high light acclimation, and the specific PSI photoinhibition
treatment could also be applied to harden indoor-grown plants before transferring
them outdoors.
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5.3 Acclimation to PSI photoinhibition alters the
distribution of reducing power in stromal
metabolism - who regulates the regulators?

Plants acclimated to PSI photoinhibition showed an increase in allocation of PSII-
derived electrons to CO» fixation, especially under growth light, but also under high
light, when the changes in the distribution of excitation energy between the two
photosystems were taken into account (paper I, Figure 4 and Supplemental figure 3).
We proposed that this was due reduced activity of the Trx-m1 and Trx-m2 regulated
malate valve and reduced activity of nitrogen fixation. Unfortunately, I did not have
access to a specific antibody against chloroplast MDH, that would have allowed me
to compare its redox state in treated and control plants. However, the increase in
STN7-dependent LHCII phosphorylation in PSI photoinhibited plants, compared to
control plants (paper I, Figure 7a), suggests that Trx-ms are less active in inhibiting
the STN7 kinase in PSI photoinhibited plants. A recent paper suggests that Trx-ms
are regulated by CBSX2 protein, which contain cystathionine-b-synthase domain
(Baudry et al., 2022), which may explain the observed changes in the distribution of
reducing power in stromal metabolism. As the role of CBSX2 is controversial (Murai
et al., 2021; Baudry et al., 2022), I will first briefly review the literature on CBSX
proteins and then discuss how this relates to the changes observed in PSI
photoinhibited plants.

Plants have two chloroplast-located CBSX proteins, CBSX1 and CBSX2, of
which CBSX1 is the major isoform in heterotrophic tissues, whereas CBSX2 is the
major isoform in leaves (Yoo et al., 2011). It has been suggested that CBSX2 forms
an inhibitory complex with Trx-m1, Trx-m2 and Trx-m4 proteins (Baudry et al.,
2022). In WT, the formation of the Trx-m-CBSX2 complex inhibits the activation of
NADPH-MDH and therefore P700 oxidation is faster in the chsx/chsx2 mutant
during light to dark transition (Baudry et al., 2022), but the redox labelling of NADP-
MDH showed no differences between WT and the cbsx!cbsx2 mutant under the light
conditions studied (Murai et al., 2021). The formation of the CBSX2-Trx-m complex
is thought to be regulated by adenylate status, since the addition of ATP and ADP
increases the activity of Trx-ms in the presence of CBSX2. This activation of Trx-
ms has been proposed to downregulate CET via Trx-m4 (Baudry et al., 2022), but it
could also activate the malate valve via Trx-m1 and Trx-m2. Given the different
approaches of the CET and the malate valve in regulating the ATP/NADPH ratio, it
would be logical that a high stromal ATP concentration would inactivate CET, which
generates extra ATP at the expense of reductants, and at the same time activate
malate valve, which consumes excess reductants that could then be used in other
cellular compartments.

However, CBSX2 also interacts with NTRC and inhibits it in an AMP-dependent
manner, and it also disturbs redox regulation in darkness (Li et al., 2023; Tran et al.,
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2023). These results conflict with the previous interpretation of the role of CBSX2
in the regulation of alternative electron transfer pathways, as the inactivation of
NTRC by low energy status would inhibit NDH1-dependent CET (Nikkanen et al.,
2018). However, the misregulation of NTRC in the cbsx2 mutant would explain the
reduction of ATP synthase, FBPase and SBPase in darkness since it is similar to the
NTRC overexpression mutant (Nikkanen et al., 2016; Li et al., 2023).

The conflicting results with the CBSX2 protein could be explained by different
in vitro reaction conditions, as the binding of adenylates can be affected by Mg
concentration and pH. Based on a structural study of the CBSX2-AMP complex, it
has been suggested that ATP cannot bind to CBSX2 due to electrostatic repulsion
(Jeong et al., 2013), but kinetic studies with CBS domain-regulated
pyrophosphatases have shown that at least some CBS domains are cooperatively
regulated by adenylates and Mg?* (Salminen et al., 2014), which could mean that the
electrostatic repulsion can be masked by Mg**. Considering that the activation of
light reactions affects the adenylate status and Mg** concentration in the stroma, the
regulation of the Trx-system by CBSX2 should be investigated at different adenylate
and Mg?* concentrations.

