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Summary

Light is crucial for life on earth, especially for photosynthetic organisms; it is a source
of spatiotemporal information perceived by photoreceptor proteins, as well as the
energy source that fuels photosynthesis. However, when absorbed in excess, it can be
toxic for the photosynthetic cells leading to reactive oxygen species formation; this is
avoided by the photoprotective mechanism qE (quenching of energy).
Chlamydomonas reinhardtii is a model unicellular green alga, which is widely used for
genetic and cellular studies, including those concerning light perception and
utilization. C. reinhardtii accurately senses the information provided by light and
regulates important cellular functions, including gene expression, sexual life cycle,
phototaxis, photosynthesis, and photoprotection, using a network of specialized
photoreceptors. It is equipped with a single-copy phototropin, four cryptochromes,

eight rhodopsin-like proteins, as well as the UV-B photoreceptor UVRS.

Among these photoreceptors, phototropin (PHOT) appears to have a multifaceted role
in C. reinhardtii physiology; it has been shown to control gametogenesis at low
nitrogen availability, expression of genes encoding chlorophyll and carotenoid
biosynthesis, the size of the eyespot and photoprotection. Specifically on the later,
under high light PHOT regulates positively the induction of LHCSR3, a nucleus-encoded

and chloroplast-localized protein, which is the main actor of gE.

PHOT is a blue-light activated, plasma membrane associated Serine/ Threonine kinase,
that undergoes phosphorylation upon irradiation with UVA and blue light. Only a
handful of substrates of PHOT have been identified in higher plants, but not in C.
reinhardtii. My goal was to elucidate the PHOT-dependent responses in C. reinhardltii
and to identify possible interactors of the protein. For this, | employed a strategy
involving comparative phosphoproteomic analyses, as well as targeted mutant strain

screening.

On this Thesis, | am presenting data from two comparative phosphoproteomic

analyses. On the first | compared the phosphoproteome of low- and high-light



acclimated WT and PHOT-deficient cells (Aphot). This attempt aimed to explore the
role of phototropin in the transition from low light to high light and to identify putative
PHOT-dependent regulators of photoprotection. The second phosphoproteomic
analysis allowed the comparison of the phosphoproteome of dark-acclimated and
shortly blue-light-exposed wild-type (WT) and Aphot cells in order to elucidate the
early PHOT-dependent phosphorylating events. Both datasets revealed a diverse set
of proteins whose phosphorylation is regulated by PHOT, as well as the involvement

of PHOT in a number of different cellular responses.

| am also presenting the involvement of a PHOT-regulated serine/threonine protein
kinase, hereafter FLKIN, in the control of LHCSR3 accumulation and the Carbon
Concentrating Mechanism (CCM). Phosphorylation levels of FLKIN increase fivefold
when shifting wild type cells from low to high intensity light; in the Aphot mutant FLKIN
remains highly phosphorylated independently of the light intensity. The mutant
lacking FLKIN was found to over-accumulate LHSCR3 and has higher gE, in comparison
with the WT, even under non-saturating light intensities. It also induces the transcripts
of proteins involved in the CCM in higher levels than the WT. We propose that FLKIN
acts as a repressor of LHCSR3 and the CCM genes at low light conditions. Additionally,
the Aflkin strain shows a growth defect in autotrophic medium, as well as bigger cell
size and higher chlorophyl content. Aflkin has also higher photosynthetic capacity than

the WT in all growth conditions.

I, finally, revealed the involvement of PHOT in the Chloroplast Unfolded Protein
Response (cpUPR) in response to proteotoxic stress. MARS1, a protein kinase involved
in the cpUPR was found to be highly phosphorylated upon exposure to blue light in a
PHOT-dependent manner. Furthermore, my data show that the induction of VIPP2
and HSP22E/F proteins, upregulated in response to oxidative stress by the cpUPR, is

impaired in the Aphot mutant.



Résumeé

La lumiére est cruciale pour la vie sur terre, en particulier pour les organismes
photosynthétiques ; elle est une source d'informations spatio-temporelles pergues par
les protéines photoréceptrices, ainsi que la source d'énergie qui alimente la
photosynthése. Cependant, lorsqu'elle est absorbée en exces, elle peut étre toxique
pour les cellules photosynthétiques, entrainant la formation d'especes réactives de
I'oxygene ; ce phénomene est évité par le mécanisme de la photoprotection gE
(quenching of energy). Chlamydomonas reinhardtii est une algue verte unicellulaire
modeéle, largement utilisée pour les études génétiques et cellulaires, notamment
celles concernant la perception et l'utilisation de la lumiere. C. reinhardtii détecte avec
précision les informations fournies par la lumiéere et régule d'importantes fonctions
cellulaires, notamment I'expression génétique, le cycle de vie sexuel, la phototaxie, la
photosynthése et la photoprotection, a l'aide d'un réseau de photorécepteurs
spécialisés. Il est équipé d'une phototropine a copie unique, de quatre cryptochromes,

de huit protéines de type rhodopsine, ainsi que du photorécepteur UV-B UVRS.

Parmi ces photorécepteurs, la phototropine (PHOT) semble avoir un role multiple dans
la physiologie de C. reinhardetii ; il a été démontré qu'elle contréle la gamétogenése a
faible disponibilité en azote, I'expression des genes codant pour la biosynthese de la
chlorophylle et des caroténoides, la taille du point oculaire et la photoprotection. Plus
précisément sur ce dernier point, sous une lumiere élevée, PHOT régule positivement
I'induction de LHCSR3, une protéine codée dans le noyau et localisée dans le

chloroplaste, qui est le principal acteur de gE.

PHOT est une sérine/thréonine kinase activée par la lumiére bleue, associée a la
membrane plasmique, qui subit une phosphorylation lors de l'irradiation par les UVA
et la lumiere bleue. Seule quelques substrats de PHOT ont été identifiés chez les
plantes supérieures, mais pas chez C. reinhardtii. Mon objectif était d'élucider les
réponses dépendantes de PHOT chez C. reinhardtii et d'identifier des protéines
éventuellement interagissant avec la PHOT. Pour cela, j'ai employé une stratégie
impliquant des analyses phosphoprotéomiques comparatives, ainsi que le criblage

ciblé de souches mutantes.



Dans cette thése, je présente les données de deux analyses phosphoprotéomiques
comparatives. Dans la premiére, j'ai comparé le phosphoprotéome de cellules WT et
de cellules déficientes en PHOT (Aphot) acclimatées a une lumiere faible ou forte.
Cette tentative visait a explorer le réle de la phototropine dans la transition de la
lumiere faible a la lumiére forte et a identifier les régulateurs putatifs de la
photoprotection dépendants de PHOT. La deuxieme analyse phosphoprotéomique a
permis de comparer le phosphoprotéome des cellules de type sauvage (WT) et Aphot
acclimatées a I'obscurité et exposées brievement a la lumiére bleue, afin d'élucider les
événements de phosphorylation PHOT-dépendants précoces. Les deux ensembles de
données ont révélé un ensemble diversifié de protéines dont la phosphorylation est
régulée par PHOT, ainsi que l'implication de PHOT dans un certain nombre de

réponses cellulaires différentes.

Je présente également l'implication d'une protéine kinase sérine/thréonine régulée
par PHOT, ci-apres FLKIN, dans le contréle de l'accumulation de LHCSR3 et du
mécanisme de concentration du carbone (CCM). Les niveaux de phosphorylation de
FLKIN sont multipliés par cinqg lorsque I'on fait passer les cellules de type sauvage d'une
lumiere de faible intensité a une lumiére de forte intensité ; chez le mutant Aphot,
FLKIN reste fortement phosphorylée indépendamment de I'intensité lumineuse. On a
constaté que le mutant dépourvu de FLKIN suraccumule LHSCR3 et présente un qE
plus élevé que le WT, méme sous des intensités lumineuses non saturantes. Il induit
également les transcrits des protéines impliquées dans le CCM a des niveaux plus
élevés que le WT. Nous proposons que FLKIN agit comme un répresseur de LHCSR3 et
des génes CCM dans des conditions de faible lumiere. De plus, la souche Aflkin
présente un défaut de croissance en milieu autotrophe, ainsi qu'une taille de cellule
plus importante et une teneur en chlorophylle plus élevée. Aflkin a également une
capacité photosynthétique supérieure a celle de la souche WT dans toutes les

conditions de croissance.

Enfin, j'ai révélé l'implication de PHOT dans la réponse aux protéines non repliées du
chloroplaste (cpUPR) en réponse a un stress protéotoxique. MARS1, une protéine
kinase impliquée dans la cpUPR, est fortement phosphorylée lors de |'exposition a la

lumiére bleue de maniere PHOT-dépendante. De plus, mes données montrent que



I'induction des protéines VIPP2 et HSP22E/F, régulées en réponse au stress oxydatif

par la cpUPR, est altérée chez le mutant Aphot.
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1.1 Role of light for living organisms

Sunlight is crucial for the biome and its survival, and it represents one of the most
important abiotic cues for the living organisms. The totality of the organisms on earth,
from unicellular bacteria and microalgae to more complex ones such as humans, has
developed multiple adaptations in order to adapt to light’s intensity, quality and
diurnal presence. Additionally, living organisms have developed responses to light’s
harmful properties. Light can also be utilised as an energy source to produce organic

compounds from autotrophic organisms.

