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ABSTRACT 

Post-translational modifications (PTMs) of proteins such as phosphorylation have 
been shown to play pivotal roles in the regulation of photosynthesis. However, the 
study of these small modifications has long been hindered by methodological 
limitations. In recent years, advances in mass spectrometry methods have enabled 
the identification of a myriad of PTMs affecting proteins in all subcellular 
compartments. Especially interesting is the high prevalence of protein acetylation in 
the chloroplast, and more specifically in photosynthetic proteins.   

The acetylation machinery in the chloroplast consists of seven acetyltransferase 
enzymes that belong to the General control non-repressible 5-related N-
acetyltransferase (GNAT) superfamily. The chloroplast-localized GNATs (GNAT1-
5, GNAT7 and GNAT10) have been shown to catalyse two types of protein 
acetylation reactions: the addition of an acetyl group to the free N-terminus and the 
acetylation of an internal lysine residue of a protein. In addition, GNAT1 and 
GNAT2 function as metabolite acetyltransferases in the biosynthesis of melatonin. 
The presence of such a versatile group of plastid-localized GNAT acetyltransferases 
points to the importance of this PTM in the chloroplast.  

In this thesis, I have focused on elucidating the physiological role(s) of a group 
of the newly identified chloroplast GNAT acetyltransferases with a special focus on 
photosynthesis. My work has shown that GNAT2 is required for the regulation of 
excitation energy distribution between the photosystems through state transitions. 
Specifically, the formation of the PSI-LHCII complex is hindered in the gnat2 
mutant, although no defects were detected in LHCII phosphorylation, which was 
previously considered to be the main determinant of state transitions. Additionally, 
GNAT2 was shown to be essential for the dynamic responses of the thylakoid 
membrane to changes in light conditions. GNAT1, GNAT2, GNAT4, GNAT7 and 
GNAT10 have a marked effect on the metabolome of Arabidopsis thaliana, 
especially on the accumulation of oxylipins, lipids and two acetylated amino acids. 
Finally, I have characterized two previously unknown thylakoid membrane proteins 
acetylated by GNAT2 and revealed their involvement in the dynamic adjustment of 
the light harvesting antenna of photosystem II.     

KEYWORDS: Post-translational modifications, protein acetylation, GNAT 
acetyltransferases, photosynthesis.  
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TIIVISTELMÄ 

Entsyymien aktiivisuutta sekä proteiinien lokalisaatiota ja vuorovaikutuksia sää-
dellään erilaisten proteiinien entsymaattisten muokkausten avulla. Fotosynteesi-
reaktioiden säätelyssä proteiinien fosforylaatio on tärkein tunnettu proteiinimuok-
kaus, jonka on osoitettu olevan muun muassa valohaaviproteiinien ja valoenergian 
keräyksen säätelyn edellytys nopeasti muuttuvissa valo-olosuhteissa. Proteiini-
muokkausten tutkimus on ollut menetelmällisesti haastavaa, mutta massa-
spektrometriamenetelmien kehitys viime vuosina on mahdollistanut lukuisten uusien 
proteiinimuokkausten tunnistamisen solun eri osissa. Proteiinien asetylaatiota 
esiintyy erityisen runsaasti kasvin viherhiukkasissa, mutta sen mahdollinen rooli 
fotosynteesin säätelijänä tunnetaan huonosti. 

Viherhiukkasessa asetylaatioreaktioita katalysoi seitsemän General control non-
repressible 5-related N-asetyyltransferaasien (GNAT) -ryhmään kuuluvaa entsyy-
miä: GNAT1-5, GNAT7 sekä GNAT10. Tämän tutkimuksen tavoitteena on ollut 
selvittää viherhiukkasen GNAT-asetyylitransferaasien fysiologista roolia kasvissa, 
sekä erityisesti niiden vaikutusta fotosynteesireaktioihin. Väitöskirjatyössäni 
osoitan, että GNAT2-asetyyltransferaasi osallistuu fosforylaation ohella valon 
keräyksen säätelyyn ja viritysenergian tasapainotukseen. GNAT2 vaikuttaa myös 
merkittävästi tylakoidikalvoston rakenteeseen ja kalvoston rakenteen dynamiikkaan 
muuttuvissa valo-olosuhteissa. Osoitan myös, että proteiinien asetylaation lisäksi 
GNAT1-, GNAT2-, GNAT4-, GNAT7- ja GNAT10-entsyymit vaikuttavat huomat-
tavasti lituruohon metabolomiin. Erityisesti oxylipiinien, antioksidanttina toimivan 
askorbaatin ja eräiden kalvolipidien määrät ovat muuttuneet tutkituissa gnat-
mutanttilinjoissa. Lisäksi osoitan, että kaksi aiemmin tuntematonta kloroplasti-
proteiinia, ALM-A ja ALM-B, jotka ovat GNAT2-entsyymin mahdollisia kohde-
proteiineja, osallistuvat fotosysteemi II:n valohaavin koon säätelyyn.  

ASIASANAT: Proteiinimuokkaus, proteiinien asetylaatio, GNAT asetyylitransfe-
raasit, fotosynteesi. 
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1 Introduction 

1.1 Photosynthesis 
Almost all life on Earth depends either directly or indirectly on photosynthesis, 
which produces the reduced carbon needed to fuel the cellular reactions and provide 
building material for the organism. During oxygenic photosynthesis, light energy 
from the sun together with water are used to reduce inorganic carbon dioxide to 
organic carbohydrates, while oxygen is formed as a side product. Thus, in addition 
to energy and building blocks, photosynthesis provides the molecular oxygen that is 
essential for most heterotrophic organisms. 

Oxygenic photosynthesis first evolved in cyanobacteria around 3.5 billion years 
ago, marking the start of the oxygenic burst and the formation of the atmosphere as 
we know it (Fischer et al., 2016). Later on, as a result of endosymbiosis, an early 
cyanobacteria was engulfed by a heterotrophic cell paving the way to the evolution 
of other photosynthetic organisms, algae and plants (Archibald, 2015). The engulfed 
cyanobacteria evolved into a semi-autonomous organelle, the chloroplast. While the 
main components of the photosynthetic machinery have remained largely unchanged 
since photosynthesis first evolved, evolutionary distinct photosynthetic organisms 
differ in the regulatory mechanisms that have enabled their adaptation to ever-
changing environments. Decades of research have help us further our understanding 
of photosynthesis greatly, but especially the regulatory aspects of photosynthesis 
hold many unanswered questions to this day.  

As humans we rely on photosynthesis to produce food and feed (and oxygen) 
that both are becoming more scarce as the human population increases. Additionally, 
climate change is providing new challenges for our crops as extreme weather 
conditions such as heat, flooding and drought are becoming more frequent. 
Understanding photosynthesis and especially it’s regulation can help us find ways to 
deal with challenges of food security as well as fuel production.  

In plants, photosynthesis takes place in the chloroplast, a semi-autonomous 
organelle surrounded by two layers of membranes: the outer and inner envelope 
membrane. In addition, the chloroplast holds within membrane-surrounded sacs 
called the thylakoids. Thylakoids are arranged as stacks of appressed membranes 
referred to as the grana thylakoids and the non-stacked stroma lamellae structures 
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that connect the grana stacks to each other. The area at the interconnection of the 
grana stacks and stroma thylakoids is referred to as the grana margins that together 
with stroma lamellae and grana tops comprises the non-appressed regions of the 
thylakoid membrane. The soluble compartment enclosed by the thylakoid 
membranes is the lumen. The overall three-dimensional ultrastructure of the 
thylakoid membrane is somewhat unclear, but according to the most widely accepted 
model, the stroma lamellae wrap helically around the stacked grana (Mustárdy & 
Garab, 2003; Paolillo, 1970; Ruban & Johnson, 2015). The stromal helices are 
connected to the grana via narrow membrane slits. Thylakoid membranes harbour 
the protein-pigment complexes that catalyse the first steps of photosynthesis, the 
light reactions. The soluble space of the chloroplast surrounding the thylakoids is 
called the stroma and it contains the soluble protein complexes that catalyse the 
carbon assimilation reactions of photosynthesis.  

Notably, the thylakoid protein complexes are unevenly distributed in different 
parts of the thylakoid membrane. Photosystem II (PSII) is mostly restricted to the 
stacked grana thylakoids, while photosystem I (PSI) and ATP synthase (ATPase) are 
found in the non-appressed stroma thylakoids (Andersson & Anderson, 1980). The 
cytochrome b6f complex (Cyt b6f), on the other hand, is most likely evenly 
distributed throughout the thylakoids (Anderson, 1982; Kirchhoff et al., 2017). This 
arrangement of the thylakoid protein complexes is referred to as lateral heterogeneity 
and together with the dynamics of the thylakoid membrane system, it provides a way 
to modulate electron transfer in response to the prevailing light conditions (Johnson 
& Wientjes, 2020).  

1.2 Light reactions 

1.2.1 The structure of photosynthetic pigment-protein 
complexes 

The light reactions take place in the membrane-embedded protein-pigment 
complexes that harvest light energy and convert it to a chemical form as ATP and 
NADPH (Figure 1). In plants, light energy is harvested by the two light harvesting 
complexes (LHCI and LHCII), protein-pigment antenna complexes that contain 
chlorophyll a and b, as well as accessory carotenoid pigments. The LHCI and LHCII 
complexes serve as antennae for PSI and PSII, respectively, and are composed of 
Lhc proteins. In Arabidopsis thaliana (Arabidopsis), four LHCI proteins, Lhca1-4, 
comprise the LHCI, while LHCII is composed of the trimer-forming Lhcb1-3 
proteins that are connected to the PSII core via minor, monomeric antenna proteins 
Lhcb4-6 (CP29, CP26 and CP24) (Crepin & Caffarri, 2018; Jansson, 1999). In 
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addition to PSII, the LHCII heterotrimers can also direct excitation energy to PSI 
(Kyle et al., 1983; Wientjes et al., 2013).  

The reaction centre of PSII is composed of the proteins D1 (PsbA), D2 (PsbD), 
PsbI and the α- and β- subuntis of the Cyt b559 complex. The reaction centre is 
surrounded by the integral light-harvesting antenna proteins CP47 (PsbB) and CP43 
(PsbC) and several small subunits that together with the reaction centre form the PSII 
core monomer (C) (Su et al., 2017; Van Bezouwen et al., 2017). The PSII monomer 
binds a high number of chlorophyll and carotenoid pigments and other cofactors. 
The extrinsic oxygen evolving complex (OEC) is located on the lumenal side of PSII. 
The functional unit of PSII is a dimer (C2) surrounded by LHCII antennae proteins 
that bind to the core with varying strength. The C2 core can bind up to two strongly 
and moderately bound LHCII trimers (S-LHCII and M-LHCII) forming a large 
C2S2M2 supercomplex (Caffarri et al., 2009). The S-LHCII trimers are associated 
to the PSII core via the monomeric Lhcb5, while the M-LHCII trimers via the 
monomeric Lhcb4 and Lhcb6 proteins. Additionally, the C2S2M2 can bind several 
loosely bound LHCII trimers (L-LHCII) that are lost during complex isolation 
(Ruban & Johnson, 2015).  

The PSI reaction centre consists of a PsaA/PsaB heterodimer, and is surrounded 
by subunits PsaC-PsaL, PsaN and PsaO (Amunts et al., 2007). The PSI complex also 
binds several pigments molecules, including chlorophylls and carotenoids. The 
LHCI antenna comprising of two Lhca heterodimers, Lhca1/Lhca4 and 
Lhca2/Lhca3, is arranged in a half-moon shape around the PSI complex, while the 
subunits PsaH, PsaI, PsaL and PsaO form the docking site for L-LHCII (Jensen et 
al., 2004; Lunde et al., 2000).  

The final pigment-protein complex involved in the photosynthetic light reactions 
is the Cytb6f complex that functions between the two photosystems (see section 
1.2.2). The Cytb6f complex consists of Cyt f, Rieske, Cytb6 and subunit IV that 
mediate the electron transfer reactions, as well as a number of other subunits and 
cofactors, including one chlorophyll and one β-carotene (Kurisu et al., 2003).  
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Figure 1.  Schematic representation of the linear electron transfer chain catalysed by the thylakoid-

embedded protein-pigment complexes (details in text). The electron and proton transfer 
pathways are depicted as solid and dashed arrows, respectively. Abbreviations: LHCII, 
light harvesting complex II; PSII, photosystem II; OEC, oxygen-evolving complex; PQ, 
plastoquinone; PQH2, plastoquinol; Cytb6f, cytochrome b6f; PC, plastocyanin; PSI, 
photosystem I; LHCI, light harvesting complex I; Fd, ferredoxin; FNR, ferredoxin:NADP+ 
oxidoreductase; ATPase, ATP synthase; CBB, Calvin-Benson-Bassham cycle. Figure 
modified from the original made by Marjaana Rantala.    

1.2.2 The electron transfer chain is at the heart of the light 
reactions 

Absorption of a photon excites an electron of a pigment to a higher energetic state 
and this excitation energy is transferred from one pigment molecule to another, until 
it reaches the reaction centre of PSII, P680. The P680 reaction centre consists of two 
chlorophyll a molecules, that when excited, readily pass an electron on to the primary 
electron acceptor, pheophytin, in the event of charge separation. The reduced 
pheophytin then transfers an electron to plastoquinone A (PQA), which passes the 
electron on to plastoquinone B (PQB). Once PQB is fully reduced by a second electron 
donated by a newly reduced PQA, PQB takes up two protons from the stroma forming 
plastoquinol (PQBH2). PQBH2 then detaches from PSII and diffuses in the thylakoid 
membrane to the plastoquinol-binding site of the Cyt b6f complex.  