If Trx-m activity is indeed activated by ATP accumulation in the stroma, this
may explain why the distribution of reducing power is altered in plants acclimated
to PSI photoinhibition. PSI photoinhibited plants have lower pfm (ECS;) than control
plants under growth light illumination (paper I, Figure 5a), which would be expected
to lead to lower ATP production, which would then keep Trx-ms inactive in complex
with CBSX2. The changes in stromal metabolism after PSI photoinhibition would
be interesting to investigate further using stromal-targeted Mg?*, POs*, ATP and
NADPH biosensors (Lindenburg et al., 2013; Mukherjee et al., 2015; Voon et al.,
2018; Lim et al., 2020).

5.4 LHCII phosphorylation acts as a buffering
system for light harvesting

Phosphorylation-dependent mechanisms have been shown to balance the excitation
between photosystems under changing light qualities and intensities, in a process
called state-transitions. However, our results with both the PSI and PSII
photoinhibited plants imply that phosphorylation-dependent mechanisms are
important also in balancing the rates of photosystems under conditions where the
photoinhibition of either one of the photosystems disturbs the functional balance
between the photosystems. PSII photoinhibition in lincomycin-treated leaves leads
to complete dephosphorylation of LHCII (paper II, Figure 5), resembling the state
under far-red illumination, which preferentially excites PSI and results in oxidation
of the PQ pool. On the other hand, the hyperphosphorylation of both the LHCII and
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PSII core proteins occurring after PSI photoinhibition (paper I, Figure 7b) has never
been detected under different light quantities or qualities, but instead, such a
phosphorylation state can be found in the tap38 mutant under high light (Mekala et
al., 2015). These results suggest that LCHII and PSII core protein phosphorylation-
dependent regulation of light distribution likely acts as a buffering system that allows
light reactions to get adjusted to changes in light use efficiency, apart from
acclimation to changes in light intensity or quality. Since the current analyses were
performed with WT plants, similar analyses with the kinase mutants would further
test this hypothesis.

Changes in the distribution of excitation energy between the two photosystems
were more pronounced in low temperature and high light treated lettuce (paper II1,
Figure 3F), than in PSI photoinhibited Arabidopsis (paper I, Figure 7a). Apart from
the different plant species and light treatments, the extent of the changes in energy
distribution to photosystems is likely to be influenced by the inhibition of the PSII
repair cycle, as observed in lincomycin and high light treated Arabidopsis (paper II,
Figure 4D), together with phosphorylation of the minor antenna protein LHCB4
(paper III, Figures 3A and 8D), or by LHCB4 phosphorylation alone. In further
studies, it would be fascinating to investigate whether the greater flexibility in
excitation energy distribution allows lettuce to acclimate to PSI photoinhibition
better than Arabidopsis

5.5 Evolution and role of LHCB4 phosphorylation

The detection of major LHCB4 phosphorylation in lettuce (paper 11, Figures 3A and
8D) was surprising, as this modification was previously reported only in grasses
among land plants (Chen et al., 2013). The functional considerations of LHCB4
phosphorylation in downregulation of PSII light harvesting, by dissociation of
M-LHCII from PSII supercomplexes, were discussed in detail in paper III, but here
I will focus more on the evolution of LHCB4 protein phosphorylation.

LHCB4 is evolutionarily the oldest of the external light-harvesting antenna
proteins (Koziol et al., 2007), and crucial for linking the M-LHCII complex to the
PSII core. It is therefore surprising how much variation there is in LHCB4s between
land plant orders, as the isoform composition changes from one to three (Grebe et
al., 2019). Eurosids and Caryophyllales are the only angiosperm orders with three
isoforms, LHCB4.1, LHCB4.2 and LHCB4.3, the latter also called LHCBS
(Klimmek et al., 2006; Grebe et al., 2019). Most angiosperms have only LHCB4.1
and LHCB4.2, whereas most gymnosperms, with the exception of Cycadales, have
only LHCBS8 (LHCBA4.3) (Grebe et al., 2019). In Arabidopsis and pea (Pisum
sativum), LHCB4.3 (LHCBS) is expressed only under excess light, which leads to a
decrease in PSII antenna size, since the PSII supercomplexes with LHCB4.3
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(LHCBS) completely lacks M-LHCII and LHCB6 (Albanese et al., 2019), as do the
PSII supercomplexes of spruce (Picea abies), which have only LHCBS8 (Opatikova
et al., 2023). In contrast, lettuce and grasses studied so far do not possess LHCB4.3
(LHCBS), but they have more pronounced phosphorylation of LHCB4 (paper I1I,
Figures 3A and 8D) (Chen et al., 2013; Betterle et al., 2017). It is therefore
conceivable that the phosphorylation of LHCB4 (lettuce and grasses) under excess
illumination has the same function as the accumulation of LHCB4.3 (LHCBS)
(Arabidopsis and pea) to reduce the PSII antenna size. However, LHCB4
phosphorylation is a more dynamic process due to its rapid reversibility (paper 1L,
Figures 3A and 8D), which may make it more advantageous under rapidly changing
environmental conditions.