1.1.1 Photosynthesis

Sunlight reaches the surface of earth in a daily basis and fuels photosynthesis,
providing most of the metabolic energy on our planet. Photosynthesis represents the
light-driven fixation of atmospheric CO, and its reduction into sugars and is being
performed by photosynthetic organisms, such as cyanobacteria, algae and land plants.

This reaction produces the majority of the atmospheric oxygen.

Despite some adaptive variations between the different photosynthetic organisms,
the basic process of photosynthesis is common. Photosynthesis is being performed in
two set of reactions: the electron transport chain (ETR) reactions in the thylakoid

membranes of the chloroplast and the Calvin-Benson cycle which occurs in the stroma.

The absorption of light is done by pigment molecules in the thylakoid membranes,
such as chlorophylls a and b, carotenoids, lutein, zeaxanthin, violaxanthin,
antheraxanthin and neoxanthin. The most common photosynthetic pigments are the
chlorophylls, which absorb in blue and red and emit in green, which explains the green
colour of the leaves of land plants, as well as the colour of green algae. The light energy
is being collected by the photosynthetic pigments at the antennas and transferred to
a pair of chlorophyll molecules that reside in the reaction centres of photosystem Il
(PSll) and photosystem | (PSI). The antennas are being formed by pigment-binding

protein complexes, called Light Harvesting Complexes (LHCs), at the photosystems.
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After light absorption, the excited chlorophyl molecule (*Chl*) can return to its ground
state via three possible ways. First, it can transfer its excitation energy to the reaction
centres and thus, initiating the ETR and fuelling photosynthesis. It can also re-emit the
excitation energy as Chl fluorescence or the excitation energy can be thermally
dissipated by non- photochemical quenching (NPQ) (Muller, Li, and Niyogi 2001)
(Erickson, Wakao, and Niyogi 2015). NPQ is a photoprotective mechanism which
dissipates the excess absorbed light energy as heat. Those three processes (Chlorophyl
fluorescence emission, photosynthesis, NPQ) are occurring antagonistically, which
means that changes on the yield of the one, will dynamically affect the yield of the
other two in contrast. Thus, the measurement of chlorophyl florescence can be
informative of the changes on the yield of photosynthesis and NPQ at any given time

(Maxwell and Johnson 2000).

PSll uses the energy from light to oxidize water to oxygen (Fig. 1.1). PSllis a chlorophyl-
protein complex which carries out this reaction, as the only enzyme in nature which
can catalyse the splitting of water into protons, electrons and oxygen. The electron
derived from water is being, then, transferred to the electron acceptor plastoquinone,
which is being reduced to plastoquinol. The electrons carried by plastoquinol are being
received by the enzyme complex Cytochrome bsf, which is located in the thylakoid
membrane. Cytochrome bef subsequently reduces with the received electrons the
small water-soluble electron carrier plastocyanin, which resides in the lumen. A
second light-driven reaction is carried out by Photosystem I. PSI oxidizes plastocyanin
and reduces the stroma-localised ferredoxin. Ferredoxin can then be used by the

ferredoxin—NADP* reductase (FNR) enzyme to reduce NADP* to NADPH.
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Figure 1.1: The Electron Transport Chain (ETR) and the light regulation of the Calvin-Benson cycle. PSll
uses the energy from light to oxidize water to oxygen and to produce 2 protons. The electron derived
from water is being, then, transferred to plastoquinone (PQ), which is being reduced to plastoquinol.
These electrons are being then received by Cytochrome bef, which subsequently reduces plastocyanin.
A second light-driven reaction is carried out by Photosystem I. PS| oxidizes plastocyanin and reduces
ferredoxin (Fd). Ferredoxin can then be used by the ferredoxin—-NADP* reductase (FNR) to reduce
NADP+ to NADPH. At the same time, protons are pumped into the thylakoid lumen, by the Cytochrome
bef, while it transfers electrons from the PSII to PSI. The proton gradient (ApH) which is being generated
across the thylakoid membrane is used by the ATP synthase for ATP production from ADP and inorganic
phosphate (Pi). The chemical energy from ATP and NADPH is used for the formation of sugars by the
Calvin-Benson cycle. Ferredoxin can also reduce thioredoxins (TRX) via the ferredoxin NADP reductase
(FTR). The reduced TRXs regulate the light-driven activation of four enzymes of the Calvin-Benson cycle.
Taken from (Michelet et al. 2013).

At the same time, protons are pumped into the thylakoid lumen, as a result of the
water-splitting reaction at PSIl and the plastoquinol oxidation at Cytochrome bef (Fig.
1.1). Thus, a proton gradient (ApH) is being generated across the thylakoid membrane,
which is used by the ATP synthase for ATP production. The ATP synthase resides in the
thylakoid membrane and catalyses the synthesis of ATP from ADP and inorganic
phosphate (Pi). ApH, other than the synthesis of ATP, is also responsible for the down-
regulation of the light harvesting, since high ApH (low luminal pH) can trigger NPQ
(Briantais et al. 1979) (Niyogi, Grossman, and Bjorkman 1998) . Both ATP and NADPH

generated by the ETR will be used as energy molecules in the Calvin Benson cycle.

The Calvin-Benson cycle occurs in the stroma of the chloroplast converting CO; into
carbohydrates, after a series of reactions. The reactions of the Calvin-Benson cycle

utilise the ATP and NADPH, which have been produced during the ETR as energy
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donors and, eventually, they produce ADP, Pi and NADP*. Light regulates the Calvin-
Benson cycle, not only by leading to the production of NADPH and ATP, but also by
regulating the activity of several of its enzymes. The light-regulated activation of these
enzymes is being mediated by the ferredoxin/ thioredoxin system, consisting of the
stroma-localised proteins ferredoxin (Fd), ferredoxin/thioredoxin reductase (FTR) and
thioredoxin (TRX) (Fig. 1.1) (Buchanan 1991) (Buchanan et al. 2002) (Michelet et al.
2013). More specifically, ferredoxin can transfer an electron to TRX via FTR and the
reduced TRX regulates the activation of four enzymes of the Calvin-Benson cycle
(phosphoribulokinase (PRK), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
fructose-1,6-bisphosphatase (FBPase), and sedoheptulose-1,7-bisphosphatase
(SBPase)) via reduction of regulatory disulphide bonds at these enzymes. This

reduction leads to their light-driven activation.

The primary step of the Calvin-Benson cycle is the CO, assimilation by the Ribulose
bisphosphate carboxylase/oxygenase, or Rubisco, which carboxylates ribulose-1,5-
biophosphate into 3-phosphoglycerate. Rubisco is the dominant carbon-fixing enzyme
in photosynthetic organisms. Despite the significant role of this enzyme to the global
primary biomass production, Rubisco’s catalyst activity is extremely slow, it is not
selective for CO,, and its ability to bind Oz is compromising its carboxylase activity.
More specifically, the oxygenase activity of Rubisco results in the synthesis of
phosphoglycerate and the initiation of the energy-consuming process of
photorespiration (Abadie et al. 2016). Especially for aquatic photosynthetic organisms,
CO; availability becomes even more challenging by the slow diffusion rate of CO; in
the water in comparison with the air (around 10.000 times slower). Another issue that
challenges the cellular availability of CO; is the fact that in high pH, inorganic carbon
takes the form of HCOs , instead of CO; (Gehl and Colman 1985). Algae have
developed a series of adaptations to overcome those obstacles, called CO»-
concentrating mechanisms (CCMs) (Moroney and Ynalvez 2007). In general, those
mechanisms aim to import HCO3™ within the cells and the chloroplast via a series of
ion transporters, to dehydrate HCOs™ into CO; with the action of carbonic anhydrases,
and to increase the local concertation of CO; around Rubisco in order to promote its

carboxylase activity over the oxygenase one.
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1.1.2 Light as an environmental cue (photoreceptors)

Additionally, to the fundamental role of light on photosynthesis, light is also a source
of spatiotemporal information for cells and organisms. The sunlight can reach a vast
variety of ecosystems, some of them in excess and some of them in deficit, such as in
great depths of aquatic environments. Organisms have developed adaptations in
regards to different light intensities, light quality and the diurnal presence of light, in
order to optimize their survival in different ecosystems. They have also developed
light-sensing systems, linked to cellular signalling pathways in order to modulate their

cellular responses in accordance to a continuously variable environment.

Those light-sensing systems have been mostly based on photoreceptors, proteins
which turn light of a specific quality into a cellular signal. Photoreceptors are gaining
their light-sensing abilities from some non-protein photopigments which are attached
to their molecule. Those pigments, when sensing the light, they react via
photoisomerization or photoreduction which results in conformational changes to the
photoreceptor and its final activation in order to initiate the transmission of the
cellular signal. These photopigments or chromophores vary between the
photoreceptors and characterise the type of the photoreceptor they are attached to.
For example, retinylidene proteins contain retinal as a chromophore, biliproteins
contain bilin and flavoproteins flavin. An exception to this is the UV-sensing plant
photoreceptor UVR8, which does not possess an external photopigment, but instead,
it senses light via tryptophan residues within its protein sequence (Rizzini et al. 2011)

(Christie et al. 2012).