Cytb6f transfers electrons from PQBH2 to plastocyanin, while concomitantly 
translocating protons from the stroma to the lumen utilizing the Q-cycle (Malone et 
al., 2021). First, one electron from PQBH2 is transferred via the Rieske Fe-S centre 
and cytochrome f to plastocyanin, a mobile electron carrier that transfers electrons 
from Cyt b6f to PSI. The second electron of PQBH2 is passed via two b-type heme 
molecules to an oxidized quinone molecule bound at the stromal side of Cyt b6f, 
while the two protons of PQBH2 are released into the lumen. Thus, the first round of 
the Q-cycle results in the oxidation of PQBH2, the release of two protons into the 
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lumen and production of a semiquinone. When the cycle is repeated, the 
semiquinone is fully reduced to a plastoquinol that accepts two protons from the 
stroma and enters into the PQBH2 pool (Malone et al., 2021).   

Similarly to PSII, PSI also uses light energy to catalyse a charge separation in its 
reaction centre designated P700. The excited P700 readily gives an electron to the 
primary electron acceptor A0 (a special form of chlorophyll), which then reduces 
phylloquinone A1. The oxidized P700+ is rapidly reduced by electrons from 
plastocyanin, while the electron from A1 is passed through three Fe-S centers in PSI 
to the soluble ferredoxin (Fd) associated to the thylakoid membrane on the stromal 
side. Fd is oxidized by ferredoxin:NADP+ oxidoreductase (FNR) and the electron is 
passed on to NADP+, resulting in the production of NADPH. Electrons from reduced 
Fd can alternatively be used to reduce PQ that can be oxidized by Cyt b6f in a process 
called cyclic electron transfer (CET) (Figure 2) (Munekage et al., 2004). CET results 
in the production of ATP (at the expense of NADPH) and is used to adjust the 
ATP/NADPH ratio according to the demands of the cell. Fd-dependent reduction of 
PQ can occur via two pathways: the major PGRL1/PGR5-dependent pathway or 
catalysed by the NADH dehydrogenase-like complex (Munekage et al., 2002, 2004; 
Shikanai et al., 1998). Fd also serves as an electron donor in several other reactions, 
such as the regulatory thioredoxin proteins and nitrogen assimilation (Hanke & 
Mulo, 2013).  

Linear electron transfer results in the formation of the reduced electron carrier 
NADPH and the formation of a proton gradient across the thylakoid membrane. The 
latter is utilized by ATPase to produce ATP. The chloroplast ATPase consist of two 
domains, the transmembrane CF0 and the peripheral CF1 on the stromal side of the 
thylakoid membrane (Hahn et al., 2018). CF1 is responsible for the formation of ATP 
from ADP and Pi, while CF0 forms the proton pore across the thylakoid membrane. 
ATP is formed on the surface of CF1, but its release into the stroma requires a 
conformational change caused by the rotation of the enzyme (Hahn et al., 2018). The 
energy for this rotation is obtained when protons pass through CF0 down their 
electrochemical gradient.  

The primary charge separation in PSII produces a very strong oxidizing agent, 
P680+, that needs to be reduced before the complex is ready to receive a new photon. 
The electron for P680+ reduction is obtained by the splitting of water by OEC 
associated to the lumenal side of PSII. The OEC catalyses the oxidation of two water 
molecules, which releases four electrons and protons as well as one molecule of O2. 
Since water splitting releases four electrons and P680+ reduction requires only one, 
the OEC transfers the electrons obtained from water splitting one at a time utilizing 
a cluster of four manganese ions, while a tyrosine residue (TyrZ) functions as a direct 
electron donor to P680+. The storing and gradual passing of electrons is possible, 
because the manganese cluster can exist in five oxidation states (Cady et al., 2008). 
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Full oxidation of the manganese cluster is obtained when four photons are absorbed 
and four charge separations take place at P680. Once fully oxidized, the Mn-cluster 
is able to oxidize two water molecules to gain four electrons. Simultaneously, four 
protons are released into the thylakoid lumen, greatly contributing to the formation 
of the proton gradient across the thylakoid membrane.  

1.3 Carbon assimilation reactions 
The NADPH and ATP produced in the light reactions are utilized in the second part 
of photosynthesis, the carbon assimilation reactions. Carbon assimilation is 
catalysed by enzymes residing in the soluble stroma of the chloroplast and can be 
divided into three stages: carbon fixation, reduction and regeneration. Together, 
these reactions are also referred to as the Calvin-Benson-Bassham cycle (CBB) 
(Bassham, 1971).  

The carbon fixation stage consists of one reaction, the condensation of a CO2 
molecule with a five-carbon acceptor (ribulose 1,5-bisphosphate) catalysed by 
ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) (Andersson & 
Backlund, 2008). The six-carbon molecule formed by Rubisco is unstable and is 
immediately cleaved to form two three-carbon 3-phosphoglycerate molecules 
(Bassham, 1971). In the following stage, reduction, 3-phosphoglycerate is first 
phosphorylated to produce 1,3-bisphosphoglycerate in a reaction that utilizes one 
molecule of ATP and is catalysed by 3-phosphoglycerate kinase. 1,3-
bisphosphoglycerate is then reduced to glyceraldehyde 3-phosphate by 
glyceraldehyde 3-phosphate dehydrogenase and electrons from NADPH. 
Glyceraldehyde 3-phosphate is interconverted to dihydroxyacetone phosphate by 
triose phosphate isomerase. 

The fixation of three CO2 molecules and the following reduction reactions yield 
six three-carbon triose phosphate molecules, one of which represents the net product 
of carbon fixation, while the remaining five are used in the third stage of carbon 
assimilation reactions to regenerate three five-carbon acceptor molecules (ribulose 
1,5-bisphosphate) that are ready to repeat the cycle of carbon assimilation (Bassham, 
1971). The regeneration stage consists of nine steps that utilize three-, four-, five-, 
six-, and seven-carbon sugar intermediates and ATP. The enzymes that catalyse the 
regeneration reactions are: aldolase, fructose 1,6-bisphosphatase, transketolase, 
sedoheptulose 1,7-bisphosphatase, ribose 5-phosphate isomerase, ribulose 5-
phosphate epimerase and ribulose 5-phosphate kinase (Buchanan et al., 2015). The 
triose phosphate molecules not used for the regeneration of ribulose 1,5-
bisphosphate are used for the biosynthesis of starch for storage, converted to sucrose 
for transport or degraded via glycolysis for energy. 
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Despite of its crucial role in photosynthesis, Rubisco is a surprisingly poor 
catalyst of carbon fixation. The relatively low turnover rate of Rubisco is 
compensated by its high abundance in the chloroplast, while a second challenge 
caused by its faulty substrate specificity requires a more elaborate and energetically 
costly solution. In addition to catalysing the carboxylation of ribulose 1,5-
bisphosphate using CO2 as a substrate, Rubisco also uses O2 as a substrate in the 
oxygenation of the primary carbon acceptor (Andersson & Backlund, 2008). The 
latter reaction results in the production of 3-phosphoglycerate and a metabolically 
useless molecule, 2-phosphoglycolate. 2-phosphoglycolate is converted to serine, 
and eventually to 3-phosphoglycerate in the glycolate pathway that requires enzymes 
from three different organelles: the chloroplast, peroxisome and mitochondria. One 
cycle of the glycolate pathway consumes one molecule of ATP and releases CO2, 
thus diminishing the yield of photosynthesis. The frequency of the Rubisco-
catalysed oxygenation reaction increases in higher temperatures that both decrease 
the solubility of CO2 in aqueous solution and diminish the affinity of Rubisco to CO2. 

1.3.1 Regulation of carbon assimilation  
Carbon assimilation is largely regulated at its first step, the fixation of CO2 catalysed 
by Rubisco. In plants, Rubisco is a multimeric complex composed of eight large 
subunits that each contain a catalytic site and eight small subunits (Andersson & 
Backlund, 2008). Rubisco activity depends on the presence of a carbamoylated 
lysine residue and an Mg2+ ion in its active site. In the dark, Rubisco is readily 
inhibited by the binding of its substrate, ribulose 1,5-bisphophate, that in turn inhibits 
the nonenzymatic carbamoylation of lysine and Mg2+ binding. To activate Rubisco, 
ribulose 1,5-bisphophate is removed from the active site in an ATP-dependent 
reaction catalysed by Rubisco activase (RCA). RCA, on the other hand, is inhibited 
by the ADP formed upon Rubisco activation and is additionally regulated by its 
redox state via the thioredoxin system (described below), ΔpH and ATP-dependent 
thylakoid recruitment (Chen et al., 2010; Portis, 2003).  

Because carbon assimilation requires significant amounts of NADPH and ATP 
that are produced in the light, several light-dependent regulatory mechanisms have 
evolved to activate carbon assimilation upon exposure to light. In addition to 
producing NADPH and ATP, the light reactions result in the increase of stromal pH 
from 7 to 8 and increased stromal Mg2+ concentration caused by the flow of Mg2+ 

ions from the thylakoids. The increase in stromal pH and Mg2+, respectively, 
facilitate the carbamoylation of lysine and Mg2+ binding in the active site of Rubisco. 
Additionally, the activity of fructose 1,6-bisphosphatase functioning in the 
regeneration of ribulose 1,5-bisphosphate is highly dependent on stromal pH and 
Mg2+ concentration (Buchanan, 1980). 
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Another way to synchronize the activation of carbon assimilation to the light 
reactions is the thioredoxin-system (Nikkanen & Rintamäki, 2019). Thioredoxins 
(TRXs) are small soluble proteins that accept electrons from ferredoxin to reduce a 
disulfide bond between two of their cysteine residues. In this Fd-TRX system the 
reduction of thioredoxin is catalysed by ferredoxin-thioredoxin reductase. Reduced 
thioredoxin is then able to reduce disulfide bonds that inhibit the activity of four 
carbon assimilation enzymes: glyceraldehyde 3-phosphate dehydrogenase, fructose 
1,6-bisphosphatase, sedoheptulose 1,7-bisphosphatase and ribulose 5-phosphate 
kinase (Buchanan, 2016). In the dark, the cysteine residues are again oxidized and 
the inhibiting disulfide bonds are formed.  

While the Fd-TRX system functions predominantly in growth and high light 
intensities, another thioredoxin system, the NADPH-dependent chloroplast 
thioredoxin reductase (NTRC), is also active in the dark and lower light intensities 
(Nikkanen et al., 2018). NTRC receives electrons from NADPH and it combines an 
N-terminal thioredoxin reductase domain and a C-terminal TRX domain in a single 
protein. The Fd-TRX system is thought to be the primary regulator of carbon 
assimilation, although the NTRC systems has also been shown to affect the activity 
of the CBB enzymes, suggesting that the two thioredoxin systems have partially 
overlapping roles (Geigenberger et al., 2017; Thormählen et al., 2015).  

1.4 Regulation of the light reactions 
The dependence of the light reactions on the availability and quality of light means 
that the system needs to constantly adjust itself to adapt to the prevailing light 
conditions. This is no easy task, as the plants are exposed to ever-changing light 
conditions that can vary rapidly e.g. as a result of moving clouds or shading, or 
relatively slowly depending on the time of the day. Fluent and safe operation of the 
light reactions requires that similar amounts of light energy are directed to both 
photosystems, while simultaneously avoiding damage caused by excess light. To 
achieve this, plants have evolved several regulatory mechanisms that help to ensure 
efficient light harvesting, safely dissipate excess energy, protect the photosystems 
and redirect electrons based on the metabolic cues (Figure 2). 

1.4.1 State transitions balance the excitation energy 
distribution between PSII and PSI 

Due to differences in their light harvesting complexes as well as their lateral 
distribution in the thylakoid membrane, the two photosystems do not always receive 
equal amounts of excitation energy. In certain light conditions (e.g. blue or low-
moderate intensity light), LHCII functions more efficiently than LHCI, thus 
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directing more excitation energy to PSII (Ruban & Johnson, 2009; Wientjes et al., 
2013). Under such conditions the electron transfer chain (ETC) becomes reduced, 
and the binding of PQBH2 to the Cytb6f complex leads to the activation of the 
serine/threonine kinase STN7, which phosphorylates LHCII proteins Lhcb1 and 
Lhcb2 (Bellaflore et al., 2005; Vener et al., 1997). As a result of Lhcb2 
phosphorylation in the pool of L-LHCII, a specific PSI-LHCI-LHCII supercomplex 
is formed and more excitation energy is directed to PSI (Crepin & Caffarri, 2015; 
Grieco et al., 2015; Kouřil et al., 2005; Kyle et al., 1983; Pesaresi et al., 2009; 
Wientjes et al., 2013).  In addition to Lhcb2 phosphorylation in the L-LHCII pool, 
also Lhcb1 found in the LHCII trimers of the PSII-LHCII supercomplexes is 
phosphorylated (Crepin & Caffarri, 2015; Rantala et al., 2017). LHCII 
phosphorylation increases the electrostatic repulsion between the PSII-LHCII 
supercomplexes both transversally on the opposing sides of the stromal gap as well 
as laterally within the thylakoid membrane (Barber, 1982; Puthiyaveetil et al., 2017). 
The net result of these changes is the loosening of the grana stacks, which likely 
allows more interaction between the protein complexes that are usually strictly 
restricted to different domains of the thylakoid membrane, thus facilitating the 
formation of the PSI-LHCI-LHCII complex (Kyle et al., 1983; Pietrzykowska et al., 
2014; Rozak et al., 2002; Wood et al., 2018). 

 In light conditions that promote the oxidation of PQ (e.g far-red light), STN7 is 
inactivated and the LHCII proteins are dephosphorylated by the TAP38/PPH1 
phosphatase (Pribil et al., 2010; Shapiguzov et al., 2010). Dephosphorylation of 
LHCII is accompanied by more compact packing of the grana stacks and a decrease 
in excitation energy transfer from L-LHCII to PSI (Bellaflore et al., 2005; Kyle et 
al., 1983; Wood et al., 2018). However, the redox state of the ETC is not the only 
determinant of STN7 activity, which is also inhibited by the accumulation of reduced 
thioredoxins in high light intensities that fully reduce the ETC (Ancín et al., 2019; 
Nikkanen et al., 2018; Rintamäki et al., 2000).  