Differences in LHCB4 phosphorylation dynamics between species are difficult
to explain because of their very similar LHCB4 sequences. Only one threonine
residue close to the phosphosite in Arabidopsis is replaced by phenylalanine in
lettuce (paper 111, Figure 8), and similar substitutions have occurred in grasses (Chen
et al., 2013), which might affect the recognition of the phosphorylation site by the
STNS kinase. The N-terminal extension of rice STNS has been speculated to affect
substrate recognition (Betterle et al., 2015), but such a clear difference is missing
when comparing Arabidopsis and lettuce STN8 kinases. To my knowledge, the
major LHCB4 phosphorylation under excess illumination has been shown to occur
in the green alga Chlamydomonas reinhardtii (Chlamydomonas) (Turkina et al.,
2004), and apart from the lettuce in our study, only in grasses among the land plants.
It is therefore difficult to assess the main reason for the loss of LHCB4
phosphorylation in other lineages, or whether the LHCB4 phosphorylation has
evolved independently in the lineages studied so far. However, lettuce and grasses
have the same phosphosites, whereas Chlamydomonas phosphosites are different
(Chen et al., 2013), which would support the independent evolution of LHCB4
phosphorylation in these lineages.

Expression of lettuce LHCB4 in the Arabidopsis /hch4 mutant (de Bianchi et al.,
2011) could be used to test whether changes in LHCB4 phosphorylation are due to
a change in an amino acid. Furthermore, the generated mutant could also be used to
study the functional role of major LHCB4 phosphorylation.

5.6 Role of SEP2 in photoprotection under low
temperature and high light stress

In paper III, we showed that lettuce has high non-photochemical quenching during
combined low temperature and high light stress, and that it persists even after 1 h
dark recovery (paper III, Figure 2B). Based on the biochemical and proteomic
analyses, we proposed that LHCB4 phosphorylation together with SEP2
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accumulation may be behind the formation and relaxation of the sustained quenching
(paper 111, Figures 2B, 6D and 8D).

The SEP2 protein has also been suggested to play a role in Chl catabolism as the
Arabidopsis overexpression mutant has a pale green phenotype and has a reduced
amount of Chl compared to the wild type (Ren et al., 2023). However, SEP2
overexpression also leads to wupregulation of ELIP1 and ELIP2 and to
downregulation of protochlorophyllide oxidoreductase A (PORA) transcription (Ren
et al.,, 2023), suggesting that upregulation of ELIPs inhibits Chl biosynthesis
(Tzvetkova-Chevolleau et al., 2007), explaining the phenotype. In the paper III we
proposed that LHCB4 and SEP2 compete for the binding site at CP47, which would
also explain why the SEP2 overexpression mutant plants and plants in which SEP2
has been silenced do not exhibit fluorescence phenotypes under stable growth
conditions (Ren et al., 2023), since the PSII super-complexes are intact under stable
conditions and SEP2 is unable to bind to the PSII core.

The proposed role of SEP2 in sustained quenching and its importance in
acclimation to excess excitation stress should be verified by determining the
localisation and interaction partners of the SEP2 protein, spectroscopic studies of
putative SEP2-PSII complexes and characterisation of lettuce SEP2 deletion mutants
as well as LHCB4 phosphosite mutants.

5.7 Reaction centre quenching is likely to be
induced by the accumulation of pre-D1 and
oxidative modification of the D1 protein

In the reanalysis of the proteomics data (Chapters 3.5 and 4.2) generated from
thylakoids isolated from low temperature and high light treated lettuce (paper III), I
detected the accumulation of pre-D1 protein during the treatment and a gradual
increase in the amount of mature D1 protein during dark recovery (paper 111, Figure
8A and thesis, Figure 10A). In addition to changes in D1 processing, I also detected
an oxidative modification of the D1 protein (Figure 10B). In this chapter, I will
explore how these changes at the protein level could explain why the fraction of open
and functional PSII reaction centres (qLr) increased during dark recovery (paper III,
Figure 8F), where D1 translation is not expected to occur and how these changes
could promote NPQ.