In animals, we often refer as “photoreceptors” to photoreceptor-containing
neuroepithelial cells in the retina, such as the mammalian rods, cones and intrinsically
photosensitive retinal ganglion cells (ipRGCs). Those cells contain photoreceptor
proteins, such as rhodopsins, photopsins and melanopsins, which when triggered by
light of a specific quality and intensity, they cause the change of the cell’s membrane

potential, a fundamental step for colour-vision.
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While animals have adapted their photosensory systems in accordance to their ability
to move and to their survival needs (search for food, sense predators, need for
orientation sensing, etc), plants photoreceptors have been developed to serve
different adaptation needs. More specifically, plant photoreceptors are mainly used
for the maximal optimisation of their photosynthetic apparatus, as well as for their
developmental programming. The sessility of higher plants highlights even more their
need of acclimation towards the available light source. On the other hand, in
microalgae, photoreceptors cover the need for the orientation of these motile
organisms within their aquatic environments, as well as for the programming of their

development and reproduction.

Higher plants and microalgae express a variety of photoreceptors which can absorb
light of wavelengths from almost all the spectrum of visible and UV light (Fig. 1.2).
First, there are the phytochromes, bilin-containing photoreceptors which absorb in
the red/far-red spectrum, allowing the competition with neighbouring plants for
photosynthetically active red light. The covalently attached bilin molecules enable
phytochromes to photoconvert between the red and far-red absorbing forms
(Rockwell, Su, and Lagarias 2006). Phytochromes are widespread in higher plants. In
angiosperms there are 3 conserved genes encoding the apoproteins of phytochromes
(PHYA, PHYB and PHYC), while additional phytochromes have been identified in
dicotyledons as result of gene duplication events during the evolution (Inoue,
Nishihama, and Kohchi 2017) (Franklin and Quail 2010). Phytochromes in plants
participate in responses such as germination (Shinomura et al. 1996) (Botto et al.
1996), de-etiolation (Nagatani, Reed, and Chory 1993) (Somers et al. 1991),
gravitropism (Liscum and Hangarter 1993), shade avoidance responses (Robson,
Whitelam, and Smith 1993) (Devlin et al. 1999), cell elongation and root hair growth
(Reed et al. 1993), the development of stomata (Boccalandro et al. 2009) (Casson et
al. 2009) and photoperiodic flowering (Johnson et al. 1994) (Mockler et al. 2003).
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Figure 1.2: The families of photoreceptors in higher plants and in the model green alga Chlamydomonas
reinhardtii, alongside their corresponding absorption spectrums. Both in higher plants and in C.
reinhardtii we find the UV-B photoreceptor UVR8 and the blue light photoreceptors Cryptochromes and
Phototropins. Land plants do not contain rhodopsins. While the phytochrome family of photoreceptors
is not encoded by the genome of C. reinhardtii, it’s the animal-type CRY that can perceive red light,
alongside yellow and blue when it is fully reduced. Figure modified from (Heijde and Ulm 2012).

The rapid attenuation of red and far-red light with depth in aquatic environments
(Morel 1988) (Depauw et al. 2012) is forcing algal species to utilise light of shorter
wavelengths. However, phytochromes are present in some streptophyte algae and
cyanobacteria (Falciatore and Bowler 2005) (Rockwell and Lagarias 2010). While the
phytochrome family of photoreceptors is not encoded by the genome of
Chlamydomonas reinhardtii, a model chlorophytic algae, this organism can synthesize
phycocyanobilin, a bilin chromophore (Duanmu et al. 2013). More specifically, the
genome of C. reinhardtii contains the cyanobacterial-derived genes of a heme
oxygenase (HMOX1) that catalyses the conversion of heme to biliverdin and a
ferredoxin-dependent bilin reductase (PCYA) that converts biliverdin to

phycocyanobilin. Both enzymes are active and produce the final product in vivo.

UV-B radiation has the highest energy from the light spectrum and it can damage DNA
and lead to mutations, as well as impair the photosynthetic apparatus. The
acclimation to UV-B light is being controlled by the UV-B-sensing photoreceptor UV
RESISTANCE LOCUS 8 (UVR8). UVRS, while in a homodimer form, perceives the UV-B
radiation via an intrinsic tryptophan, monomerizes and increases its nuclear
accumulation. The monomer of UVRS8 interacts with the E3 ubiquitin ligase

CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) and the heterodimer initiate the
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signalling pathway for UV-B acclimation (Rizzini et al. 2011). COP1 interacts with the
SUPPRESSOR OF PHYA 1 (SPA1) and other components of E3 ubiquitin ligase
complexes to ubiquitinate the bZIP transcription factor ELONGATED HYPOCOTYL 5
(HY5). HY5 induces UV-B acclimation genes and photomorphogenesis responses. The
interaction between UVR8 and COP1 promotes HY5 expression, possibly by functional
disassociation of COP1 from the COP1-SPA1-containing E3 ubiquitin ligase complexes
(Oravecz et al. 2006) (Huang et al. 2013).

UVR8 was first described in Arabidopsis thaliana. However, it has been functionally
conserved throughout the green lineage, from the Chlorophytes, where it first
appears, to bryophytes, lycophytes, and angiosperms (Fernandez et al. 2016). C.
reinhardtii contains a UVR8 protein, as well as an orthologue of Arabidopsis COP1
(Tilorook et al. 2016). Chlamydomonas UVR8 has structural similarity to the
Arabidopsis UVR8 and, as the latter one, it monomerizes in response to UVB light,
interacts with the orthologue of COP1 and initiates a UV-B- triggered cellular signal.
The level of functional conservation of UVR8 between those two evolutionarily distant
organisms is showcased by the fact that Chlamydomonas UVRS8 can interact with the
Arabidopsis COP1 in a yeast-two-hybrid assay. Also, Chlamydomonas UVR8 can
restore the UV-B signalling in a uvr8 null mutant in Arabidopsis (Tilbrook et al. 2016).
UVR8 in C. reinhardtii mediates the UV-acclimation response and also, induces
photoprotection by upregulation of the genes of the photoprotection proteins
LHCSR1, PSBS and LHCSR3 (Allorent et al. 2016) (Tokutsu, Fujimura-Kamada,
Yamasaki, et al. 2019). This signalling pathway and the roles of those proteins in

photoprotection will be analysed in detail in the following chapters.

Rhodopsins are photoreceptors, containing opsin apoproteins and a covalently linked
retinal, which absorbs the light and mediates the light-induced signal (Hubbard and
Kropf 1958). Rhodopsins are widely spread throughout all the three kingdoms:
bacteria, archaea and eukaryotes. However, no rhodopsins have been found in land
plants. Rhodopsins are mainly divided into two groups: animal and microbial
rhodopsins, or type | and type Il, respectively (Ernst et al. 2014). Animal rhodopsins
are G-protein-coupled receptors found in the rod cells of the retina, where they

function as the primary photoreceptor molecules of vision (Palczewski 2006).
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Microbial rhodopsins, such as bacteriorhodopsin in bacteria or channelrhodopsin in
green algae, are membrane proteins which can function as light-sensing pumps or

channels (Govorunova et al. 2017) (Gushchin and Gordeliy 2018).

In C. reinhardtii, two animal type rhodopsins were identified in the eyespot, a light-
sensitive organelle important for phototactic orientation, Chlamyrhodopsin 1 (COP1)
and Chlamyrhodopsin 2 (COP2) (Deininger et al. 1995). Two microbial rhodopsins have
been also found in C. reinhardtii, channelrhodopsin 1 and 2 (ChR1 and ChR2), which
are being encoded by the genes COP3 and COP4, respectively (Fig. 1.3). Both of them
are light-gated ion channels; ChR1 is selective for H* and ChR2 conducts Na*, K*, and
Ca?* (Nagel et al. 2002) (Nagel et al. 2003). ChRs mediate photophobic responses and
phototaxis by depolarizing the eyespot membrane and, eventually, the flagellar
membrane upon light absorption. This results in a change of the algal orientation
toward a light source (Sineshchekov, Jung, and Spudich 2002) (Govorunova et al. 2004)
(Berthold et al. 2008). The eyespot-located ChR1 is shown to be downregulated by
another photoreceptor, phototropin (PHOT) (Trippens et al. 2012). The functional
analyses and expression of those channelrhodopsins into different organisms has
created the field of optogenetics (Boyden et al. 2005) (Li et al. 2005) (Ishizuka et al.
2006) where light- responsive channels are expressed in different organisms to control
the activity of neurons or other cell types in a light-dependent manner. This technique
has enabled us to advance our understanding or the human neuron system and the
function of the brain. Eight microbial- type rhodopsins, containing a histidine kinase
domain and a response regulator at their C’-terminus, have been also identified in the
genome of C. reinhardtii (COP5-COP12), constituting the subfamily of histidine kinase
rhodopsins (HKRs) (Fig. 1.3) (Kateriya et al. 2004). Those HKRs share strong sequence

homology and, possibly, functions, while those are in large not identified.
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Figure 1.3: The 12 rhodopsins found in the genome of C. reinhardtii and their domain structures. Figure
modified from (Greiner et al. 2017).

Blue-light signalling is essential for organisms and its perception is being mediated by
flavoprotein receptors, such as the photolyase/cryptochrome superfamily,
phototropins and members of the Zeitlupe family. Each class of these photoreceptors

oxidises flavin as a light-absorbing chromophore.

Cryptochromes and photolyases form a superfamily of photoreceptors, which absorb
blue and UV-A light. Despite their great amino acid similarities, cryptochromes have
lost or reduced the DNA repair abilities of photolyases and, instead, have developed
novel signalling abilities. Cryptochromes are distributed among eubacteria, archaea
and eukaryote and can be roughly divided into three subfamilies: plant
cryptochromes, animal cryptochromes, and cryptochrome DASH proteins (DASH:
Drosophila, Arabidopsis, Synechocystis, Homo) (Chaves et al. 2011). Animal-type
cryptochromes can be further divined into types | and Il and they are closely related
to photolyases. Plant cryptochromes mediate seedling growth, photoperiodic
flowering and entrainment of the circadian clock in plants (Chaves et al. 2011), while
animal cryptochromes are responsible for circadian clock responses (Ceriani et al.
1999) (Kume et al. 1999) and magnetoreception (Gegear et al. 2010) (Ritz, Adem, and
Schulten 2000).