Reversible phosphorylation of the LHCII proteins and state transitions are 
especially important in the acclimation to fluctuating light conditions where lower 
intensity light periods are interrupted by shorter bursts of high light. This is 
evidenced by the retarded growth phenotype of the stn7 mutant observed when 
grown under fluctuating light but absent under constant light conditions (Tikkanen 
et al., 2010).  
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Figure 2.  Simplified scheme of the regulatory mechanisms of the light reactions. The electron and 

proton transfer pathways are depicted as solid and black dashed arrows, respectively. 
Alternative electron transfer pathways are depicted as purple dashed arrows (details in 
text). Abbreviations: NPQ, non-photochemical quenching; LHCII, light harvesting 
complex II; PSII, photosystem II; OEC, oxygen-evolving complex; PQ, plastoquinone; 
PQH2, plastoquinol; Cytb6f, cytochrome b6f; PGR5, Proton Gradient Regulation 5; 
PGRL1, PGR5-like 1; PC, plastocyanin; L-LHCII, loosely bound LHCII; PSI, 
photosystem I; LHCI, light harvesting complex I; Fd, ferredoxin; FNR, ferredoxin:NADP+ 
oxidoreductase; NDH, chloroplast NADH dehydrogenase-like complex; ATPase, ATP 
synthase; CBB, Calvin-Benson-Bassham cycle. Figure modified from the original made 
by Marjaana Rantala. 

1.4.2 Non-photochemical quenching of excess light energy 
Excess light can lead to the production of reactive oxygen species (ROS) and result 
in cell damage. Thus, several protective mechanisms have evolved to dissipate 
excess excitation energy safely, mostly as heat. Together, these mechanisms are 
called non-photochemical quenching (NPQ), as opposed to photochemical 
quenching of chlorophyll fluorescence by PSII, and as their name implies, they can 
be observed by a decrease in chlorophyll fluorescence. The different components of 
NPQ can be separated by the timescale it takes for them to activate and relax, as well 
as the molecular players involved. Despite the existence of several NPQ components, 
chlorophyll and carotenoid pigments in the LHCII-antennae are ultimately 
responsible for the thermal dissipation of energy during NPQ, but the exact 
biophysical mechanism remains elusive (Holleboom & Walla, 2014).  

The fastest component of NPQ (qE) is induced when the thylakoid protein PsbS 
is protonated as a result of an increase in ΔpH across the thylakoid membrane 
(Krause et al. 1982, Li et al. 2000). In addition to PsbS, induction of qE requires the 
presence of the xanthophyll pigment zeaxanthin (Johnson & Ruban, 2011; Sylak-
Glassman et al., 2014). qE occurs in the timescale of seconds to minutes and results 
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in conformational changes in the PSII-LHCII complex that enable excitation energy 
dissipation (Betterle et al., 2009). Zeaxanthin is also required for the induction of the 
qZ component of NPQ, that activates and relaxes in the timescale of minutes to tens 
of minutes (Dall’Osto et al., 2005; Nilkens et al., 2010). Contrary to qE, qZ does not 
depend on ΔpH or PsbS.  

The slowest component of NPQ is termed qI for photoinhibitory (or sustained) 
quenching, and it occurs in the timescale of hours or longer. Broadly speaking, qI is 
a light-induced decrease in the yield of photosynthetic carbon fixation, which can 
result from several processes. Traditionally, qI has been attributed to the light-
induced inactivation and degradation of the PSII reaction centre protein D1 (PSII 
photoinhibition, discussed in the section 1.4.3). However, sustained NPQ can also 
results from the plastid lipocalin (LCNP) -dependent quenching that takes place in 
the PSII antenna, but does not depend on ΔpH, PsbS or zeaxanthin produced by 
violaxanthin-de-epoxidase (Malnoë et al., 2018).  For clarity, it has been suggested 
to call the LCNP-dependent component of NPQ qH, to distinguish it from NPQ 
occurring due to PSII photoinhibition. Further adding to the complexity of sustained 
NPQ, qZ can also contribute to qI (Malnoe 2018). It has also been suggested that 
inactivated PSI can dissipate excess excitation energy as heat (“PSI-NPQ”) (Tiwari 
et al., 2016).  

All of the NPQ mechanisms described above dissipate excess excitation energy 
as heat. However, a decrease in chlorophyll fluorescence generated by LHCII can 
also be observed as a result of state transitions (discussed in section 1.4.1) that do 
not generate heat. The state transition component of NPQ is termed qT. Other 
processes that lead to decreased chlorophyll fluorescence in plants are chloroplast 
movement that leads to shading (Cazzaniga et al., 2013), thus decreasing the amount 
of harvested excitation energy, and possible excitation energy spill-over from PSII 
to PSI (Kowalczyk et al., 2013).   

1.4.3 PSII photoinhibition-repair cycle 
Production of oxygen by the OEC inevitably exposes PSII to oxidative damage in 
light. Especially prone to ROS-induced damage is the reaction centre protein D1 of 
PSII. Oxidative damage to D1 inhibits PSII activity and the protein must be degraded 
and replaced by a newly-synthesised one in a process called the PSII photoinhibition-
repair cycle, before PSII can regain its function (Aro et al., 1993; Demmig-Adams 
& Adams, 1992). Although the PSII photoinhibition-repair cycle takes place in all 
light intensities, inhibited PSII complexes accumulate only in high light intensities, 
when the rate of photoinhibition exceeds the PSII repair rate (Tyystjärvi & Aro, 
1996). 
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In addition to causing damage to PSII, high light intensities induce the 
phosphorylation of PSII core proteins D1, D1 and CP43 by the STN8 kinase 
(Bonardi et al., 2005; Vainonen et al., 2005). Phosphorylation of PSII core is 
believed to change the interaction between PSII and LHCII and be a prerequisite for 
PSII repair in high light (Fristedt et al., 2009; Tikkanen et al., 2008). Photoinhibited 
phosphorylated PSII dimers accumulate in the grana, where the machinery required 
for the repair of damaged PSII cannot access them (Lindahl et al., 1996; Lu et al., 
2011; Suorsa et al., 2014; Yamamoto et al., 1981). Damaged PSII dimers thus 
migrate to the grana margins, where they are dephosphorylated by the phosphatase 
PBCP and monomerized (Baena-González et al., 1999; Rintamäki et al., 1996; 
Rokka et al., 2005; Samol et al., 2012). The damaged D1 protein is then degraded by 
the FTSH and DegP proteases and replaced by a newly synthesised D1 in stroma 
thylakoids (Haußühl et al., 2001; Kanervo et al., 2003; Lindahl et al., 1996; L. Zhang 
et al., 1999). PSII monomers are partially disassembled during D1 degradation and 
de-novo synthesis, and are reassembled before they migrate back to the grana 
thylakoids (Aro et al., 2005; Baena-González et al., 1999; Rokka et al., 2005). PSII 
repair cycle is completed by the dimerization of PSII and assembly of active PSII-
LHCII complexes in the grana (Aro et al., 2005).  

Traditionally PSII photoinhibition has been viewed simply as an unavoidable 
consequence of photosynthesis that has been assumed to inevitably limit plant 
growth. However, the PSII photoinhibition-repair cycle is a tightly regulated process 
that has increasingly been implicated as a photoprotective mechanism rather than 
mere photodamage. Adams et al. (2013) have suggested that PSII photoinhibition is 
a way to decrease photosynthetic activity when the production of sugars is greater 
than the needs of the plant or when the capacity of the chloroplast to assimilate 
carbon dioxide into sugars is exceeded. Additionally, PSII photoinhibition has been 
shown to protect PSI, that lacks a repair machinery, from damage by limiting 
electron transfer from PSII to PSI (Tikkanen et al., 2014) . 

1.4.4 Other regulatory mechanisms 
Because PSI does not have a dedicated repair machinery like PSII, oxidative damage 
to PSI leads to irreversible inhibition of the complex that can be alleviated only by 
the synthesis of a new PSI supercomplex. To avoid this costly consequence, many 
photosynthetic regulatory mechanisms protect PSI from over-reduction that can lead 
to damage caused by superoxide formation. In addition to state transitions and PSII 
photoinhibition-repair cycle that respectively protect PSI directly or indirectly, also 
photosynthetic control at the Cytb6f complex and CET serve a PSI protective 
function. Photosynthetic control at the Cytb6f complex slows down the flow of 
electrons to PSI in excess light and is activated when Cytb6f is protonated as a result 
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of increased ΔpH (for a detailed review on Cytb6f the reader is referred to Malone et 
al. (2021). CET (introduced in section 1.2.2), on the other hand, functions as a 
regulatory mechanism as it contributes to the formation of ΔpH and thus the 
induction of photosynthetic control at Cytb6f and NPQ (Munekage et al., 2002, 2004; 
Suorsa et al., 2012). Additionally, adjustment of the ATP/NADPH ratio according 
to the metabolic cues downstream of the light reactions prevents the over-reduction 
of the stroma, further protecting PSI (Munekage et al., 2002, 2004; Suorsa et al., 
2012).  

During abiotic stress conditions, another safety valve is able to protect the 
plastoquinol pool from over-reduction independently from the Cytb6f. Plastid 
terminal oxidase (PTOX) oxidizes plastoquinol to reduce O2 to H2O in a process 
called chlororespiration (Carol et al., 1999). Under standard growth conditions 
PTOX accumulates to a very low level in Arabidopsis, but its amount has been found 
to increase upon abiotic stress in several plant species (Ivanov et al., 2012; Lennon 
et al., 2003; Stepien & Johnson, 2018).  

1.5 Acetylation in the chloroplast 
Surviving in a dynamic environment requires rapid adjustment of enzyme activity, 
which is often achieved via post-translational modification (PTM) of proteins. 
Photosynthetic reactions are no exception, and PTMs such as phosphorylation, 
protonation and thioredoxin-mediated redox regulation have been shown to regulate 
many crucial steps of both light and carbon assimilation reactions (see sections 1.3.1 
and 1.4). In addition to these well studied PTMs, acetylation has recently emerged 
as a prominent PTM among the chloroplast proteins. While acetylation was first 
discovered in histone proteins, development of mass spectrometry methods has 
allowed more sensitive detection of protein acetylation in all subcellular 
compartments.  

Protein acetylation can be divided into two types, based on its location on a 
protein. N-terminal acetylation, as the name suggests, takes place on the free α-
amino group at the N-terminus of a protein and thus can occur on any amino acid 
residue. N-terminal acetylation often occurs co-translationally and is considered 
irreversible (Drazic et al., 2016). The second type of protein acetylation is Lys-
acetylation, where an acetyl group is attached to the ε-amino group of an internal 
lysine residue. Unlike N-terminal acetylation, Lys-acetylation is reversible (Drazic 
et al., 2016). In both types of protein acetylation acetyl coenzyme A (acetyl-CoA) 
functions as the acetyl group donor and the addition of an acetyl group results in the 
neutralization of the positive charge of the amino group (Drazic et al., 2016).  

After the initial discovery of Lys-acetylation in the chloroplast, mass 
spectrometry analyses have revealed the presence of around 1000 N-terminally and 
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Lys-acetylated proteins in leaf samples of Arabidopsis (Bienvenut et al., 2012; 
Finkemeier et al., 2011; Hartl et al., 2017; Wu et al., 2011; Zybailov et al., 2008). 
Out of the N-terminally acetylated proteins, roughly 30 % were predicted to localize 
in the chloroplast, while the same was true for 43% of Lys-acetylated proteins 
(Bienvenut et al., 2012; Hartl et al., 2017). Based on functional annotation analysis 
of the identified Lys-acetylated proteins, proteins involved in photosynthesis were 
one of the most overrepresented groups (Hartl et al., 2017). Indeed, all complexes 
catalysing the light reactions as well as carbon assimilation were found to be Lys-
acetylated. A similar high prevalence of Lys-acetylated proteins in the chloroplast 
has also been observed in studies on rice and wheat that also show an enrichment of 
Lys-acetylation in proteins involved in photosynthesis and carbon metabolism 
(Xiong et al., 2016; Xue et al., 2018; Y. Zhang et al., 2016).    

1.5.1 The physiological effect of acetylation on 
photosynthetic proteins 

The high occurrence of acetylation in the chloroplast, and more specifically in 
photosynthetic proteins, suggests that acetylation might play an important role in 
photosynthesis. Some support for this hypothesis has been obtained when studying 
Rubisco, the most heavily Lys-acetylated protein in the chloroplast. In a study by 
Finkemeier et al. (2011) Rubisco activity was found to increase upon deacetylation 
of Lys-residues with a human deacetylase enzyme hSIRT3. Similarly, non-
enzymatic Lys-acetylation of Rubisco was shown to decrease its activity in a study 
by Gao et al. (2016). Interestingly, a more recent study showed an increase in 
Rubisco activation state in the Arabidopsis deacetylase mutant hda14 that has 
increased Lys-acetylation of both Rubisco and RCA (Hartl et al., 2017). Lys-
acetylation of the RCA was shown to decrease its sensitivity to inhibition by ADP 
and was suggested to be behind the observed increase in Rubisco activation. The 
discrepancy between these results may be explained by the fact that different Lys-
acetylation sites were affected in the different studies. However, the involvement of 
Lys-acetylation in the regulation of Rubisco has also been challenged by O’Leary et 
al. (2020) who argue that due to the low stoichiometry of Lys-acetylation events in 
Rubisco, acetylation is unlikely to have an effect on the overall enzyme activity in 
vivo.  

Similarly to Lys-acetylation, N-terminal acetylation has also been implicated in 
the regulation of photosynthesis by a handful of studies. Most direct evidence was 
presented in a study by Hoshiyasu et al. (2013), who showed that N-terminal 
acetylation of the ATPase subunit ε in wild watermelon protects the subunit from 
degradation under drought stress, where the non-acetylated isoform of ATP ε 
specifically decreases. Another example of photosynthetic proteins whose N-
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terminal acetylation status responds to environmental cues are the (leaf-type) FNR 
proteins that show increased acetylation under increased illumination (Lehtimäki et 
al., 2014). The presence of N-terminal acetylation in the PSII reaction center proteins 
D1 and D2 discovered by Michel et al., (1988) has sparked a lot of speculation, but 
no link to function has been found so far. More recently, the high occurrence of N-
terminal acetylation in the stroma-exposed N-terminal loops of PSII-LHCII 
supercomplexes has also lead to the suggestion that N-terminal acetylation might be 
involved in thylakoid stacking (Albanese et al., 2020).  