One mechanism of PSII reaction centre quenching is based on recombination
reactions between P680" and Qa™, or in some cases Qg”, which prevent the
accumulation of P680™, thus reducing the probability of direct oxidative damage to
the reaction centre proteins or cofactors (Sane et al., 2003; Ivanov et al., 2008).
Recombination can be direct from Q™ to P680™ or indirect via Phe™ to P680*". The
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direct reaction is considered as safe recombination route as it does not carry a risk of
!0, formation as the indirect route (Johnson et al., 1995).

The inhibited processing of pre-D1 disrupts the correct binding of CP43 to the
reaction centre and the proper formation of OEC, but the Arabidopsis ctpa mutant is
still able to accumulate some non-functional PSII-LHCII supercomplexes (Shi et al.,
2021). Accumulation of pre-D1 and the chemical removal of the manganese clusters
have been shown to increase the midpoint potential (Em) of Qa/Qa™ (Johnson et al.,
1995). However, more recent reports suggest that this is due to altered binding of
extrinsic lumenal subunits and changes in the binding of CP43, rather than the
absence of the manganese cluster (Roose et al., 2010; Kato and Noguchi, 2021), and
that the increase in on En of Qa/Qa™ during chemical removal of the manganese
cluster is due to the concomitant removal of bicarbonate from the ferrous iron
(Brinkert et al., 2016; Sugo and Ishikita, 2022). However, regardless of the
mechanism, increase in the E, of Qa/Qa™ slows down forward electron transfer and
promotes the direct recombination route, protecting the donor side from oxidative
damage, while at the same time minimising *Chl formation and 'O, production
(Johnson et al., 1995; Sane et al., 2003). Increase in the Em of Qa/Qa™ could also
upregulate direct quenching by increasing the lifetime of Qa™ (Farooq et al., 2018).

My results (paper III, Figure 8A and thesis, Figure 10) suggest that D1
processing is partially inhibited under low temperature and high light stress, and that
D1 processing resumes after the stress is over. Such regulation of the PSII repair
cycle would allow D1 to be resynthesised under conditions where ATP is available
for D1 degradation and translation, while protecting the new D1 from photodamage.
This would allow the rapid restoration of PSII functionality even under low light
illumination, where the availability of ATP may be limited. Furthermore, this type
of regulation of D1 processing means that the later steps of PSII repair can take place
also in the dark. Cleavage of the C-terminus allows the correct binding of CP43,
which would lower the En of Qa/Qa~. This allows forward electron transfer and
reduces reaction centre quenching, thereby explaining the recovery in Y(II) (paper
III, Figure 2A) and qLr (paper III, Figure 8F), and the changes observed in the
fluorescence of PSII monomers in the clear native gels (paper IlI, Figure 3C).
However, the manganese cluster would not form in the dark because it requires
photoactivation.

His252 is important for the protonation of Qg and mutations in this site affect the
Em of Qs/Qgs™ (Kobayashi et al., 2022). Moreover, His252 resides adjacent to the DE
loop, which is cleaved during the PSII repair cycle. His252 oxidation has been
studied previously and it was proposed to lead to the formation of an oxidative
adduct between D1 and cytochrome bsso during high light illumination of solubilised
thylakoids (Lupinkova et al., 2002). Formation of such an adduct is oxygen
dependent, prevented by chemical modification of histidine and reduced in the
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presence of the singlet oxygen scavenger histidine and the triplet quencher propyl
gallate (Lupinkova et al., 2002; Widengren et al., 2007). Adduct formation also
coincides with a slight electrophoretic shift in D1 migration on SDS-PAGE,
suggesting that the protein is modified. Mutation of His252 to Ala, Glu, Gln, Gly,
Leu, Lys or Tyr impairs the reduction of Qg by interfering with the coupled
protonation step (Lupinkova et al., 2002; Kobayashi et al., 2022; Forsman et al.,
2024; Sheridan et al., 2024). This is especially true for Leu and Tyr mutants, as these
mutations are likely to completely prevent the formation of the hydrogen bond
network for Ser264 to protonate Qg. The susceptibility of D1 to degradation is also
affected by mutations in this site. The His252Leu mutation does not affect D1
degradation (Lupinkova et al., 2002), but the Ala, GIn and Tyr mutants have higher
DI turnover (Forsman et al., 2024), and D1 fragmentation has been detected in the
Leu mutant even under growth conditions (Lupinkova and Komenda, 2004). The
GIn mutant also appears to protect PSII from photoinhibition and it has lower ROS
production under high light illumination (Sheridan et al., 2024).