Cryptochromes are being activated when blue-light illumination activates them, by
photoreducing the flavin from its oxidized form (FADox) at its dark inactive state to
FADHo. FADHo can be further reduced by subsequent illumination with a photon of
either blue or green light to FADH. The reoxidation of FADHo to its inactive fully

oxidized form occurs instantly in the presence of molecular oxygen.

The first cryptochrome has been discovered in the model plant Arabidopsis thaliana
and got the name CRY1 (Ahmad and Cashmore 1993). In total, two more
cryptochromes have been identified in Arabidopsis thaliana, CRY2 and CRY3. In the
nuclear genome of C. reinhardtii, cryptochromes of all three major groups have been
identified. More specifically, C. reinhardtii expresses one plant-type cryptochrome
(CPH1 or pCRY) (Reisdorph and Small 2004), one animal-type cryptochrome (aCRY)
(Beel et al. 2012) and two DASH-type cryptochromes (CRY-DASH1 and CRY-DASH2)
(Beel et al. 2012) (Beel et al. 2013). While C. reinhardtii genome, up to our knowledge,
does not encode a red-light photoreceptor, such as phytochrome, it’s the aCRY that
can perceive red light, alongside yellow and blue when it is at its fully reduced state.
Furthermore, in contrast with higher plants CRYs, the oxidation of aCRY is independent

of oxygen concentration (Spexard et al. 2014).

Phototropin (PHOT) is also a flavin-containing photoreceptor, with a serine/threonine
kinase domain which undergoes autophosphorylation upon blue-light illumination.
Phototropin was first discovered in Arabidopsis thaliana and was named after its role
in mediating phototropism (Christie et al. 1999). The sensory region of PHOT is
consisted of two conserved domains, LOV1 and LOV2 (LOV stands for Light Oxygen
and Voltage), which bind one flavin mononucleotide (FMN) as a chromophore each,
stoichiometrically (Christie et al. 1999). PHOT-controlled cellular responses in C.
reinhardtii are in the centre of the studies of this thesis and therefore, PHOT’S
evolution, structure, activation mechanism and cellular role in higher plants and in

Chlamydomonas will be analysed in detail in chapter 1.3.

Finally, higher plants contain several others LOV-containing photoreceptors other
than phototropin, which constitute the Zeitlupe family proteins. The Zeitlupe family
comprises of three photoreceptors: Zeitlupe (ztl), Flavin-binding kelch repeat F-box 1
(fkf1) and LOV kelch protein 2 (lkp2). Those proteins regulate responses associated
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with the regulation or the circadian clock and the photoperiodic control of flowering
in Arabidopsis (Somers et al. 2000) (Nelson et al. 2000) (Schultz et al. 2001). Proteins
of the Zeitlupe family have not been identified in the genome of C. reinhardtii
(Merchant et al. 2007) or other model green algae, such as V. carteri and O. tauri

(Corellou et al. 2009) (Prochnik et al. 2010).

1.2 Chlamydomonas as a model organism

C. reinhardtii is a well-established model organism for studying photosynthesis,
chloroplast biology, cell cycle control, and cilia structure and function, based on a

number of unique characteristics (Salome and Merchant 2019).

C. reinhardstii is a ciliated unicellular green alga, which has diverged from the ancestor
of plants more than one billion years ago (Yoon et al. 2004). Green algae are the
closest relatives to land plants; they are part of the green lineage and they have
emerged from the algae division of Chlorophyta and Charophyta, the same division

from which land plants came from. C. reinhardtii belongs to the Chlorophyta phylum.

The C. reinhardtii cell has two cilia or flagella of equal length that are located at one
pole of the cell and are used for phototaxis, in order to optimise the light exposure

during photosynthesis, as well as for cell-cell recognition during mating (Fig. 1.4).
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Figure 1.4: The C. reinhardltii cell.

More than half of the cell is being occupied by a cup-shaped chloroplast (Sager and
Palade 1957) (Engel et al. 2015). In the chloroplast, there is also a spherical structure,
called the pyrenoid. It is located at the pole opposing the flagella, which contains high
local concentrations of Rubisco. Rubisco plays an essential role for the fixation of CO;
and its localisation in the pyrenoid serves the optimisation of the CO;-Concentrating

mechanisms (CCM).

Within the chloroplast, there is an orange- to red- coloured spot, as observed by
bright-field microscopy, called the eyespot. The eyespot is localised at the chloroplast
membranes and it is composed of two layers of carotenoid-rich globules (Fig. 1.5). This
structure mediates phototaxis, via light-regulated flagellar movement, which happens
under the regulation of ChR1 and ChR2 (Harz et al. 1992) (Hegemann 1997) (Eitzinger
et al. 2015) (Engel et al. 2015).
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Figure 1.5: The 3D architecture of the eyespot. A) Image of the eyespot as viewed via cryo-electron
tomography and B) the corresponding 3D segmentation from A) showing just the thylakoid membranes
(green) and the eyespot globules (red, orange and yellow). As it can be observed, the eyespot apparatus
consists of two arrays of globules, separated by and packed within neighbouring thylakoids. Images
taken from (Engel et al. 2015).

C. reinhardtii has a haploid nuclear genome, which is particularly useful for genetic
studies, since loss-of-function mutations lead to immediately observable phenotypes,
as opposed to the diploid organisms. The whole nuclear genome from 39 independent
C. reinhardetii strains and 12 field isolates has been sequenced (Flowers et al. 2015)
(Gallaher et al. 2015). Other than the nuclear genome, C. reinhardtii also contains
chloroplast and mitochondrial genomes, both of which have been sequenced
(Gallaher et al. 2018). The chloroplast genome is being organised in large protein-DNA
complexes, called nucleoids. Each C. reinhardtii cell contains approximately 80 copies

of the chloroplast genome (Gelvin, Heizmann, and Howell 1977) (Gallaher et al. 2018)
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and each genome contains 99 genes, including genes involved in the chloroplast gene
translation, photosynthesis and CO; fixation (such as the large subunit of Rubisco), as
well as the genes for the subunits of a plastid-encoded RNA polymerase (PEP). The
mitochondrial genome consists of a linear molecule of 15.8 Kbp of length, significantly
smaller from the mitochondrial genomes of land plants (Gallaher et al. 2018). This
genome encodes 8 proteins (7 of which being subunits of the respiratory chain or the
ATP synthase) and fragments of 3 tRNAs and 15 rRNAs. It is estimated that

approximately 130 copies of the mitochondrial genome are present in each cell.

A big number of molecular tools and technologies are available for experimental
design with C. reinhardtii. Forward genetics can be easily achieved by inducing
mutations in each of the three genomes of the cell (nuclear, chloroplast and
mitochondrial) by either exposure to mutagens (such us UV, X-ray and gamma
irradiation, ethylmethanesulfonate (EMS), N-methyl-N-nitro-N-nitrosoguanidine
(MNNG) and methylmethanesulfonate (MMS)) or by insertional mutation. The latter
is done usually with the use of a linearized plasmid or a PCR product that includes a
selection marker (Jinkerson and Jonikas 2015). If mutants are available in both mating

types, combination of mutants can be achieved by crossing.

Nuclear transformation in C. reinhardtii is straightforward and intensively studied.
Despite though, the recent advances in the field, successful heterologous transgene
expression is still being observed in poor rates (Schroda 2019). This can be attributed
to the elevated GC content (64%) in the nuclear genome, as well as at the intron
density (6.4 introns/gene on average) (Merchant et al. 2007). Transgene expression in
C. reinhardtii is also found to be specifically silenced by an epigenetic pathway

(Neupert et al. 2020).

The efficiency of the transgene expression has been facilitated by the use of strong
constitutive promoters, such as PSAD, RBCS2, and a chimeric RBCS2 promoter
combined with regulatory elements from the HSP70A promoter. The introduction and
spreading of introns, such as the one of the first intron of RBCS2 (rbcS2i1), into codon
optimised transgenes can increase their expression, despite their size or the repetition
of their sequences (Wichmann et al. 2018) (Baier et al. 2018). Indeed, the insertion of
rbcS2il1 in optimized positions within a transgene recruits the transcriptional
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machinery and minimises the exons’ length, leading to improved expression of that
gene. This finding led to the development of the web tool “Intronserter”

(https://bibiserv.cebitec.uni-bielefeld.de/intronserter) (Jaeger, Baier, and Lauersen

2019). Intronserter aims to be a flexible and reliable tool for codon optimisation and
optimal intron spreading, in order to provide ready-to-be-synthetised DNA sequences
with minimal exon lengths to be used for transformation. Additionally, the
CRISPR/Cas9 technology has been adapted for C. reinhardtii , widening the variety of
ways of genetic manipulations on this organism’s genome and facilitating the
modification and inactivation of genes by directed gene targeting (Baek et al. 2016)
(Baek et al. 2018) (Shin et al. 2016) (Greiner et al. 2017) (Guzman-Zapata et al. 2019)
(Shin et al. 2019) (Cazzaniga et al. 2020) (Song et al. 2020) (Kim et al. 2020) (Kang et
al. 2020) (Picariello et al. 2020) (Dhokane, Bhadra, and Dasgupta 2020) (Park, Asbury,
and Miller 2020) (Cecchin et al. 2021) (Sizova et al. 2021) (Akella et al. 2021) (Asadian
et al. 2022).