1.5.2 GNAT-acetyltransferases are responsible for 
acetylation in the chloroplast 

Although protein acetylation can in some conditions (high acetyl-CoA concentration 
combined with high pH) occur non-enzymatically, most acetylation events in the 
chloroplast are likely catalysed by acetyltransferase enzymes. Based on studies on 
eukaryotic nuclear and cytosolic acetyltransferase enzymes, it is generally thought 
that the two types of protein acetylation are catalysed by specific acetyltransferases. 
All known enzymes responsible for N-terminal acetylation (NAT) belong to the 
general control non-repressible 5 (GCN5)-related N-acetyltransferase (GNAT) 
superfamily, while lysine acetyltransferases (KAT) have been identified in the 
GNAT, MYST and p300/CBP superfamilies (Drazic et al., 2016). Despite the 
relatively low sequence homology, GNAT enzymes have conserved secondary and 
tertiary structures that have enabled the identification of GNAT superfamily proteins 
in species ranging from bacteria to eukaryotes (Rathore et al., 2016; Ud-Din et al., 
2016). 

The first report on a chloroplast-localized GNAT enzyme identified AtNAA70 
(GNAT4) that was shown to possess NAT activity upon heterologous expression of 
the recombinant AtNAA70 in E.coli (Dinh et al., 2015). Additionally, Lys-
acetylation was observed on three internal lysine residues of AtNAA70, pointing to 
auto-KAT activity of the enzyme. A more comprehensive study of chloroplast 
acetyltransferases was conducted by Bienvenut et al. (2020), who identified ten 
putative chloroplast GNATs (GNAT1-10) based on in silico analysis and confirmed 
the chloroplast-localization for seven of the GNAT candidates (GNAT1-5, GNAT7 
and GNAT10). Notably, GNAT6 was associated with the chloroplast, while GNAT8 
and GNAT9 were localized in the cytosol and/or nucleus. The localization results 
were supported by a Genevestigator analysis of GNAT transcript abundance, that 
showed that all chloroplast-localized GNATs were mostly expressed in the green 
tissues, while GNAT6, GNAT8 and GNAT9 transcripts were present throughout the 
plant.  
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In addition to a predicted transit peptide, all chloroplast GNATs contain the 
conserved GNAT structure consisting of 6-7 β-sheets and four α-helices that form 
domains A-D.  Domain A contains the acetyl-CoA binding site, domain B is required 
for substrate binding, while domains C and D have been suggested to affect protein 
stability (Ud-Din et al., 2016). Most variation was observed in the N- and C-terminal 
regions that affect substrate specificity and binding to potential auxiliary proteins. 
Interestingly, in addition to the conserved acetyl-CoA binding site, GNAT1-4, 
GNAT7 and GNAT10 contained a secondary acetyl-CoA binding site (Bienvenut et 
al., 2020).  

Heterologous expression of chloroplast GNATs in E.coli followed by mass 
spectrometry analyses of Lys- and N-terminally acetylated proteins revealed that six 
chloroplast GNATs show specific KAT and relaxed NAT activity. The remaining 
two chloroplast GNATs (GNAT1 and GNAT3) exhibited only weak KAT/NAT 
activity in the study. The relaxed substrate specificity of chloroplast GNATs 
suggests that the enzymes might have some redundancy in planta, pointing to the 
importance of a robust acetylation machinery in the chloroplast (Bienvenut et al., 
2020).        

1.5.3 GNAT1 and GNAT2 function as metabolite 
acetyltransferases in melatonin biosynthesis 

In addition to their dual KAT/NAT activity, several studies have implicated GNAT1 
(SNAT2) and GNAT2 (SNAT1) in melatonin biosynthesis. In plants, melatonin 
functions as an antioxidant conferring protection against (a)biotic stresses as well as 
having signalling functions that affect e.g. gene expression and stomatal aperture 
(Arnao & Hernández-Ruiz 2019). The importance of melatonin in several aspects of 
plant physiology together with the recent discovery of a melatonin receptor has 
prompted the discussion about melatonin being an up until now overlooked 
phytohormone (Wei et al., 2018). Both GNAT1 and GNAT2 were shown to acetylate 
serotonin and 5-methoxytryptamine (5-MT) in the last steps of melatonin 
biosynthesis in Arabidopsis (Lee et al., 2014, 2019). Similarly to their different 
protein substrate specificities, GNAT1 and GNAT2 exhibit distinct enzymatic 
properties as metabolite acetyltransferases. While serotonin is the preferred substrate 
of GNAT1, GNAT2 is more efficient in 5-MT acetylation (Lee et al., 2014, 2019). 
Both enzymes are inhibited by 5-MT, but GNAT1 activity is also inhibited by 
melatonin and GNAT2 by serotonin (Lee et al., 2014, 2019).  

Interestingly, in Arabidopsis, gnat1 and gnat2 mutants accumulate Wt-levels of 
melatonin in leaves under standard growth conditions, although a decrease in 
melatonin content was observed in gnat1 flowers (Lee et al., 2019). While melatonin 
levels increased in wild type plants after the plants were challenged with an avirulent 
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pathogen or high light, such an increase was absent in gnat2 (Lee et al., 2015; Lee 
& Back, 2018). In both treatments, the decreased melatonin accumulation was 
accompanied by increased susceptibility of the gnat2 mutant to the (a)biotic stress 
in question, suggesting that GNAT2-dependent melatonin production is involved in 
stress tolerance. Similar results were obtained in studies on GNAT homologues in 
rice (SNAT1 and SNAT2) that revealed decreased accumulation of melatonin, 
retarded growth and increased susceptibility to abiotic stress in the snat1 and snat2 
mutants (Byeon & Back, 2016; Hwang & Back, 2020).  
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2 Aims of the study 

Post-translational modifications of proteins such as phosphorylation, protonation 
and redox regulation of disulfide bonds have been shown to play pivotal roles in the 
regulation of photosynthesis. However, the study of these small modifications has 
long been hindered by methodological limitations. In recent years, advances in mass 
spectrometry methods have enabled the identification of a myriad of PTMs affecting 
proteins in all subcellular compartments. Especially interesting is the high 
prevalence of protein acetylation in the chloroplast, and more specifically in 
photosynthetic proteins. The presence of several plastid-localized GNAT 
acetyltransferases highlights the importance of this PTM in the chloroplast. The aim 
of my PhD project was to shed more light on the role of chloroplast acetyltransferases 
in chloroplast metabolism with the focus on photosynthesis. More specifically, my 
aims were: 

 

I) Identify the plastid GNATs involved in the regulation of photosynthesis. 
(Publications I and III) 

II) Elucidate which regulatory processes are affected by protein acetylation 
and how. (Publications I and II) 

III) Find out what other metabolic processes are affected in the gnat knock- 
out mutants. (Publication III) 

IV) Elucidate the role of two unknown chloroplast proteins Lys-acetylated 
by GNAT2. (Publication IV) 
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3 Materials and Methods 

3.1 Plant material and growth conditions 
The model plant species Arabidopsis thaliana, Columbia-0 accession was used in all 
publications. Wild-type (Col-0) and mutant plants were grown on a 2:1 peat-
vermiculite mix in short day conditions (8 h light/16 h dark) at the photosynthetic 
photon flux density of 100-130 µmol m-2 s-1, as indicated in the publications. Osram 
Powerstar HQI®-BT 400 W/D PRO Daylight lamps were used as the light source 
and the growth chamber was kept at +23 °C and 50% relative humidity. For most 
experiments, mature rosettes of plants grown for 4-5 week were used. To produce 
seeds, plants were grown in long day conditions at 16 h light/8 h dark.  

3.1.1 Screening of knock-out mutants and generation of 
double mutants 

The mutant lines used in the publications (gnat1, gnat2-1, gnat2-2, gnat4, gnat6, 
gnat7, gnat10, alm-a and alm-b) were obtained from the European Arabidopsis 
Stock Centre (NASC) (Scholl et al. 2000). To confirm the presence of the 
interrupting T-DNA insert in the target gene, genomic DNA from the mutant lines 
was PCR-amplified using primers binding to both sides of the T-DNA insertion site 
or the T-DNA insertion and the mutated gene. Two distinct methods were used to 
estimate transcript abundance of the target gene products: end-point RT-PCR and 
real time quantitative PCR (Publications I and III). Prior to both analysis methods, 
RNA was extracted from mature rosettes and treated with a DNAse enzyme to 
remove contaminant DNA. The purified RNA was used for cDNA synthesis with the 
iScript™ cDNA synthesis kit (Bio-Rad). The obtained cDNA was used as the 
template for end-point PCR or real time quantitative PCR performed with the IQ 
SYBR Green Supermix and the IQ™5 Cycler (Bio-Rad). Details of the PCR 
analyses are described in Publications I and III.   

Double alm-a/b lines were produced by crossing single alm-a and alm-b T-DNA 
mutant lines. To ensure that the double mutant lines were homozygous, at least three 
generations of progeny were PCR screened. The stn7 mutant line was provided by 
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Mikko Tikkanen (Tikkanen et al., 2006) and the kea-d line by Hans-Henning Kunz 
(Kunz et al., 2014). 

3.2 Gel-based protein analyses 

3.2.1 Protein isolation and chlorophyll determination 
Thylakoid proteins were isolated from fresh mature rosettes that were gently ground 
in cold isotonic buffer and filtered to remove unground material. The filtrate was 
resuspended in hypotonic buffer to rupture the chloroplast, followed by 
centrifugation and resuspension in isotonic storage buffer. All steps were performed 
in the cold and dark to avoid degradation and phosphorylation of proteins, while 
dephosphorylation was inhibited by the addition of sodium fluoride to all isolation 
buffers. Thylakoid samples were frozen in liquid nitrogen and stored at -80 °C. 
Details of thylakoid protein isolation are described in Publications I-IV. 

For total protein isolation, frozen leaf material was homogenized and suspended 
in a denaturating buffer, followed by an incubation at +68˚C for 10 minutes. Samples 
were then centrifuged and the supernatant was stored at -80 °C. 

The chlorophyll content of thylakoid and total protein samples was determined 
as described in Porra et al. (1989).   

3.2.2 Thylakoid sub-fractionation using digitonin  
To assess the relative amount of the appressed thylakoid grana and the non-appressed 
thylakoid domains (grana margins and stroma lamellae), the thylakoids were sub-
fractionated with the mild non-ionic detergent digitonin. Due to its bulky structure, 
digitonin preferentially solubilizes the non-appressed thylakoid domains that can 
then be separated from the appressed structures by centrifugation. Determining the 
amount of chlorophyll a and b, and their ratio (Porra et al., 1989) in the two sub-
fractions enables the indirect assessment of thylakoid structure (Publication II). 
Additionally, the sub-fractions were used to determine the distribution of proteins in 
the different thylakoid domains in Publication IV.  

3.2.3 Gel electrophoresis, immunoblotting and staining 
Thylakoid and total protein samples were solubilized with Laemmli buffer 
(Laemmli, 1970) supplemented with urea and separated using denaturating gel 
electrophoresis. For immunoblot analysis, the proteins were then transferred onto a 
PVDF-membrane and incubated with specific antibodies. The antibody signal was 
detected either using a horseradish peroxidase-labelled secondary antibody and a 
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substrate for enhanced chemiluminescence or a secondary antibody labelled with 
infrared fluorescent dye and the Licor Odyssey CLx imaging system.  

Staining of 1D and 2D protein gels was performed using the SYPRO Ruby 
protein gel stain (Invitrogen) and Pro-Q™ Diamond gel stain (Invitrogen) to 
visualize total proteins and phosphoproteins, respectively. The stains were used 
according to the manufacturer’s instructions.  

3.2.4 Native gel electrophoresis 
Thylakoid samples were solubilized with weak non-ionic detergents β-dodecyl 
maltoside or digitonin to maintain their native structure, while gently isolating them 
from the surrounding thylakoid membrane. To facilitate separation, the solubilized 
samples were supplemented with Coomassie-250 dye or sodium deoxycholate that 
add a negative charge to the samples and separated using large pore native gel 
electrophoresis (Järvi et al., 2011). In addition to scanning, the clear native gels 
(without the Coomasie-250 dye) were also imaged with the Licor Odyssey CLx 
system to visualize chlorophyll fluorescence (Publication IV).    

For denaturating 2D gel electrophoresis, strips from native gels were solubilized 
with Laemmli buffer (Laemmli 1970) and separated using denaturating gel 
electrophoresis to resolve the distinct subunits comprising the photosynthetic 
complexes. For native 2D gels (Publication II) digitonin-solubilized thylakoids were 
separated using native gel electrophoresis followed by solubilization with β-dodecyl 
maltoside and separation on second dimension as described in Rantala et al. (2017). 
To visualize the proteins, the 2D gels were immunoblotted or stained as described 
above.   

3.3 Determination of photosynthetic activity 

3.3.1 Chlorophyll fluorescence and P700 measurements  
To assess the function of the photosynthetic electron transfer chain in vivo, 
chlorophyll a fluorescence and P700 difference absorption (830-875 nm) were 
measured using Dual-PAM 100 (Walz). The light curve measurements (Publications 
I, III and IV) were performed on dark- adapted plants that were subjected to intervals 
of increasing light intensity, followed by a saturating pulse to determine the quantum 
yields of PSI and PSII and calculate their in vivo parameters. In Publication I, state 
transition measurements were performed using the PAM-101 fluorometer (Walz) by 
illuminating dark-adapted plants with blue and far-red light.   

Additionally, the fluorescence emission spectra were measured at 77K to assess 
the relative fluorescence emission from PSII (peaks at 685 and 695 nm), PSI (peak 
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at 735 nm) and detached LHCII (peak at 680 nm). The emission spectra were 
recorded from isolated thylakoids (Publication I).  