The detected oxidation of His252 to aspartic acid (Figure 10B) could induce
reaction centre quenching by increasing S,Qp™ recombination, similar to the
proposed destabilisation of Qg™ by deprotonated His252 when stromal pH is high
(Kobayashi et al., 2022). The probably small amount of reaction centres with
oxidised His252 could therefore play a minor role in the formation and relaxation of
the sustained quenching in low temperature and high light treated lettuce, but it could
also lead to 'O, generation, unless the En of Qa/Qa™ is also altered in the same
reaction centres. Oxidation of His252 could also affect the recognition of D1 by DEG
protease and lead to degradation of damaged D1 during dark recovery when low
temperature does not limit enzyme activity. In conclusion, this type of oxidative
modification may also be responsible for the higher E., of Qs/Qp™ detected in cold
acclimated plants (Sane et al., 2003).

These hypotheses presented above, on the role of pre-D1 accumulation and
His252 oxidation in acclimation to low temperature and high light stress, could be
tested with spectroscopic and functional measurements using isolated thylakoids.
Q4 oxidation kinetics with flash fluorescence measurements would provide more
information on the rates of forward electron transfer and recombination reactions,
while information on thermoluminescence yield and temperature of the bands would
complement these measurements (Sane et al., 2003). In addition, oxygen evolution
measurements with 2,6-dichloro-1,4-benzoquinone (DCBQ), which accepts
electrons from Qa, and 2,6-dimethoxy-1,4-benzoquinone (DMBQ), which accepts
electrons from Qg, would also allow the analysis of the rate of electron transfer from
Qa to Qs. The same measurements with thylakoids pre-treated with low illumination
in the presence of MnCl,, CaCl, and 2,6-dichlorophenolindophenol (DCIP), as an
artificial electron acceptor, could be used to study PSII photoactivation (Johnson et
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Discussion

al., 1995). Localisation of pre-D1 with 2D immunoblots would also help to identify
which complexes should be analysed further. In addition to these further studies, the
results of the MS analysis should also be verified with synthetic peptides.

The detection of histidine oxidation to aspartic acid also opens new directions
for mechanistic studies of PSII photoinhibition. Histidine is the most reactive amino
acid with 'O, (Remucal and Mcneill, 2011; Miyahara et al., 2020), but for some
reason, this modification has not been analysed in studies of PSII oxidation using
MS-based methods (Kale et al., 2017; Weisz et al., 2017; Kumar et al., 2021).
Moreover, MS-based studies of light-induced oxidation of PSIIL, including ours, have
used trypsin to digest the proteins. This means that the hydrophobic core of the
reaction centre is not analysed because there are no cleavage sites in the
transmembrane region and the resulting peptides are likely to be too long and
hydrophobic for analysis. Therefore, oxidative modifications in the transmembrane
helices of the PSII reaction centre may have eluded detection due to methodological
problems. Further studies on chymotryptic peptides, cleaved at the sites of aromatic
amino acids, could reveal if or how D1 protein is altered during photoinhibition.
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6 Conclusions

Photosynthesis is a complex and fascinating research subject, and the regulation of
photosynthesis is even more so. In my PhD thesis, I sought to understand how
photoinhibition alters the function and regulation of the photosynthetic machinery,
from changes in specific amino acids to the overall organisation of photosynthetic
supercomplexes and stromal redox regulatory networks. [ have been able to elucidate
many regulatory aspects of PSII and PSI photoinhibition, and their interaction with
a number of regulatory mechanisms involved in protecting the photosynthetic
apparatus under changing environmental conditions and in allowing plants to
acclimate to photoinhibition (papers I, I and III). As is often the case with this type
of exploratory research, my work was not able to fully answer the original research
questions, but it did lead to the formulation of several hypotheses that would be
interesting to explore further through more specific experiments, some of which
were outlined in the discussion.
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