An insertional mutant library of C. reinhardtii, generated by the Chlamydomonas
Library Project (CLiP) is available for ordering, providing a multifunctional platform for
mutant phenotype screening (Li et al. 2016) (Li et al. 2019). This project, funded by the
National Science Foundation, has generated 62,389 mutant strains (up to 2019 (Li et
al. 2019)) by random mutagenic insertion of a paromomycin resistance cassette in the
CC-4533 strain. Since in about the 25% of the strains the indicated gene has not been
disrupted, the presence of the insertion should be confirmed. The Chlamydomonas
Recourse Centre (https://www.chlamycollection.org) is another online respiratory
centre, which can provide wild type and mutant cultures of C. reinhardetii, as well as
molecular reagents, kits and online cultivation and transformation protocols. The Joint
Genome Institute’s platform Phytozome (https://phytozome-next.jgi.doe.gov/)
contains all the information collected on the nuclear genome, including sequences,

annotations, and gene identifiers.

Thanks to its unique characteristics, C. reinhardtii has been widely used on a diverse
set of research topics. Firstly, this green alga has been the subject of photosynthesis
studies. C. reinhardltii is a facultative autotroph, which can grow in the presence of the

reduced carbon acetate in the dark, while retaining a functional photosynthetic
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apparatus. This ability has allowed the isolation and study of light-sensitive
photosynthesis mutants of C. reinhardtii (Levine 1960) (Chua and Bennoun 1975)
(Chua, Matlin, and Bennoun 1975) (Piccioni, Bennoun, and Chua 1981) (Spreitzer and
Mets 1981) (Wakao et al. 2021). Additionally, the photosynthetic apparatus of C.
reinhardetii, as well as the CBC enzyme Rubisco share big level of similarity with the
corresponding ones from the land plants, such as the model plant Arabidopsis thaliana
(Fig. 1.6). Consequently, studying the photosynthetic apparatus in C. reinhardtii leads
to results that can be adapted for higher plants as well, while maintaining the
manipulation advantages of a unicellular organism, such as less needed space for

growth and shorter generation times.

P T ATP synthase (a1,

Embryophyte (eukaryote) Arabidopsis thaliana

Green alga (Chlorophyta; eukaryote)
Chlamydomonas reinhardtii

Figure 1.6: The structure of the ETR proteins and complexes (Photosystem Il (PSll), Cytochrome bef (Cyt
bef), Photosystem | (PSl), Plastocyanin (PC), Ferredoxin (Fd), ferredoxin—NADP+ reductase (FNR) and ATP
synthase), as well as the structure of Rubisco (rbc) from Arabidopsis thaliana (upper part) and from C.
reinhardtii (lower part). As it is shown, the structure of the photosynthetic apparatus and of Rubisco is
almost identical between the two organisms. The only difference is the presence of Cytochrome cs (Cyt
cs) in C. reinhardtii, which acts as an alternative electron carrier to plastocyanin under conditions of
copper limitation. Image taken from (Allen et al. 2011).

C. reinhardtii is, additionally, widely used as a subject for cilia structure, function and
sensing studies (Dutcher 2014) (Wingfield and Lechtreck 2018) (Salome and Merchant

2019). The scientific interest in the eukaryotic cilia is intense, since defects on the

28



human cilia proteins can lead to serious health disorders, called ciliopathies. The cilia
of C. reinhardtii are well conserved though the ciliated eukaryotic organisms and they
are easily dispensable in the lab (while retaining the viability of the cell). Those

advantages have let C. reinhardtii to prevail as a study organism in this field.

Another research topic on C. reinhardtii is the study of the circadian system, which
regulates almost the entirety of the fundamental cellular responses. Diurnal
transcriptomic analyses and gene expression datasets reveal that over 80% of the
transcribed genes show strong periodicity between day and night in C. reinhardtii

(Zones et al. 2015) (Strenkert et al. 2019).

As it was discussed in the first chapter, light represents a very important
environmental cue for cellular programming. The above-mentioned unique
characteristics of C. reinhardtii can justify its ongoing rendering to a model organism
for sensory photoreceptor studies and their corresponding signalling pathways. C.
reinhardtii contains a surprisingly big number of photoreceptors for a unicellular
organism. Up to date, 18 photoreceptors are found in the genome of C. reinhardtii,
including 12 rhodopsins that bind retinal, 4 cryptochromes, PHOT and UVR8 (Greiner
et al. 2017). The most well-studied of those photoreceptors of C. reinhardtii are shown
in Fig. 1.7. What makes photoreception studies even more fascinating in C. reinhardtii
is the fact that, despite sharing a number of common photoreceptors with higher
plants, there are some significant regulatory differences which highlight the
evolutionary adaptation throughout the green lineage. For instance, there are two
copies of Phototropin in Arabidopsis, in contrast with the single PHOT copy in C.
reinhardtii, with some distinct and some overlapping functions and with distinct light
sensitivities (Christie 2007). The roles of C. reinhardtii PHOT and Arabidopsis PHOTs
also vary significantly, since CrPHOT can regulate gene expression (Im et al. 2006)
(Petroutsos et al. 2016) (CrPHOT regulation is going to be elaborated extensively in
the next chapter), while AtPHOTs regulate rapid cellular adaptations such as
chloroplast relocation, stomatal opening and phototropism (Kagawa and Wada 2002)
(Christie 2007) (Inoue, Takemiya, and Shimazaki 2010). Additionally, despite the fact
that the genome of C. reinhardtii does not encode Phytochrome, the red-light

photoreceptor of land-plants, bilin (the chromophore of phytochromes) can be
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synthetised in C. reinhardtii. More specifically, the enzymes HMOX1, a heme
oxygenase and PCYA, a ferredoxin-dependent bilin reductase can synthetise
phycocyanobilin, a procedure which is essential for the PSI accumulation in daylight

(Wittkopp et al. 2017).

Figure 1.7: The most well studied photoreceptors in C. reinhardtii. UVR8 can be found both in the
cytoplasm and in the nucleus. At its inactive form it exists as a homodimer and UV-B irradiation leads to
the monomerization and nuclear accumulation of this molecule (Kaiserli and Jenkins 2007) (Favory et
al. 2009) (Tilbrook et al. 2016). Phototropin (PHOT) is a blue-light photoreceptor which is being located
in the plasma membrane (Huang, Merkle, and Beck 2002) (Huang, Merkle, and Beck 2002) and the
flagella (Huang, Kunkel, and Beck 2004) and its localisation in the eyespot has been proven by proteomic
data (Schmidt et al. 2006). Channelrhodopsin 1 and 2 (ChR1 and ChR2) are light-gated ion channels,
localised in the plasma membrane and are part of the eyespot apparatus (Kateriya et al. 2004). One
plant-type Cryptochome (pCRY), one animal-type Cryptochrome (aCRY) and two DASH-type
Cryptochromes (CRY-DASH1 and CRY-DASHZ2) are also found in C. reinhardtii. aCRY is found in the
nucleus of vegetative cells and mostly in the cytosol during the night cycle (Franz-Badur et al. 2019).
pPCRY is predicted to be localised in the nucleus, but there is still lack of experimental data (Kroth,
Wilhelm, and Kottke 2017). CRY-DASH1 contains a chloroplast transit peptide and it is exclusively found
in the chloroplast (Rredhi et al. 2021). All Cryptochromes are blue-light requlated, but aCRY can perceive
red light, alongside yellow and blue when it is at its fully reduced state.

1.3 Phototropin in Chlamydomonas

1.3.1 Evolution

Phototropin (PHOT) is a blue-light activated Ser/Thr kinase that undergoes

autophosphorylation upon irradiation and is located at the plasma membrane of
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several algae and higher plants’ cells. PHOT senses the blue light via two
photoreceptive domains, LOV1 and LOV2 (Christie et al. 1999). Despite the existence
of the LOV domains as blue-light sensors in structurally diverse proteins in organisms
from all the three kingdoms of life (Crosson, Rajagopal, and Moffat 2003) (Krauss et
al. 2009), phototropins are found uniquely to the green lineage. A phylogenetic study,
based on genomic and transcriptomic data from land plants and algae revealed that
the phototropins originated in an ancestor of Viridiplantae (the clade that includes
land plants and green algae), since no phototropin homologues have been found in
glaucophytes or in red algae (Fig. 1.8) (Li et al. 2015). In algae, phototropins exist in
single copies with the exception of Zygnematales, where they exist in two (PHOTA and
PHOTB). The multi-copy existence of phototropins in land plants, such as in
Arabidopsis thaliana, which expresses two copies of PHOT (PHOT1 and PHOT?2), is due
to independent duplications in mosses, ferns, and seed plants (Fig. 1.8). Those
duplications events were coupled with functional evolution of phototropins, since
every duplicated PHOT also diverged so to specialize in responding in either low— or

III

high-light, while keeping some overlapping functions with the “ancestral’” one
(Christie 2007). The independence of PHOT duplication led to the suggestion that a
single PHOT ancestral sequence was the one which gave rise to the multiple gene
copies throughout the green lineage and that seed plant PHOT1 and PHOT2 do not
have orthologs outside of seed plants. This comes in contrast with a previous
suggestion, which was based on limited taxonomic data, that the seed plant PHOT2

ortholog is the ancestral phototropin and that PHOT1 evolved in a later time (Galvan-