3.3.2 Electrochromic shift measurements 
To evaluate the magnitude and partitioning of proton motive force (pmf) in the gnat 
mutants (Publication III), the light-induced absorbance difference between 550 and 
515 nm (ECS) was measured using a DUAL-PAM-100 (Walz) spectrometer 
equipped with the P515/535 accessory module (Schreiber & Klughammer, 2008). 
The measurements were performed on whole dark-adapted plants and the results 
were used to determine the partitioning of pmf to ΔpH and ΔΨ and the proton flux 
(vH+) and conductivity (gH+).    

3.3.3 Carbon assimilation measurements 
Carbon assimilation of intact plants (Publication III) was evaluated by measuring 
CO2 assimilation and H2O evaporation with the GFS-3000 gas exchange system 
(Walz) at different light intensities and different CO2 concentrations.  

3.3.4 Photoinhibition experiments 
To study PSII photoinhibition (Publication III), detached leaves were floated in 
water or water supplemented with 2.3 mM lincomycin, inhibitor of chloroplast 
protein synthesis, for 16 h to allow proper infiltration. The leaves were then subjected 
to a high light treatment of 600-1000 µmol photons m-2 s-1 for 2 h. The high light 
treatment was followed by a recovery period in growth light conditions. The yield of 
PSII was assessed prior and during the high light treatment as well as during recovery 
by measuring the Fv/Fm value with FluorPen (Photon Systems Instruments). Leaf 
material for total protein isolation was collected to evaluate the effect of the 
photoinhibition treatment on the amount of D1 protein using immunoblot analysis.    

3.3.5 Pigment analyses  
Total chlorophyll content in leaves was determined by incubating weighed leaf discs 
in N,N-dimethylformamide in darkness. The extract was then used for absorbance 
measurements at 646.6, 663.6 and 750 nm and the obtained values were used to 
calculate the total chlorophyll content (Inskeep and Bloom 1985) (Publication III). 

 For the determination of xanthophyll cycle pigments (zeaxanthin, violaxanthin 
and antheraxanthin), leaf material was frozen and ground, and the pigments were 
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extracted with methanol. The pigment extracts were then analysed with HPLC as 
described in Gilmore and Yamamoto (1991) (Publication III). 

3.4 Analyses of Lys-acetylation  

3.4.1 Recombinant protein work and Lys-acetyltransferase 
activity assay 

Recombinant His-tagged GNAT2 for in vitro Lys acetylation assay was cloned and 
purified by Prof. Iris Finkemeier’s group at the University of Münster (Publication 
I). To measure the Lys acetyltransferase activity of GNAT2, the purified 
recombinant protein was incubated with acetyl-CoA and a synthetic peptide 
substrate coupled to anthranilic acid that can be detected at 360 nm. Samples 
collected after the incubation were separated using reverse phase HPLC coupled to 
a 360 nm detector.  

3.4.2 Quantitative Lys-acetylome and whole proteome 
analyses 

The quantitative Lys-acetylomes and whole proteomes of Col-0 and gnat2 plants 
were determined using stable dimethyl labelling of trypsin-digested peptides isolated 
from frozen leaf material. For Lys-acetylome analysis, the labelled peptides were 
enriched using immunoaffinity chromatography with an acetyl-Lys antibody. The 
peptides for both analyses were fractionated with reverse phase HPLC and subjected 
to mass spectrometry analysis using the Q Exactive HF mass spectrometer. The 
details of mass spectrometry data acquisition and analysis are described in 
Publication I.  

3.5 Microscopy  
To determine the localization of GNAT2 in planta, Arabidopsis protoplasts were 
transformed with a pFF19-GNAT2:YFP plasmid expressing N-terminally tagged 
GNAT2-YFP and imaged using confocal fluorescence microscopy (Publication I). 
YFP fluorescence was excited at 514 nm and detected using a 560-615 nm band-pass 
filter, while chlorophyll fluorescence was excited at 488 nm and detected within 647-
745 nm. To verify the chloroplast-localization of GNAT2-YFP, the YFP signal was 
compared to localization marker proteins in the chloroplast (NAA70-YFP), the 
cytosol (RFP) and plasma membrane (TMD23-RFP).  

 The ultrastructure of the thylakoid membranes of Col-0 and gnat2 plants was 
studied using transmission electron microscopy (Publication I). For each genotype, 
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leaf samples of seven biological replicates were analysed and in total, membrane 
layers and grana heights were quantified from 700 grana stacks per genotype.   

3.6 Circular dichroism spectroscopy 
The macro-organization of the thylakoid membranes of Col-0, gnat2 and stn7 plants 
were analysed using circular dichroism (CD) spectroscopy (Publication II). The CD 
spectra were measured from intact leaves and thylakoid membranes at room 
temperature in the spectral range of 400-800 nm and normalized to the absorption 
maxima at 680 nm. The CD spectroscopy measurements were performed in Bettina 
Ughy’s group at the University of Szeged.    

3.7 Metabolomics 
The metabolomes of Col-0 and the gnat mutants (Publication III) were determined 
using a non-targeted metabolomic approach by Afekta Technologies (Finland). 
Briefly, the metabolites were extracted from homogenized leaf material with 
methanol and the extracts were analysed using UHPLC-MS. A similar approach was 
used to determine the melatonin content in Col-0 and gnat2 leaf samples in the Viikki 
Metabolomics Unit at the Metabo-HiLIFE platform (University of Helsinki).   

3.8 In silico analyses  

3.8.1 ALM gene expression and sequence analyses 
The expression of ALM genes was analysed with the Genevestigator tool (Hruz et 
al., 2008) using publicly available expression data. For the sequence analysis of 
ALM proteins, ALM homologues from different species were identified using the 
BLASTp tool (Altschul et al., 1990) against selected proteomes from the Phytozome 
database (plant species) (Goodstein et al., 2012), UniProtKB (cyanobacteria) and the 
NCBI non-redundantprotein sequences database (other taxonomic groups). The 
ALM sequences were aligned using the MUSCLE algorithm (Edgar, 2004) in the 
Jalview software (Waterhouse et al., 2009).  

3.8.2 Structural modelling 
In silico modelling of ALM-A structure and its potential interaction with the M-LHC 
trimer was performed by Serhii Vakal and Tiina Salminen (Structural Bioinformatics 
Laboratory and InFLAMES Research Flagship Center, Åbo Akademi University). 
To predict the potential signal peptides, cleavage sites, transmembrane regions and 
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the topology of the protein, the ALM-A amino acid sequence was analysed using 
PrediSi (Hiller et al., 2004) TOPCONS (Tsirigos et al., 2015), and Phobius (Madeira 
et al., 2022). The structure of ALM-A was modelled with AlphaFold2 (Mirdita et 
al., 2022) and visualized with The PyMOL Molecular Graphics System.  

For the ALM-A and M-LHCII interaction analysis, the M-LHCII pentamer and 
the Lhcb1/Lhcb3 trimer were isolated from the X-ray crystal structure of the PSII 
supercomplex (PDB ID 7OUI). The details of the structural modelling are described 
in Publication IV.   
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4 Results 

4.1 GNAT2 is a chloroplast-localized Lys-
acetyltransferase  

To gain insight into the role of protein acetylation in the chloroplast, we studied the 
GNAT2 (NSI, SNAT1) enzyme that contains a predicted acetyltransferase domain 
as well as a transit peptide targeting it to the chloroplast (Publication I). To confirm 
the chloroplast-localization of GNAT2, Arabidopsis protoplasts were transformed 
with a vector transiently expressing GNAT2 tagged with a yellow fluorescent protein 
(GNAT2-YFP). Confocal microscopy of the protoplasts revealed colocalization of 
the YFP signal with chlorophyll autofluorescence, with no YFP fluorescence 
detected in other subcellular compartments (Publication I: Figure 1). Immunoblot 
analysis of chloroplast fractions isolated from transgenic Arabidopsis plants 
expressing GNAT2-YFP further showed that GNAT2 is present in the soluble 
fraction. These results support the findings of Lee et al. (2014) and confirm that 
GNAT2 is chloroplast-localized.  

Lys-acetyltransferase activity of GNAT2 was investigated in vitro by producing 
a recombinant GNAT2 enzyme that was used to catalyse Lys-acetylation of a 
synthetic peptide substrate in the presence of acetyl-CoA. Indeed, HPLC analysis of 
the reaction products revealed the accumulation of a Lys-acetylated peptide in the 
samples containing recombinant GNAT2 (Publication I: Figure 1). Further evidence 
of GNAT2 functioning as an active Lys-acetyltransferase in planta was obtained 
with quantitative mass spectrometry analysis of gnat2 mutant and Col-0 Lys-
acetylomes. Based on our analysis, Lys-acetylation levels of several chloroplast 
proteins were significantly decreased in the gnat2 samples as compared to Col-0, 
indicating that GNAT2 has multiple potential Lys-acetylation targets in Arabidopsis 
(Table 1, Publication I: Figure 2). Most of the identified Lys-acetylation targets of 
GNAT2 were stroma-localized or -exposed, but an interesting exception was found 
in the form of the lumenal PSBP-1 protein. A possible explanation to this is that 
while GNAT2 most likely functions in the stroma, PSBP-1 could be acetylated prior 
to its transport into the lumen. However, some proteins also exhibited increased Lys-
acetylation in the gnat2 mutants, suggesting the existence of interplay between Lys-
acetylation of different proteins as well as the presence of other active 
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acetyltransferases in the chloroplast. Lys-acetylation was also increased in a few 
cytosolic proteins in gnat2, while the overall accumulation of chloroplast and 
cytosolic proteins was largely unchanged as compared to Col-0.    

Table 1. Proteins with changed Lys-acetylation status in the gnat2 mutants identified using 
quantitative Lys-acetylome analysis. Lys-acetylation sites with log2 fold changes ≥0.5 or 
≤−0.5 (log2 fold change values are negative when the fold change is < 1) and false 
discovery rate corrected P value ≤ 0.05 (LIMMA) are presented as well as two sites 
potentially involved in state transitions (LHCB1.4 and PSAH1/2). Only chloroplast-
localized proteins are included in the table.  

PROTEIN AGI-CODE LYS-ACETYLATION 
SITE 

LOG2 FOLD 
CHANGE 

KEA1/2 At1g01790/At4g00630 K168/K170 -5.37 

Unkown protein (ALM-A/ALM-
B, Publication IV) 

At2g05310/At4g13500 K62 -2.29 

PSBP-1 At1g06680 K88 -3.70 

FER1 At5g01600 K134 -0.62 

LHCB1.4 At2g34430 K40 -0.30 

PSAH1/2 At3g16140/At1g52230 K138 -0.28 

LHCB6 At1g15820 K220 0.69 

Plastid-lipid associated 
protein PAP 

At3g26070 K225 0.96 

ATPF AtCg00130 K119 0.57 

SOUL heme binding family 
protein 

At5g20140 K320 0.81 

SBPASE At3g55800 K307 0.56 

ENH1 At5g17170 K233 0.53 

4.2 GNAT2 is required for state transitions 
The first clues of the involvement of GNAT2 in the regulation of photosynthesis 
were obtained when the thylakoid protein complexes isolated from gnat2 mutants 
were analysed using blue native gel electrophoresis. Solubilization of thylakoid 
protein complexes with the mild detergent digitonin preserves the labile interactions 
between the proteins, thus allowing the separation of intact supercomplexes (Järvi et 
al., 2011). Intriguingly, blue native gel analysis of digitonin-solubilized thylakoid 
samples revealed that the gnat2 mutants fail to accumulate the PSI-LHCII 
supercomplex, also referred to as the “state transition” complex (Kouřil et al., 2005; 
Pesaresi et al., 2009) (Publication I; Figure 3). The PSI-LHCII supercomplex usually 
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accumulates in low and moderate light intensities (Pesaresi et al., 2009), and was 
observed in Col-0 thylakoids isolated from growth light conditions, but was absent 
in the gnat2 samples. As revealed by our blue native gel analysis, the pattern of the 
thylakoid protein complexes of gnat2 thylakoids closely resembled that of the stn7 
mutant, which lacks the STN7 kinase regulating state transitions (Bellaflore et al., 
2005).   

The lack of state transitions in the gnat2 mutants was also observed by measuring 
the 77K fluorescence emission spectra of thylakoids isolated from growth and red 
light conditions that induce the formation of the PSI-LHCII supercomplex. In these 
conditions, the fluorescence emission peak at 735 nm, originating from PSI, was 
significantly lower in the gnat2 samples (Publication I: Figure 4). No differences in 
the 77K emission spectra were observed in thylakoids isolated from dark and far-red 
light conditions that favour the dissociation of PSI-LHCII. Pulse amplitude 
modulated chlorophyll fluorescence measurements of intact leaves confirmed the 
inability of gnat2 lines to perform state transitions as evidenced by increased steady-
state and maximal chlorophyll fluorescence in light conditions favouring PSII. 

Based on the Lys-acetylome analysis of the gnat2 mutants, several Lys-
acetylation targets of GNAT2 could potentially affect state transitions. Such targets 
include the OEC protein PsbP-1 (AT1G06680), LHCII antenna protein Lhcb1.4 
(AT2G34430) and PSI LHCII docking site proteins PsaH-1/2 (AT3G16140; 
AT1G52230). Additionally, we analysed the composition and Lys-acetylation sites 
of the LHCII trimer and PSI-LHCII complexes separated using blue native gel 
electrophoresis. While no differences were observed in the composition of the LHCII 
trimers when comparing gnat2, stn7 and Col-0, Lys-acetylation of Lhcb2.2 was not 
detected in gnat2-1 and was present in only one biological replicate of gnat2-2. In 
contrast, Lhcb2.2 Lys-acetylation was detected in two to three biological replicates 
of stn7 and Col-0 samples. Mass spectrometry analysis of the PSI-LHCII complex 
from Col-0 samples revealed the presence of Lys-acetylated Lhcb1.2, Lhcb1.5 and 
PsaH. Unfortunately, the acetylation targets of GNAT2 identified earlier, were not 
detected in the analysis of the PSI-LHCII complex, likely due to the lack of an 
immunoaffinity enrichment step in the latter.  