Ampudia and Offringa 2007).
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Figure 1.8: Presence and evolution of PHOT throughout the green lineage. PHOT is present in Land Plants
and in green algae (Charophytes, Chlorophytes and Prasinophytes), but it has not been screened in
Rhodophytes, Glaucophytes, Cryptophytes and Stramenopiles, leading to the indication that PHOT
originated in a common ancestor of Viridiplantae (green star). Independent PHOT duplications (blue
squares) happened in Seed Plants, Ferns, Lycophytes and Mosses. Image adapted from (Li et al. 2015)

At variance with higher plants, C. reinhardtii genome encodes for only one PHOT which
is different at its structure and functions. Chlamydomonas phototropin is smaller than
AtPHOTSs (759aa compared to 996aa of AtPHOT1 and 915aa of AtPHOT2) (Fig. 1.9). It
also lacks the N’ terminal extension and around 70 amino acids of the linker region

between LOV1 and LOV2, as is found in higher plants’ phototropins (Huang, Merkle,
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and Beck 2002). Those regions contain autophosphorylation sites in other PHOTs
(Kinoshita et al. 2003) (Salomon et al. 2003) which are not conserved in CrPHOT.
CrPHOT is more similar to AtPHOT2 (39% protein sequence identity) than with
AtPHOT1 (35% identity) (Huang, Merkle, and Beck 2002). Also, CrPHOT exist in
monomeric form (Okajima et al. 2014), while Arabidopsis PHOTSs are proposed to form
dimers via their LOV1 domains (Nakasako et al. 2008) and to internalize from the
plasma membrane upon blue-light activation (Kaiserli et al. 2009). Despite those
differences and the relatively low homology, CrPHOT can complement several
physiological responses mediated by PHOT1 and PHOT2 in Arabidopsis, indicating a
possible similarity in the activation mechanism and signal transduction between

CrPHOT and the AtPHOTSs (Onodera et al. 2005).
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Figure 1.9: Secondary structure and length of the CrPHOT, in comparison with AtPHOT1 and AtPHOT2.
The LOV domains (LOV1 and LOV2) are indicated with purple colour, the Ja helix with red and the Ser/Thr
kinase domain with yellow. Image adapted from (Okajima et al. 2014).

1.3.2 Structure

PHOT consists of a sensory region at its N’ terminal half of the molecule and a
regulatory one at its C' terminal. The sensory region is being constituted by two

conserved domains, LOV1 and LOV2 (LOV stands for Light Oxygen and Voltage), which
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appear in tandem (Fig. 1.9). Both LOV domains bind one flavin mononucleotide (FMN)
as a chromophore each, stoichiometrically (Christie et al. 1999). The LOV domains
have the aminoacid length of around 110aa (LOV2 is slightly longer than LOV1) and
are highly conserved between the PHOTs from different organisms. Despite the fact
that LOV1 and LOV2 share the same basic structure and have the same photocycles,
they appear to have distinct roles on the photoreceptor’s activation (Christie et al.
2002). Blue-light sensing requires both LOV domains in planta (Sullivan et al. 2008),
but the one cannot replace the function of the other (Kaiserli et al. 2009). LOV2 is
being flanked by two helices, the A’a helix at its N-terminus and the Ja helix at its C-
terminus, which are critical for the activation of the photoreceptor (Harper, Neil, and
Gardner 2003) (Sullivan et al. 2008) (Cho et al. 2007). Up to date there is not

experimental validation of such helices flanking LOV1.

The signalling/ regulatory part of the phototropin, which is located at the C’ terminal
of the molecule, consists of a Ser/Thr kinase domain (Fig. 1.9), which places
phototropin in the AGC family of protein kinases (CAMP-dependent protein kinase,
cGMP-dependent protein kinase G, and phospholipid-dependent protein kinase C)
(Bogre et al. 2003). In the kinase domain, the ATP -binding catalytic cleft is being
enclosed in between two subdomains: the N-lobe and the C-lobe. Within the catalytic
clef there is an ATP-binding residue, called “gatekeeper’”’ (Schnabel et al. 2018). There
is also the activation loop (A-loop), which originates from the C-lobe and is often
located between the two lobes (Fig. 1.10). Fourier Transform Infrared (FT-IR)
spectroscopy on the full-length CrPHOT, obtained from E. coli, revealed that the
activation loop is unstructured and it adopts an alpha helical structure in the dark,
while undergoing major conformational changes after blue-light illumination (Pfeifer
et al. 2010). Autophosphorylation of the activation loop at containing sites initiates

the kinase activity.
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N-terminal lobe

C-terminal lobe

Figure 1.10: 3D model structure of the kinase domain at CrPHOT, created by MODELER (Sali and Blundell
1993) with the use of 30 crystal structures of homologous kinases as templates. The N- and C- terminal
lobe enclose the catalytic cleft. The Activation loop (A-loop), coloured red, originates from the C-lobe
(D547-S611, indicated here) and it is located between the two lobes. Image adapted from (Pfeifer et al.
2010).

Small angle x-ray scattering (SAXS) data on the full-length CrPHOT revealed for the
first time a tandem arrangement of LOV1, LOV2 and the kinase domain, both in dark
and under blue light exposure (Okajima et al. 2014). The same study also suggests that
CrPHOT has an overall shape of a chair, with the kinase domain being the chair’s base
and the LOV domains being the backrest, slightly offset from the legs (Fig.1.11). After
blue light irradiation, LOV2 extends substantially away from the kinase domain, while
the LOV1-LOV2-kinase angle rotates without altering the initial distance between

LOV1 and LOV2.
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Dark

Figure 1.11: Low resolution molecular models of full CrPHOT in dark and after blue-light illumination.
LOV1 is shown with yellow, LOV2 with dark blue, the N-lobe of the kinase domain with red and the C-
lobe with green. The positions of each domain are references with black bars. The position and
orientation between each domain are indicated with red arrows in the dark and with blue arrows in the
light. The models were restored with the use of the SAXS profiles of S> 0.006 A™. Image adapted from
(Okajima et al. 2014).

Despite the data obtained from SAXS, the crystal structure of the full length CrPHOT
is not available yet. However, the crystal structure of the LOV1 in the dark and after
the light illumination has been revealed, providing interesting insights on the

photocycle of the domain. (Fedorov et al. 2003).

1.3.3 Activation mechanism

The structure of PHOT and the arrangement of LOV1, LOV2 and the kinase domain,
facilitate the activation of the protein upon blue light irradiation and the transmission

of the cellular signal.

The perception of blue light is mediated by the chromophore FMN (flavin

mononucleotide) which is bound to each of the LOV domains non-covalently in the
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dark (Crosson and Moffat 2001). In the dark, the FMN is its ground state and it absorbs
maximally near 447 nm (D450) (Fig. 1.12) (Christie et al. 1999) (Salomon et al. 2000)
(Swartz et al. 2001). After blue-light illumination, the FMN forms a covalent bond with
a conserved cysteine residue of the LOV domain via its C4(a) atom, forming a cysteinyl
photoadduct which absorbs at around 390nm (S390) (Crosson and Moffat 2001)
(Fedorov et al. 2003). This adduct is reversible in darkness and thermally decays from
S390 to D450 within seconds to minutes, depending on the LOV domain (Kasahara et
al. 2002) (Christie et al. 2012). This photocycle and its duration is characteristic for
each LOV domain and its positively corelated with the photosensitivity of the kinase

activation (Okajima, Kashojiya, and Tokutomi 2012) (Hart et al. 2019).
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Figure 1.12: Schematic representation of the photocycle of LOV2. In the dark, the FMN, at its ground
state, absorbs near 447 nm (D450). After blue-light illumination, the FMN forms a covalent bond with a
conserved cysteine residue of the LOV domain via its C4(a) atom. The formed cysteinyl photoadduct
absorbs at around 390nm (5390). The FMN returns back to its ground state (D450) in the dark via
thermal decay. Image adapted from (Okajima 2016).

While LOV2, alongside the A’a and the Ja helix on each side of it, is necessary and
sufficient by itself to activate the kinase domain (Christie et al. 2002) (Harper, Neil,
and Gardner 2003) (Sullivan et al. 2008) (Cho et al. 2007), the role of LOV1 is, to a big
part, elusive. However, there is evidence that the presence of LOV1 enhances the light
sensitivity of PHOT, since at CrPHOT the photosensitivity of the kinase is dropping to

less than half when LOV1 is truncated (Okajima et al. 2014).
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Upon blue light illumination of LOV2, the Ja helix dissociates and the subsequent
conformational changes lead to the disruption of the inhibition of kinase by LOV2
which occurs in darkness (Fig. 1.13) (Harper, Neil, and Gardner 2003) (Pfeifer et al.
2010). The structure of LOV2-Ja helix-kinase “opens up”’, enabling the kinase domain
to increase its phosphorylation activity and possibly to interact with a signalling
partner. The activation loop, which can serve as a second interaction site for protein-
protein interaction, also goes through conformational changes at CrPHOT, an
observation which has been disputed for AtPHOTSs (Takakado et al. 2017). The kinase
of CrPHOT is also able of auto-phosphorylation, thought in significantly lower rate

than AtPHOTSs (Onodera et al. 2005).

Catalytic cleft -,

Ja

A-loop
extension

Figure 1.13: Activation mechanism of CrPHOT. In the dark, the kinase is being inhibited by LOV2. When
blue light illuminates LOV2, the Ja helix dissociates, which leads to conformational changes. These
conformational changes enable the activation of the kinase. The activation loop (A-loop) acts as a
second interaction site and also goes through conformational changes upon light illumination. Image
adapted from (Pfeifer et al. 2010).

Surprisingly and in contrast with higher plants’ PHOTs, CrPHOT is able to transduce

the light-induced signal in an alternative way to the kinase-mediated phosphorylation.
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More specifically, overexpression of a LOV1-LOV2 fragment in a PHOT-knocked out
strain was able to affect the eyespot size and phototaxis, a PHOT-regulated
phenotype, in a light-dependent manner (Trippens et al. 2012). The fact that the signal
was transduced without the presence of the kinase, lead to the hypothesis that

CrPHOT is able to mediate the blue-light signal also by protein-protein interaction.

1.3.4 Localisation

Despite the fact the PHOT is highly hydrophilic and does not have membrane-spanning
domain, in higher plants it is mainly localized in the inner membrane of the cells
(Sakamoto and Briggs 2002). In accordance to this, Chlamydomonas PHOT is also
mainly located to the plasma membrane, as evidenced by immunoblotting on the
proteins at the membrane fraction (Huang, Merkle, and Beck 2002) (Huang, Merkle,

and Beck 2002).

Furthermore, the presence of PHOT in the flagella of both vegetative cells and
gametes has been verified by fractionation experiments, as well as
immunofluorescent localization techniques (Fig. 1.14) (Huang, Kunkel, and Beck
2004). Around 4% of the total protein was found in the flagella, as shown by
densitometry analysis of Western blot results on fractionated protein samples. This
result shows an enrichment of PHOT in that organelle relative to the cell body, since
the volume of flagella comprises approximately the 0.5% of the whole cell. Surprisingly
enough, PHOT was also detected in the axonemes of the flagella, instead of its
membrane, which is a continuum with the cell body membrane. All these findings lead
to the conclusion that PHOT has a unique role at this organelle and reveal a possible
sensing role for the flagella. The presence of PHOT in the axonemes fraction of the
flagella was further confirmed by proteomic analysis, based on mass spectrometry

(Pazour et al. 2005).
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Figure 1.14: Observation of the localisation of PHOT in C. reinhardtii via immunofluorescence. A)
Immunolocalization of PHOT in a C. reinhardtii cell. B) Immunolocalization of PHOT in the flagella. As
evidenced, PHOT is present in the cellular membrane of the cell, as well as in the flagella.

Additionally, the presence of the photoreceptor in the eyespot has been verified by

proteomic analysis of the purified eyespot apparatus (Schmidt et al. 2006).

1.3.5 Cellular role/ responses

A number of different physiological responses mediated by PHOT has been revealed
in C. reinhardtii. At first, CrPHOT is suggested to play a principal role on sexual life cycle
and gametogenesis- related responses (Huang and Beck 2003). More specifically, it
was shown that in an RNAi mutant with reduced phototropin levels, the steps of
conversion of pregametes to gametes, reactivation of gametes inactivated in dark and
germination of zygotes were impaired. A study of the same RNAi mutant from (Huang
and Beck 2003) led to the suggestion that PHOT is also the photoreceptor responsible
for the blue-light mediated inactivation of chemiotaxis towards ammonium in the pre-
gametes and their subsequent gaining of mating competence (Ermilova et al. 2004).
This result, however, has been contested since a PHOT mutant strain, which had its
PHOT gene knocked out via the CRISPR/Cas9 technique, was able to mate with a wild

type strain (Greiner et al. 2017).

Additionally, CrPHOT is shown to control the expression of proteins involved in the

synthesis of chlorophylls, carotenoids, Chl-binding proteins and LHC apoproteins. In
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particular, it controls the expression of glutamate-1-semialdehyde aminotransferase
(GSAT), phytoene desaturase (PDS) and the major LHCII polypeptide LHCBM®6 when
transitioning from darkness to very low fluence blue light (Im et al. 2006). Those
proteins were shown to be induced when the cell was transitioned from darkness to
very low intensity of blue light (1 umol photons m2 sec! or lower) in the WT, while
this induction was largely suppressed in the PHOT knocked-down strain (the RNAI line
studied in (Huang and Beck 2003) and (Ermilova et al. 2004)). While the expression of
those proteins was being promoted under very low blue light fluence rates (0.2 umol
photons m2 sec?), relatively higher ones (5 and 25 umol photons m? sec!) did not
lead to proportionately higher transcript or protein levels. This indicates probably a
blue-light-dependent but light-intensity-independent phenotype. Another interesting
point of this study was that low-fluence red light was also causing the induction of the
expression of GSAT and LHCBM®6, while this induction was also suppressed in the PHOT
knockout strain. This suggests a possible interaction between PHOT and a red-light
photoreceptor. Since the C. reinhardtii ggnome does not have a phytochrome gene, it
could be the fully reduced form of aCRY which could play the role of that red-light
photoreceptor and form this signalling synergy with PHOT or a yet to be identified

protein acting as red-light receptor.

CrPHOT, also acts on the regulation of phototaxis by desensitizing the size of the
eyespot (Trippens et al. 2012). Indeed, in a PHOT knocked-out strain, created by
homologous recombination (Zorin et al. 2009), the ability of the eyespot to
dynamically change its size in a light-dependent manner was supressed.
Complementation with just the kinase domain of PHOT, led to a light-independent
reduction of the eyespot size. Surprisingly, overexpression of just the LOV1+LOV2
domain was also able to rescue the phototactic phenotype, suggesting a possible
signalling role for the LOV domains, independent of the kinase. Additionally, CrPHOT
is also mediating the downregulation of channelrhodopsin-1 (ChR1), an eyespot-
located photoreceptor with a major role in phototaxis, but does not affect ChR2. This
phenotype was also rescued by complementation with the kinase domain, but in this

case complementation with the LOV1+LOV2 fragments had no effect on ChR1 levels.
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Finally, CrPHOT was found to be the mediator of a blue-light signal that induces
photoprotection in C. reinhardtii. More specifically, it was shown that PHOT controls
the transcription of LHCSR3.1 and LHCSR3.2, both encoding LHCSR3 (Petroutsos et al.
2016). LHCSR3 is the key protein effector of qE, the major photoprotective mechanism
in C. reinhardetii. Deletion of PHOT (at the homologous recombination mutant strain
from (Zorin et al. 2009)) leads to a photosensitive phenotype, where the cultures are
bleached under high light conditions as an indication of cell death (Fig. 1.15). The
details of this signalling pathway, as well as the role of LHCSR3 will be analysed

extensively in the next chapter.
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Figure 1.15: Effect of high light on the physiology of the phot mutant. Cultures of the WT (cw15-302),
phot (a phot-knockout mutant strain, created via homologous recombination (Zorin et al. 2009)) and
the phot complemented line (PPHOT) were grown under low (20 umol photons m sec™?) and high (750
umol photons m? sec) light conditions for 20h. Under high light, the phot strain got bleached out,
while the WT and the PPHOT remained green. Image adapted from (Petroutsos et al. 2016)

1.3.6 PHOT interactors in Arabidopsis

Despite the fundamental role that CrPHOT plays in cellular signalling in C. reinhardltii,
no direct substrate of its kinase or interactor has been found up to date. However,
proteins which directly interact with PHOT have been found in Arabidopsis thaliana,
and the nature of those interactions could be particularly useful for such studies in

CrPHOT.

42



AtPHOTs mediate phototropism, which is the reorientation of shoot growth towards
a directional light source. A key signalling component of phototropism is NON-
PHOTOTROPIC HYPOCOTYL 3 (NPH3). Based on vyeast-two-hybrid and
coimmunoprecipitation approaches, NPH3 was found to directly interact with
AtPHOT1 and AtPHOT2 via its C-terminal region (Motchoulski and Liscum 1999)
(Lariguet et al. 2006) (de Carbonnel et al. 2010). Recently, a chemical-genetic
approach has been applied to verify this interaction and to identify the specific residue
of NPH3 which gets phosphorylated by PHOT. With the use of a gatekeeper
engineered AtPHOT1, which can accommodate the bulky ATP analogue N6-benzyl-
ATPyS as a thiophospho-donor (Schnabel et al. 2018), it was revealed that the S744 of
NPH3 gets phosphorylated in a PHOT-dependent manner (Sullivan et al. 2021). In
darkness, NPH3 is phosphorylated and forms a membrane-associated complex with
PHOT (Pedmale and Liscum 2007). Within minutes after the activation of PHOT by blue
light, NPH3 gets rapidly dephosphorylated and becomes internalised into aggregates,
which diminishes its interaction with PHOT (Haga et al. 2015) (Sullivan et al. 2019).
However, under continuous light, the reconstitution of the AtPHOT1-NPH3 complex is
essential for the phototropic signalling. The reconstruction of this complex is assisted
by the protein ROOT PHOTOTROPISM 2 (RPT2). RPT2, which is additionally involved in
stomatal opening, is also directly interacting with AtPHOT1 independently of NPH3, as
evidenced by yeast-two-hybrid and immunoprecipitation assays (Inada et al. 2004)
(Sullivan et al. 2009). This interaction occurs between the N-terminal region of PRT2
and the LOV domains. A protein belonging to the NPH3/RPT2-like (NRL) family,
designated as NPH3-like (NPH3-L), has been also identified as a PHOT interactor via
yeast-two-hybrid screening of an Arabidopsis cDNA library with full-length AtPHOT1
(Sullivan et al. 2009).