4.3 The thylakoid dynamics are impaired in gnat2 
Phosphorylation of LHCII, and more specifically Lhcb2, is a prerequisite for state 
transitions and has been shown to regulate thylakoid dynamics by affecting the 
rearrangement of the thylakoid protein complexes (Kyle et al., 1983; Pietrzykowska 
et al., 2014; Wood et al., 2019). This, together with the similar state transition 
phenotype of gnat2 and stn7 mutants prompted us to examine protein 
phosphorylation in the gnat2 lines. Surprisingly, immunoblot analysis using an 
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antibody against phosphorylated threonine (and serine) revealed no significant 
difference in the phosphorylation of LHCII and PSII core proteins between the gnat2 
lines and Col-0 (Publication I: Figure 5). Similarly, no deficiency in phosphorylation 
was detected in the gnat2 samples probed with specific antibodies against 
phosphorylated Lhcb1 and Lhcb2, but rather the phosphorylation of these proteins 
was increased in the mutants (Publication I: Figure 5; Publication II: Figure 1). An 
increase in LHCII phosphorylation in gnat2 was also detected with Pro-Q™ 
Diamond gel stain binding specifically to phosphoproteins (Publication III; Figure 
3). Together these results show that gnat2 mutants are not deficient in LHCII 
phosphorylation, unlike stn7 that lacks it completely, suggesting that LHCII 
phosphorylation is not the only determinant of state transitions.   

To further dissect the phosphorylation in the gnat2 mutant, the distribution of 
phosphorylated Lhcb1 and Lhcb2 was investigated using 2D blue native gels. 
Thylakoids were first solubilized with digitonin to maintain the labile interactions 
between the complexes, followed by solubilization with a slightly stronger detergent, 
β-dodecyl maltoside, to (partly) detach LHCII from the PS-complexes (Publication 
II; Rantala et al., 2017). The resulting 2D blue native gels allow to separate the 
different pools of LHCIIs, namely the dissociated M-LHCII and L-LHCII as well as 
the LHCII still attached to the PSII supercomplexes. In both Col-0 and gnat2 
samples, pLhcb1 was similarly distributed in disconnected M-LHCII and L-LHCII 
and in the PSII-LHCII supercomplexes (Publication II: Figure 3). However, there 
were marked differences in the distribution of pLhcb2. In Col-0, pLhcb2 was found 
predominantly in the L-LHCII, although some signal was also observed in the PSII-
LHCII-PSI supercomplexes that also contain some L-LHCII. In gnat2, on the 
contrary, pLhcb2 was present in all pools of LHCII, including M-LHCII, which is 
usually depleted of Lhcb2. The presence of Lhcb2 in the M-LHCII complex was 
confirmed using an antibody against unphosphoryated Lhcb2. 

One of the consequences of LHCII phosphorylation has been shown to be the 
loosening of thylakoid ultrastructure, which is thought to decrease lateral 
heterogeneity of the photosynthetic complexes, thus enabling state transitions (Wood 
et al., 2018, 2019). The increase in LHCII phosphorylation and altered distribution 
of P-Lhcb2 in gnat2 lead us to investigate the structure and dynamics of the thylakoid 
membranes in more detail. Transmission electron microscopy revealed that the gnat2 
mutants exhibited more compact packing of grana stacks when compared to Col-0 
(Publication I: Figure 3). Additionally, the macro-organization of the thylakoid 
membranes of gnat2 and stn7 leaves and isolated thylakoids were compared to Col-
0 using circular dichroism (CD) spectroscopy. In the mutants, the psi-type CD bands 
at (+)690 nm, (-)674 nm and (+)506 nm were diminished indicating changes in 
LHCII composition and a decrease in LHCII trimers or decreased PSII-LHCII 
complex stability (Publication II: Figure 2; Tóth et al., 2016). The changes in the CD 
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spectra were most prominent in isolated thylakoids, that showed decreased amplitude 
of all three bands mentioned above, while only the band at (+)690 nm was 
diminished in leaves. The CD spectra results indicate that the organization of the 
photosynthetic complexes is, similarly to stn7, altered in the gnat2 mutant.  

To gain better understanding of the light-induced dynamics of the thylakoid 
membranes, we used digitonin to subfractionate thylakoids from dark and growth 
light adapted plants to appressed (grana stacks) and non-appressed fractions (grana 
margins and stroma lamellae). In the dark, the thylakoid membranes are tightly 
packed and there is strict lateral heterogeneity of the thylakoid supercomplexes. 
When plants are exposed to moderate light, LHCII phosphorylation leads to the 
loosening of grana stacks and decreased lateral heterogeneity (Wood et al., 2019). 
Thus, in the light there is an increase in the amount of non-appressed regions of the 
thylakoid membrane that are accessible to solubilization with digitonin. The changes 
in thylakoid ultrastructure can be assessed indirectly by measuring the chlorophyll 
content of the digitonin-solubilized fraction.  

Intriguigly, gnat2 thylakoids showed no light-induced dynamics upon shift from 
dark to growth light, as reflected by only a marginal increase in the amount of 
chlorophyll a and b in the non-appresed thylakoid fraction (Publication II: Figure 1). 
While chlorophyll a is bound to PSI and LHCs, the majority of chlorophyll b is 
bound to LHCII, which is mostly restricted to the grana thylakoids in the dark 
(Andersson & Anderson, 1980). In Col-0 thylakoids, especially the amount of 
chlorophyll b increases upon the shift from dark to growth light, while this increase 
is very small in gnat2. This indicates that the majority of LHCII remains in the 
appressed fraction in the mutant regardless of the light conditions. Subfractionation 
of stn7 thylakoids from the same conditions revealed a very similar decrease in 
thylakoid dynamics as in gnat2, although phosphorylation was not deficient in the 
latter. In fact, Lhcb1 and Lhcb2 were already more phosphorylated than Col-0 in the 
dark, and the difference in phosphorylation increased upon the shift to growth light 
(Publication II: Figure 1).  

To study whether the more compact packing of grana and decreased thylakoid 
dynamics are behind the lack of state transitions in gnat2, thylakoids were isolated 
with and without MgCl2. Mg2+ is required for thylakoid stacking and its absence 
results in the randomization of the thylakoid membrane, thus enabling the interaction 
of PSI and LHCII (Barber, 1980; Murakami & Packer, 1971). However, the 
randomization of thylakoid membranes only partially restored PSI-LHCII complex 
formation in gnat2, indicating that other factors also contribute to the lack of state 
transitions in the mutant (Publication II: Figure 4). Defects in the PSI-LHCII docking 
site could be inhibiting state transitions, although no changes in the accumulation of 
the docking site proteins PsaH and Lhca4 were observed in immunoblot analysis of 
gnat2 thylakoid samples (Publication I: Figure 5).  
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4.4 Loss of GNAT2 results in the clearest 
photosynthetic phenotype among the 
chloroplast GNATs 

In addition to GNAT2, seven other GNAT enzymes show chloroplast-associated 
localization (Bienvenut et al., 2020). To study the involvement of the chloroplast 
GNATs in photosynthesis, we subjected six GNAT single knock-out mutants (gnat1, 
gnat2, gnat4, gnat6, gnat7, gnat10) to photosynthetic characterization. While no 
differences were observed between the visual phenotype of most gnat lines and Col-
0, gnat2 plants appeared slightly smaller when grown at the PPFD of 100 µmol m-2 

s-1 (Publication III: Figure 1). The growth retardation of gnat2 was light dependent 
and decreased when plants were grown in higher light intensities. Interestingly, no 
changes in the growth of gnat2 were observed in Publication I, although the plants 
were grown in the same 100 µmol m-2 s-1 photon light intensity as in Publication III, 
suggesting that changes in the light quality might also contribute to the growth defect 
of gnat2. Total chlorophyll content was also unchanged in all gnat mutant lines, but 
the chlorophyll a to b ratio was slightly lower in gnat2 (Publications I and III).  

The photosynthetic properties of the gnat mutant lines were assessed by 
measuring light response curves of chlorophyll fluorescence and P700 absorbance 
using Dual-PAM. Similarly to the unchanged growth phenotype, most gnat lines did 
not differ from Col-0. However, gnat2 lines exhibited decreased yield of 
photosystem II (Y(II)) accompanied by an increase in the yield of nonregulated 
energy dissipation (Y(NO)) and a decrease in photochemical quenching parameters 
qL and qP in light intensities below growth light (Publications I and III). These 
results indicate excess excitation of PSII, which is likely caused by the lack of state 
transitions in the gnat2 mutants. In light intensities above growth light, gnat2 
exhibited slightly higher NPQ than Col-0. Despite the increase in NPQ in gnat2, the 
mutant showed no changes in the accumulation of the PsbS and VDE proteins 
required for NPQ induction, nor in the amount of the xanthophyll cycle pigments 
(Publication III).  

Another feature unique to the gnat2 mutant, was the increased phosphorylation 
of the LHCII proteins discussed in section 4.3. The changes in phosphorylation that 
were present also in high light and the decreased dynamics of the gnat2 thylakoids 
prompted us to study the PSII photoinhibition-repair cycle in the gnat2 mutant 
(Publication III: Figure 3). To this end, detached leaves were challenged with a high 
light treatment at the PPFD of 600 µmol m-2 s-1 in the presence and absence of 
lincomycin to inhibit chloroplast translation and thus block PSII repair. In the 
presence of lincomycin, the leaves were more susceptible to photoinhibition than the 
control samples, as monitored by measuring Fv/Fm and the amount of D1 protein 
throughout the treatment. However, no changes were observed between the gnat2 
and Col-0 samples. In accordance, both gnat2 and Col-0 leaves (not treated with 
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lincomycin) showed similar recovery of Fv/Fm and D1 protein levels, when the 
leaves were moved to growth light after the high light treatment. These results show 
that the PSII photoinhibition-repair cycle is unaffected in the gnat2 mutant in the 
studied conditions. 

An interesting feature common to all of the studied gnat mutants was the higher 
accumulation of Rubisco observed when gnat thylakoid samples were separated on 
blue native gels and the gels were stained with Coomassie (Publication III: Figure 
2). The result was confirmed by immunoblot analysis of thylakoid samples separated 
using denaturating gel electrophoresis. No changes in Rubisco were observed in total 
protein samples, indicating that Rubisco is more tightly associated to the thylakoids 
in the gnat mutants. A similar trend was observed when RCA levels were compared 
in the thylakoid and total protein samples. However, the increase in the Rubisco and 
RCA in the thylakoids did not affect the net CO2 assimilation of the studied gnat 
mutant lines (gnat1, gnat2 and gnat10). 

4.5 Chloroplast GNAT mutants have unique 
metabolic profiles, with some shared features  

The involvement of GNAT1 and GNAT2 in melatonin biosynthesis (Lee et al. 2014, 
2019) prompted us to investigate the effect of chloroplast GNATs on the 
metabolome. Untargeted metabolome analysis of GNAT knock-out lines (gnat1, 2, 
4, 7 and 10) utilizing UHPLC–QTOF–MS revealed that inactivation of specific 
GNATs affected the abundance of a number of metabolites (Publication III). 
However, the extent of the metabolome changes depended on the affected GNAT 
enzyme. Inactivation of GNAT10 resulted in most changes to the metabolome with 
89 metabolites up- or downregulated in gnat10 as compared to Col-0. The mutants 
gnat2, gnat4 and gnat7 showed significant changes in the levels of 28, 46 and 38 
metabolites, respectively. Inactivation of GNAT1 had the smallest effect on the 
metabolome, as the amount of only four metabolites was significantly changed in the 
gnat1 mutant compared to Col-0.  

Interestingly, the studied gnat mutant lines exhibited several shared features in 
their metabolomes. Defect in almost any chloroplast GNAT (with the exception of 
GNAT1) resulted in increased levels of the lipids monogalactosyldiacylglycerol 
(MGDG), diacylglycerol (DG) and lysophosphatidylglycerol (LPG 18:3) (Table 2). 
Similarly, the amount of serine was increased in all studied gnat lines. Defect in 
almost any chloroplast GNAT resulted in reduced levels of the antioxidant ascorbate, 
several oxylipins and the jasmonic acid (JA) biosynthesis intermediate dinor-12-
oxophytodienoic acid (dnOPDA) (Table 2). 
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Table 2. Shared features of the gnat mutant metabolomes. Fold changes of the selected 
metabolites that behave similarly in at least four gnat lines (n = 5). Only the fold changes 
with the FDR-corrected P-value (q-value) of < 0.1 are included in the table (fold changes 
with q-values < 0.01 are marked in bold). Abbreviations: MGDG, 
monogalactosyldiacylglycerol; DG, diacylglycerol; LPG, lysophosphatidylglycerol; 
OxoOTrE, oxo-octadecatrienoic acid; FA, fatty acid; HpOTrE, 
hydroperoxyoctadecatrienoic acid; EpKODE, epoxy-keto-octadecadienoic acid; 
dnOPDA, dinor-12-oxophytodienoic acid. 

 FOLD CHANGES WITH Q-VALUE OF < 0.1 
(<0.01 in bold) 

CURATED ID COMPOUND 
CLASS 

gnat1 vs 
Col-0 

gnat2 
vs Col-
0 

gnat4 
vs Col-
0 

gnat7 
vs Col-
0 

gnat10 
vs Col-
0 

Serine Amino acid 1.69 1.42 1.53 1.35 1.55 

MGDG(18:3/16:3) 
(isomer 1) 

Glycosyldiradyl-
glycerol 

- 1.81 2.08 1.96 2.12 

MGDG(18:3/16:3) 
(isomer 2) 

Glycosyldiradyl-
glycerol 

- 1.35 1.42 - 1.53 

MGDG(18:3/18:3) Glycosyldiradyl-
glycerol 

- - 1.34 1.29 1.56 

DG(18:3/18:3) 
(dilinolenin) 

Diacylglycerol - 1.31 1.31 - 1.33 

LPG(18:3) Lysophosphatidyl-
glycerol 

 - 1.47 1.38 1.39 1.61 

Ascorbic acid Vitamin - 0.27 0.18 0.15 0.19 

OxoOTrE (isomer 1) Oxylipin - - 0.68 0.66 0.69 

FA 13:3+1O Oxylipin - 0.38 0.36 0.34 0.37 

HpOTrE (isomer 3) Oxylipin - 0.60 0.59 0.56 0.56 

FA 18:4+2O (isomer 1) Oxylipin - 0.51 0.60 0.58 0.54 

EpKODE (isomer 1) Oxylipin - - 0.74 0.76 0.74 

HpOTrE (isomer 2) Oxylipin - 0.62 0.67 0.61 0.56 

EpKODE (isomer 2) Oxylipin - 0.63 - 0.63 0.61 

dnOPDA (isomer 1) Octadecanoid - 0.60 0.69 0.62 0.57 
 

In addition to the shared metabolome features, inactivation of distinct GNATs 
also resulted in some specific changes in the metabolomic profiles. The most 
prominent effect was the marked decrease of two acetylated metabolites: Nα-acetyl-
l-arginine decreased in gnat2 (fold change 0.108) and N-acetylproline in gnat7 (fold 
change 0.015). Other noteworthy changes were the increase in the amount of free 
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amino acids as well as di- and tripeptides in the gnat10 mutant and the auxin-
conjugate indole-3-acetyl-l-alanine in gnat7.  

Due to its important role in plant physiology as well as the involvement of 
GNAT1 and GNAT2 in its biosynthesis (Lee et al., 2014, 2019), we were interested 
to see whether the plastid GNATs have an effect on melatonin biosynthesis. 
However, the untargeted metabolomic approach failed to detect melatonin or any 
intermediates of the melatonin biosynthetic pathway. Nevertheless, we used an 
alternative UPLC–MS approach to detect melatonin in the gnat2 lines. In line with 
previous results by Lee and Back (2018), melatonin levels showed no decrease in 
the gnat2 mutants, but were slightly increased. These results indicate that GNAT2 is 
not essential for melatonin production under standard growth conditions.  

4.6 Acetylated Little Membrane protein A (ALM-A) 
and B (ALM-B) bind to M-LHCII and affect the 
stability of the PSII-LHCII supercomplexes 

Among the putative Lys-acetylation targets of GNAT2 identified in Publication I, 
were two small proteins of unknown function encoded by the genes At2g05310 and 
At4g13500. A closer look at the two proteins revealed that they are almost identical 
(including the Lys-acetylated peptide identified in our analysis) and in addition to a 
predicted transit peptide and a hydrophilic N-terminal region, contain one 
transmembrane domain. Based on the little knowledge we had of the two proteins, 
we named them Acetylated Little Membrane protein A (ALM-A, At2g05310) and B 
(ALM-B, At4g13500). 

 To gain more insight into the potential function of ALM-A and ALM-B, we 
utilized bioinformatic tools including gene expression analysis using Genevestigator 
and a BLASTp search of the Phytozome and the NCBI non-redundant proteins 
databases (Publication IV). According to the public databases available on 
Genevestigator, both ALM genes are mainly expressed in the green tissues or 
Arabidopsis and their expression increases as the rosette matures with the exception 
of the bolting phase, during which the expression decreases (Publication IV: Figure 
2). In most studied tissues, the expression of ALM-A is somewhat higher than that of 
ALM-B, and ALM-A is also expressed in the reproductive tissues where ALM-B 
expression in very low. The BLASTp search further revealed that ALM genes are 
conserved in the green lineage, as ALM paralogues were found in green alga and 
flowering plants (95% occurrence in the Phytozome database), but are absent in 
cyanobacteria. Interestingly, ALM paralogues were a lot less prevalent in 
gymnosperms and non-seed plants with the occurrence range of 0-50% (Publication 
IV: Table 1). ALM expression in the green tissues together with its conservation 
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among photoautotrophic eukaryotes suggests that the proteins have an important 
function in photosynthesis.  

Encouraged by the bioinformatic results, we proceeded to study ALM function 
in vivo using an antibody raised against a peptide common to both ALM-A and 
ALM-B, and a double alm-a/b mutant generated by crossing two T-DNA single 
mutant lines (SALK_015982 and GABI_209A05). The first direct hint of ALMs 
involvement in photosynthesis was obtained when we studied the localization of 
ALMs within the thylakoid protein complexes using 2D-BN-SDS-PAGE followed 
by immunoblotting. Intriguingly, the ALM signal was detected co-migrating with 
free M-LHCII, but was absent from the PSII-LHCII supercomplexes that still contain 
the M-LHCII complex (Publication IV: Figure 4). Support for the potential 
interaction between ALM and M-LHCII was acquired by structural modelling of the 
ALM-A protein together with the M-LHCII pentamer complex containing an 
Lhcb1.4/Lhcb3.1 heterotrimer and monomeric Lhcb4 and Lhcb6 proteins. The 
structural modelling was done with the assumption that the hydrophilic N-terminal 
region containing the Lys-acetylation site is exposed to the stroma, where it most 
likely is accessible for acetylation by GNAT2. Most predictions suggested that the 
transmembrane domain of ALM-A could bind to the cleft between Lhcb1.4 and the 
monomeric Lhcb4 and Lhcb6 (Publication IV: Figure 4). Interestingly, the cleft 
showed high mobility within the M-LHCII complex, suggesting that its availability 
for binding of ALM may vary. Another noteworthy observation is the high co-
occurrence of ALM genes together with LHCB4 that was observed in almost all 
genomes of non-flowering plants encoding ALM (Publication IV: Table 1).   

Analysis of thylakoid protein complexes isolated from alm-a/b mutants from 
growth light and following a 4 h high light treatment revealed a potential 
physiological consequence of ALMs association with M-LHCII. Clear native gel 
analysis showed that the lack of the ALM proteins stabilized the PSII-LHCII 
supercomplexes in both light conditions, but especially under high light (Publication 
IV: Figure 5). Quantification of the fluorescence signal arising from the PSII-LHCII 
supercomplexes and the free LHCII (normalized to total fluorescence) after the clear 
native run revealed that in high light, the alm-a/b mutants showed a 26 % increase 
and 9 % decrease in fluorescence, respectively, when compared to Col-0. Native gel 
analysis of the alm-a/b thylakoid protein complexes revealed no deficiency in the 
accumulation of the state transition complex, indicating that ALM is not required for 
state transitions (Publication IV: Figure 5). However, our results suggest that ALM 
proteins are required to dynamically readjust the PSII antenna size, possibly by 
facilitating M-LHCII disassociation from the PSII supercomplexes.  
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5 Discussion 

Post-translational modification of proteins has a well-established role in the 
regulation of photosynthesis. Especially phosphorylation has been implicated in 
several crucial regulatory processes, such as the balancing of excitation energy 
distribution via state transitions and the PSII-photoinhibition-repair cycle (see 
section 1.4). Reversible phosphorylation of the thylakoid proteins (above all LHCII) 
has been shown to be an important determinant of thylakoid structure and dynamics, 
likely because of the strong negative charge it introduces to the thylakoid protein 
complexes that largely dictate the organization of the thylakoid membrane (for 
review: Johnson & Wientjes, 2020). However, in recent years the development of 
mass spectrometry methods has enabled the identification of other PTMs, such as 
acetylation, affecting chloroplast proteins, and opened up new horizons for the study 
of photosynthesis regulation. In this thesis, I have focused on elucidating the 
physiological role of a group of newly identified chloroplast GNAT acetyltransferase 
enzymes with a special focus on photosynthesis (Publications I-III). Our work has 
shown that GNAT2 is required for state transitions and has a marked effect on 
thylakoid dynamics (Publications I-II). The remaining chloroplast GNATs 
investigated in this work (GNAT1, GNAT4, GNAT6, GNAT7 and GNAT10) do not 
exhibit any clear photosynthetic phenotype, but have a marked effect on the 
metabolome (Publication III). Additionally, we have characterized two previously 
unknown thylakoid membrane proteins acetylated by GNAT2 and revealed their 
surprising role in PSII-LHCII supercomplex dynamics (Publication IV).     

5.1 GNAT2 challenges the dogma of protein 
phosphorylation as the main determinant of 
state transitions and thylakoid dynamics 

As we demonstrate in Publication I, GNAT2 is an active chloroplast-localized 
acetyltransferase required for state transitions, a process previously thought to be 
mainly regulated by the reversible phosphorylation of LHCII proteins (Bellaflore et 
al., 2005; Kyle et al., 1983; Vener et al., 1997). However, the mechanism behind the 
state transition phenotype of the gnat2 mutants has remained largely unsolved. Our 
results clearly show that there is no deficiency in LHCII phosphorylation, but it 
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rather is markedly increased in gnat2 (Publications I-III), both for Lhcb1 and Lhcb2. 
Phosphorylation of a threonine residue (T40) of Lhcb2 together with the two 
preceding positively charged arginine residues have been shown to be crucial for the 
interaction between PSI and LHCII (Pan et al., 2018). Interestingly, the Lhcb2.2 
isoform was found to be Lys-acetylated on two residues, K42 and K120 in the free 
LHCII of Col-0 (and stn7), while Lys-acetylation was absent in all biological 
replicates of gnat2-1 and detected in only one biological replicate of gnat2-2 
(Publication I). Lack of Lys-acetylation would maintain the positive charge of the 
lysine residue, which in theory could affect the electrostatic environment of the 
threonine and arginine residues involved in LHCII docking to PSI. However, 
Lhcb2.2 was not detected among the potential Lys-acetylation targets of GNAT2 in 
the quantitative Lys-acetylome analysis of whole leaf samples, which together with 
the detection of Lhcb2.2 Lys-acetylation in one replicate of gnat2-2 casts some doubt 
on this hypothesis. However, it is also feasible that in addition to GNAT2, some 
other chloroplast GNAT can acetylate Lhcb2.2, thus explaining its detection in 
gnat2-2.  

In addition to LHCII phosphorylation, the formation of the PSI-LHCII state 
transition complex requires an intact docking site for LHCII at the PSI-LHCI complex. 
The PSI docking site is formed by four subunits, PsaH, PsaI, PsaL and PsaO, and 
defects in their accumulation have been shown to result in impaired state transitions 
(Jensen et al., 2004; Lunde et al., 2000). Based on the quantitative proteomic analysis 
in Publication I, no changes were detected in the accumulation of PsaH and PsaL in 
the gnat2 mutants compared to Col-0, while PsaO was not detected. Further, 
immunoblot analysis confirmed that PsaH accumulation was normal in gnat2 
(Publication I: Figure 5). Three PSI docking site proteins (PsaH, PsaL and PsaO) were 
detected in the proteomic analysis of the PSI/PSII bands excised from blue native gels 
in Koskela et al. (2020). There, the accumulation of these proteins was unaffected 
when gnat2 mutants were compared to Col-0. Although the PSI docking site seems to 
be unaffected by the inactivation of GNAT2, the question remains whether the small, 
yet significant, decrease in Lys-acetylation of PsaH (K138) in then gnat2 mutants has 
an effect on LHCII docking (Publication I).  

The formation of the PSI-LHCII complex is likely facilitated by the loosening of 
the grana stacks, which has been suggested to be promoted by LHCII 
phosphorylation (Pietrzykowska et al., 2014; Wood et al., 2018). Thus, inhibition of 
state transitions by the tighter stacking of grana in gnat2 is a tempting hypothesis 
that was tested in Publication II by depleting the thylakoid samples of Mg2+ ions, 
which results in the destacking of the thylakoid membrane. However, the artificial 
randomization of the thylakoid membrane restored the formation of the PSI-LHCII 
complex only marginally, indicating that other factors than impaired thylakoid 
dynamics inhibit state transitions in gnat2 (Publication II: Figure 4).   
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5.1.1 Why are grana more tightly packed in the gnat2 
mutant? 

The stacking of grana membranes is a co-operative process made possible by the 
organization of the photosynthetic complexes in the thylakoid membrane together 
with the vertical electrostatic and van der Waals interactions of the stroma-exposed 
regions of the PSII-LHCII supercomplexes and LHCII trimers (Albanese et al., 2017; 
Daum et al., 2012; Nield et al., 2000; Standfuss et al., 2005). More specifically, the 
positively charged N-termini of the LHCII trimers interact with the negatively 
charged flat stromal surfaces of the LHCII trimers on the opposing sides of the 
stromal gap (Standfuss et al., 2005). In addition, specific interactions have been 
identified between the N-terminal loops of Lhcb1 or Lhcb2 and PSII core proteins 
as well as the monomeric Lhcb4 proteins (Albanese et al., 2020). Cations are 
required both for the formation of the PSII-LHCII supercomplexes as well as to 
counteract the net negative surface charge of the thylakoid membranes, thus enabling 
their organization into grana stacks (Barber, 1980; Barber & Chow, 1979; 
Puthiyaveetil et al., 2017).  

Phosphorylation of LHCII proteins introduces a negative charge, which 
increases the electrostatic repulsion transversally between the complexes on the 
opposing sides of the stromal gap as well as laterally between the PSII-LHCII 
supercomplexes (Barber, 1982; Puthiyaveetil et al., 2017). The net result of these 
changes is the loosening of the grana stacks evidenced by a decrease in grana 
diameter and the number of membrane layers per grana stack, and an increase in the 
number of grana stacks (Kyle et al., 1983; Rozak et al., 2002; Wood et al., 2018). 
This, on the other hand, increases the interaction area between the appressed and 
non-appressed thylakoid membranes (by increasing the area of grana margins and 
tops), thus likely facilitating the formation of the PSI-LHCII complex (Kyle et al., 
1983; Pietrzykowska et al., 2014; Wood et al., 2018) .  

The tight packing of grana stacks and the impaired thylakoid dynamics in gnat2 
together with the extensive phosphorylation of the Lhcb proteins (Publications I-III) 
seem to contradict the idea of LHCII phosphorylation as the main driver of the light 
induced changes of thylakoid stacking. The contradiction is less stark in the light of 
results by Puthiyaveetil et al. (2017), who suggest that the effect of phosphorylation 
on the stromal gap is, nonetheless, surprisingly small, and that additional forces, such 
as a decrease in cation screening, are involved in the loosening of grana upon high 
LHCII phosphorylation. Alternatively, changes in the oligomerization of the CURT 
proteins responsible for inducing thylakoid curvature could participate in the 
loosening of grana stacks (Armbruster et al., 2013). In the case of gnat2, it does seem 
feasible, that additional cation screening would be required to maintain (and 
potentially enhance) the tight grana packing, suggesting that ion fluxes might be 
affected in the mutant. However, further studies are needed to assess the involvement 
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of ion fluxes in the grana stacking of the gnat2 mutants. An especially interesting 
research topic would be the effect of Lys-acetylation on the function of KEA1/2 K+ 
transporters (Kunz et al., 2014), that were identified among the potential acetylation 
targets of GNAT2 (Publication I). The decrease in Lys-acetylation of Lhcb1.4 (and 
possibly Lhcb2.2) observed in the gnat2 mutants (Publication I) maintains the 
positive charge of the Lys-residues, which in theory could also participate in 
mitigating the electrostatic repulsion introduced by phosphorylation. In the future, 
comparison of the gnat2 mutants to the psal mutant, which lacks state transitions and 
exhibits hyperphosphorylation of the LHCII proteins (Lunde et al., 2000; Rantala et 
al., 2016), could help dissect the GNAT2-specific effect on thylakoid dynamics.  

In addition to the increased phosphorylation of LHCII proteins in gnat2, an 
interesting observation is the presence of phosphorylated Lhcb proteins in all LHCII 
pools (Publication II: Figure 3). Especially intriguing is the detection of (P-)Lhcb2 
in the M-LHCII pool, which in Col-0 has been showed to compose mainly of Lhcb1 
and Lhcb3 (Galka et al., 2012). In the light of proteomic analysis of free LHCII bands 
in Publication I and Koskela et al. (2020) it seems that the overall composition of 
LHCII in the L-LHCII pool is unchanged in the gnat2 mutants. Similarly, no changes 
in the accumulation of Lhcb proteins were detected in the proteomic analysis of leaf 
protein extracts from gnat2 and Col-0 (Publication I). However, based on the 2D-
BN blots presented in Publication II, the distribution of the Lhcb subunits is clearly 
affected in the gnat2 mutant. In addition to the presence of (P-)Lhcb2 in the M-
LHCII pool, it seems plausible that there is slightly less Lhcb1 and Lhcb3 in M-
LHCII in the gnat2 mutant compared to Col-0 (Publication II; Figure S1.). It should 
however be noted, that the 2D-BN immunoblot results are more qualitative in nature 
and should be verified using a quantitative approach. Nonetheless, the notable 
presence of (P-)Lhcb2 in M-LHCII is a strong indication of altered Lhcb distribution 
within the LHCII pools. Whether the potential changes in the stoichiometry and 
phosphorylation of the LHCII trimers would have an effect on thylakoid dynamics 
remains an interesting topic for future studies.  

5.2 Chloroplast GNATs comprise a robust 
acetylation machinery 

GNAT2 is one of seven chloroplast-localized GNAT acetyltransferases (GNAT1-5, 
GNAT7 and GNAT10) (Publication I, Bienvenut et al., 2020). In addition, GNAT6 
has been shown to associate with the chloroplast and the nuclear envelope 
(Bienvenut et al., 2020). Interestingly, heterologous expression of recombinant 
chloroplast GNATs in E.coli resulted in the accumulation of both Lys- and N-
terminally acetylated proteins that were identified using mass spectrometry 
(Bienvenut et al., 2020). While chloroplast GNATs exhibited rather distinct substrate 
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specificity as Lys-acetyltransferases, evidenced by the little overlap between the 
Lys-acetylation targets and the residues surrounding the Lys-acetylation sites of the 
GNAT enzymes, the N-terminal acetyltransferase specificity was somewhat relaxed 
(Bienvenut et al., 2020). These results suggest that the GNAT enzymes could share 
at least some acetylation targets in planta. 

The relaxed specificity of the chloroplast GNATs likely explains the shared 
metabolome features identified in Publication III. Especially interesting is the 
increased levels of the chloroplast MGDG lipids together with the reduced levels of 
several oxylipins and the JA biosynthesis intermediate dnOPDA (Table 2). MGDG 
is the most abundant thylakoid membrane lipid that together with digalactosyl 
diacylglycerol (DGDG) is essential for both thylakoid biosynthesis and 
photosynthesis (Block et al., 1983; Kobayashi et al., 2007). MGDG is a non-bilayer-
forming lipid that has an important role in stabilizing membrane proteins such as 
LHCII (Seiwert et al., 2017). As the most abundant membrane lipids, MGDG and 
DGDG also serve as major precursors for the lipid-derived signalling molecules, 
oxylipins. In addition to having signalling functions of their own, oxylipins are also 
the precursors for the phytohormone JA (Wasternack & Feussner, 2018). The 
biosynthesis of JA starts in the chloroplast by the enzymatic hydroperoxidation of 
polyunsaturated fatty acids (PUFAs) catalysed by the 13-lipoxygenase (13-LOX) 
enzymes, that specifically produce C-13-oxygenated PUFAs. The C-13-oxygenated 
PUFA is then converted to a cyclic (dn)OPDA molecule by the action of two 
chloroplastic enzymes, 13-allene oxide synthase (AOS) and allene oxide cyclase 
(AOC). (dn)OPDA is then transferred to the peroxisome for the final steps of JA 
biosynthesis.  

Our metabolomic analysis identified several oxylipins with decreased levels, 
including the likely intermediates of JA biosynthesis, HpOTre and dnOPDA 
(Publication III). Since the abundance of MGDG (and a few other membrane lipids) 
was slightly increased in the studied gnat mutants, it seems unlikely that the lack of 
precursors would be behind the decrease in oxylipin levels. Although relatively little 
is known about the regulation of JA biosynthesis, it has been suggested that PTMs 
might be involved (Scholz et al., 2015). Interestingly, the predominant 13-LOX 
enzyme in the leaf, LOX2, has eight and the first committed enzyme of JA 
biosynthesis, AOS, up to seven Lys-acetylation sites whose function remains 
unsolved (Publication I, Hartl et al., 2017). Additionally, JA biosynthesis is known 
to be regulated by the MGDG:DGDG ratio, which based on the increase in MGDG 
content, might be affected in the gnat mutants. However, the coverage of our 
metabolomic analysis is not sufficient to properly assess the lipid and oxylipin 
profiles of the gnat mutants, and a more detailed study of the lipid and oxylipin 
composition would be required.  
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The scarcity of acetylated metabolites identified in our analysis suggests, that 
chloroplast GNATs likely affect the metabolome mostly indirectly via the 
acetylation of protein targets. However, this does not rule out the direct involvement 
of GNATs in metabolite acetylation, but might also be a reflection of the limited 
capacity of the used method. For example, the known acetylation targets of GNAT1 
and GNAT2, (N-acetyl)serine and 5-MT that is acetylated to produce melatonin, 
were not detected in our analysis (Lee et al., 2014, 2019). The two acetylated 
metabolites identified in our study, Nα-acetyl-l-arginine in gnat2 and N-
acetylproline in gnat7, do raise the intriguing question of the respective GNAT’s 
potential function as amino acid acetyltransferases. In the future, in vitro studies of 
enzyme activity should help to assess the validity of this hypothesis. The 
physiological role of free acetylated amino acids in the cell also remains a subject 
for studies to come.  

The shared metabolome features and the lack of major changes in the 
photosynthetic properties in most of  the studied gnat inactivation lines suggest that 
the physiological roles of the chloroplast GNATs are likely at least partially 
complementary (Publication III). This hypothesis is further supported by the relaxed 
substrate specificity of the chloroplast GNATs as well as by the increased Lys-
acetylation of some chloroplast proteins in the gnat2 mutants (Publication I, 
Bienvenut et al., 2020). The likely redundancy together with the broad range of 
acetylation reactions catalysed by the chloroplast GNATs as well as the high number 
of the GNAT enzymes result in a robust acetylation machinery in the subcellular 
compartment, highlighting the importance of this PTM in the chloroplast. However, 
this also means that higher order mutants are likely required to elucidate the 
physiological function(s) of protein (and possibly metabolite) acetylation in the 
chloroplast.   

5.3 ALM proteins affect the dynamics of the PSII-
LHCII supercomplexes 

The main components of the photosynthetic electron transfer chain have remained 
largely unchanged throughout the evolution, but in addition, photosynthetic 
organisms have evolved a myriad of regulatory mechanisms helping them to adapt 
to their specific environment. As a consequence, researchers have obtained a 
relatively detailed understanding of the components of the electron transfer chain, 
while the regulatory aspects hold many unanswered questions. Due to their high 
conservation in the green lineage, the two Lys-acetylation targets of GNAT2, ALM-
A and ALM-B, appear as interesting candidates potentially involved in 
photosynthesis regulation (Publication IV).  
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The co-migration of ALM proteins together with the disconnected M-LHCII 
complex revealed by the 2D-BN-SDS-PAGE analysis in Publication IV suggests that 
ALMs might have a role in the function and/or regulation of the LHCII antenna. This 
hypothesis was supported by structural modelling of M-LHCII together with ALM-
A that revealed a potential binding site for ALM between the Lhcb1/Lhcb3 trimer 
and the Lhcb4 monomer. It must be noted that structural modelling of membrane 
protein interaction is relatively challenging and the result is simply a prediction that 
needs to be verified using alternative biochemical methods. Furthermore, additional 
experiments are required to confirm the orientation of ALM in the thylakoid 
membrane. Nonetheless, another finding offering some indirect support for the 
potential interaction of ALM with the M-LHCII complex is the high co-occurrence 
of ALM with LHCB4 genes observed in our BLASTp analysis of non-flowering 
plants (Publication IV: Table 1). The monomeric Lhcb4 mediates the interaction of 
M-LHCII with the PSII core and is found in flowering plants, but has been lost in 
many non-flowering plant species (Caffarri et al., 2009; Grebe et al., 2019).  

Surprisingly, the inactivation of the ALM genes results in more intact PSII-
LHCII supercomplexes in growth light, and the effect is even more evident after a 4 
h high light treatment when the alm-a/b mutant is compared to Col-0 (Publication 
IV: Figure 5). Clear native gel electrophoresis revealed that especially the amount of 
the C2S2M2 and C2S2M complexes is higher in alm-a/b than in Col-0, suggesting 
that more M-LHCII remains attached to the PSII supercomplexes in the mutant. 
Despite this, no decrease in the disconnected M-LHCII is observed in alm-a/b in the 
clear native gel. It is possible that the M-LHCII that detaches from the PSII-LHCII 
supercomplexes is further disassembled into an LHCII trimer and monomerized 
Lhcb4 and Lhcb6 proteins. Betterle et al. (2009) have suggested that the monomeric 
Lhcb proteins indeed detach from the M-LHCII trimer under high light. A tempting 
hypothesis would be that the binding of ALM to M-LHCII could facilitate its 
detachment from the PSII core, thus enabling the dynamic readjustment of PSII 
antenna size in response to the prevailing light conditions. Further work is, however, 
required to assess the validity of this claim. Since ALMs were first identified as Lys-
acetylation targets of GNAT2 (Publication I), we were also interested to see whether 
they might be required for the formation of the state transition complex. However, 
no changes in the amount of the state transition complex were observed in native gel 
analysis of alm-a/b thylakoid samples (Publication IV: Figure 5), suggesting that 
ALMs are not involved in the balancing of excitation energy distribution via state 
transitions.    

The potential association of ALM with M-LHCII might further implicate it in 
the process of NPQ. The disassembly of the M-LHCII complex into its monomeric 
components has been shown to correlate to NPQ, evidenced by the similar light- and 
ΔpH- dependence of the processes, as well as the requirement for PsbS (Betterle et 
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al., 2009). Based on their results, Betterle et al. (2009) suggest that M-LHCII 
disassembly induces the disassociation of M-LHCII from the PSII-LHCII 
supercomplexes, thus decreasing the PSII antenna size upon high light intensities. In 
the light of the increased amount of the C2S2M(2) complexes in the alm-a/b mutant, 
it will be intriguing to take a closer look at the NPQ of the mutant.  
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6 Conclusions 

The aim of this work was to elucidate the physiological role(s) of the newly identified 
group of chloroplast GNAT acetyltransferases, with a special focus on 
photosynthesis. To achieve this, I characterized a set of single gnat knock-out 
mutants using a broad range of biochemical and biophyical methods. My work has 
shown that GNAT2 is required for the balancing of the excitation energy between 
the photosystems via state transitions (Publication I). In addition, the inactivation of 
GNAT2 abolishes the light-dependent dynamics of the thylakoid membrane and 
results in increased phosphorylation of the LHCII proteins (Publication II). All of 
the chloroplast GNATs investigated in this work (GNAT1, GNAT2, GNAT4, 
GNAT6, GNAT7 and GNAT10) have a marked effect on the metabolome, and affect 
the accumulation of e.g. oxylipins, lipids and two acetylated amino acids 
(Publication III). Finally, I have characterized two previously unknown thylakoid 
membrane proteins, ALM-A and ALM-B, that are Lys-acetylated by GNAT2 and 
are involved in PSII-LHCII supercomplex dynamics (Publication IV). 

While the results presented in this thesis have uncovered new layers in the 
regulation of photosynthesis, several open questions remain. More work is needed 
to solve the molecular mechanism behind the state transition phenotype of gnat2 and 
unravel what is causing the impaired thylakoid dynamics in the mutant. The shared 
metabolome features of the single gnat mutants suggest that there is at least some 
redundancy between the chloroplast GNATs. Studies on higher order GNAT 
mutants will likely help resolve the physiological roles of the distinct chloroplast 
acetyltransferases. Also, the involvement of ALM in the adjustment of PSII antenna 
size (and the effect of Lys-acetylation on ALM) is an intriguing line for future 
studies. 
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