Hypocotyl phototropism is also mediated by proteins of the PKS (PHYTOCHROME
KINASE SUBSTRATE) family. This family of phytochrome signalling components
contains four members in Arabidopsis (PKS1-PKS4). PKS1 and PKS2 interact with
AtPHOT1, AtPHOT2 and NPH3, as shown by GST pull-down assay and

coimmunoprecipitation (Lariguet et al. 2006) (de Carbonnel et al. 2010). PKS4 is
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additionally found to interact with AtPHOT1 both in vivo and in vitro and it gets

phosphorylated in a PHOT-dependent manner (Demarsy et al. 2012).

AtPHOT1 interaction with the protein ABCB19 (ATP- Binding Cassette B19) has also
been verified. ABCB19 is an auxin efflux transporter and it is implicated in
phototropism. The interaction between ABCB19 and AtPHOT1 has been verified by
yeast-two-hybrid, co-immunoprecipitation, mass spectrometry and bimolecular
fluorescence complementation (BiFC) (Christie et al. 2011). ABCB19 binds to the C’-
terminus of AtPHOT1, which includes the kinase domain and this interaction inhibits

the activity of the former.

AtPHOT1 is also shown to interact with different members of the 14-3-3 protein
family. The 14-3-3 proteins are key regulators of signalling in all eucaryotic cells by
binding to a number of different signal-transporting proteins, including kinases. 14-3-
3¢ protein binds to immunoprecipitated AtPHOT1 upon its autophosphorylation
(Inoue, Takemiya, and Shimazaki 2010). The binding sites for 14-3-3¢ are two serine
residues (S350A and S376A), which are located in the region between the two LOV
domains. Yeast-two-hybrid and far-western blot assays have revealed the interaction
of PHOT with other isoforms of 14-3-3 proteins, such as 14-3-3\ and 14-3-3k (Sullivan
et al. 2009).

The same yeast-two-hybrid screen from (Sullivan et al. 2009) revealed the interaction
between AtPHOT1 and the ADP-ribosylation factors ARF2 and ARF7. These proteins
play instrumental role at the budding and fusion of the vesicles. The binding of the

ARF proteins with AtPHOT1 occurs during dark and it is being disrupted by blue light.

In plants, stomata regulate the gas exchange between the plant and the atmosphere
and open in response to low CO, concentrations to maximize the photosynthetic
efficiency. Two proteins involved in the opening of the stomata are directly interacting
with AtPHOT1, BLUS1 (Blue Light Signalling 1) and CBC1 (CONVERGENCE OF BLUE
LIGHT AND CO3 1). BLUS1 is a Ser/Thr kinase, which mediates the blue-light signal from
the phototropins to the H+- ATPase during the stomatal opening in guard cells. BLUS1
is a direct substrate of AtPHOT1, as evidenced by coimmunoprecipitation, and its

phosphorylation is dependent on both AtPHOT1 and AtPHOT2 (Takemiya et al. 2013).
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The N-terminus of BLUS1, which includes its kinase domain, interacts with both the
LOV domains and the kinase domain of AtPHOT1. While the kinase domain of
AtPHOT1 is responsible for the phosphorylation of BLUS1, the LOV domains are
considered to act as inhibitors of the kinase. CBC1 also mediates the stomatal opening
by linking signals coming from both blue-light radiation and low CO; concentrations in
the guard cells. Pull-down and BiFC assays revealed the direct phosphorylation of
CBC1 by AtPHOT1 both in vivo and in vitro. The phosphorylation of CBC1 occurs

independently from the presence of BLUS1 (Hiyama et al. 2017).

1.4 Protection from photooxidative stress in the chloroplast of
Chlamydomonas: Photoprotection (quenching of energy) and the

chloroplast Unfolded Protein Response (coUPR)

1.4.1 Photoprotection in Chlamydomonas

Besides being the energy fuel of photosynthesis and a source of information, light can
also be toxic for the photosynthetic cells when absorbed in excess. Indeed, when light
is absorbed beyond the photosynthetic capacity of CO, fixation, it can cause
photooxidative damage to the cell, most commonly via the formation of reactive
oxygen species (ROS). ROS, such as superoxide (O27), the hydroxyl radical (OH’) and
hydrogen peroxide (H.0;), are by-products of an over-reduced electron transport
chain and can cause multiple physiological defects, including protein and lipid damage
as well as DNA mutations. To avoid the damage created by excess light, C. reinhardltii

has evolved a number of photoprotection mechanisms.

A dominant photoprotective mechanism, designated gE (energy-dependent
guenching) represents the harmless dissipation of excess absorbed light energy as
heat (Li et al. 2009). This rapidly induced (within seconds) and rapidly relaxed (from
seconds to minutes) process requires the formation of a proton gradient across the

thylakoid membrane (ApH) for its formation (Briantais et al. 1979). When
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photosynthesis is saturated by high light, the thylakoid lumen becomes more acidic
due to the generated ApH by the electron transport chain. In parallel, the efflux of H+
through ATP synthase is limited due to the low consumption of ATP by the Calvin-
Benson cycle, keeping the ApH high. Therefore, high ApH acts as a cellular signal for

excess light to trigger qE.

Triggering gE requires both specific proteins and pigments that are controlled by
transcriptional and post-transcriptional processes. In C. reinhardtii, qE depends on the
nucleus-encoded, chloroplast-localized proteins LHCSR3, LHCSR1 and PSBS, which are
present in many algae and lower plants such as moss (Alboresi et al. 2010). These
proteins belong to the Light Harvesting Complex-Stress Related subfamily (Niyogi and
Truong 2013).

LHCSR3 is being encoded by the nearly identical genes LHCSR3.1 and LHCSR3.2. The
promoter regions of both those gens have also high similarity (Peers et al. 2009)
(Maruyama, Tokutsu, and Minagawa 2014). In cells where those genes are being
disrupt, gE is being impaired and the cultures show reduced fitness in high light

conditions (Fig. 1.16) (Peers et al. 2009).

20 200 750

umol photons m=2 s~

Figure 1.16: Effect of the LHCSR3 depletion on the physiology of the cells in high-light conditions.
Cultures of the WT and of a LHCSR3 knockout strain (Alhcsr3), described in (Peers et al. 2009) were
grown under 20, 200 and 750 umol photons m> sec for 16h. As evidenced, the Alhcsr3 strain under
high light (750 umol photons m™ sec?) bleaches out due to his enhanced photosensitivity. Important to
notice here the phenotypical similarities of the Alhcsr3 strain with the Aphot strain (Fig. 1.15). Image
modified from (Petroutsos et al. 2016).

LHCSR1 is being encoded by LHCSR1 which is located upstream of LHCSR3.1 and
LHCSR3.2 on the same chromosome. LHCSR1 is 82% identical to LHCSR3 and it differs
with the latter at the C-terminus and the N-terminal chloroplast transit peptide. While

LHCSR1 is being expressed, as LHCSR3, under high light conditions, it is evident that
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this protein alone is not sufficient for full g€ induction (Peers et al. 2009). However, it
can significantly contribute to gE under certain conditions; in cells which were
completely depleted of PSIl and PSI and were grown in LHCSR3-supressing mixotrophic
medium, a small amount of LHCSR1 was able to induce gE, even in the absence of
LHCSR3 (Dinc et al. 2016). In addition to this, a mutant strain which had totally
suppressed levels of LHCSR3 but overaccumulated LHCSR1 was able to partially induce

gE in high light (Ruiz-Sola et al. 2021).

While LHCSR1 and LHCSR3 are present in algae but not in vascular plants, PSBS is in
both and it appears to sense and communicate excess excitation through protonation
of glutamate residues that are exposed in the thylakoid membrane lumen (Niyogi and
Truong 2013). PSBS in C. reinhardtii is transiently expressed in cells exposed to high
light (HL) (Tibiletti et al. 2016) (Correa-Galvis et al. 2016) and accumulates when cells
are exposed to UV-B irradiation (Allorent et al. 2016). The precise contribution of PSBS

in C. reinhardtii photoprotective responses is still unresolved (Redekop et al. 2020).

1.4.1.1 LHCSR3: Localisation and activation mechanism

LHCSR3 belongs to the family of the light-harvesting complex (LHC) proteins, which
are located at the thylakoid membranes of the chloroplast. LHCSR3 is docked in the
thylakoid membranes via 3 trans-membrane a-helices (helix A, B, and C) and also
contains two amphipathic helices (helix D and E), which are exposed to the thylakoid
lumen (Fig. 1.17). Helices D and E contain protonable residues which act synergistically
for sensing the luminal pH (Ballottari et al. 2016). Mostly dimeric LHCSR3 complexes
are specifically associated with PSII, via binding with the antenna supercomplex C,S;
(Semchonok et al. 2017) and the chlorophyl-binding protein CP26, while the binding
of LHCSR3 to PSl via the antenna subunit LHCII has been strongly implied (Girolomoni
et al. 2019). Additionally, as highly evidenced, LHCSR3 interacts with other LHC
proteins, such as LHCBM1 (Ferrante et al. 2012). During the state transitions, LHCSR3,
among other LHC proteins can relocate to PSI (Allorent et al. 2013). Based on a

sequence alignment of LHCSR3 with LHC, it has been proposed that LHCSR3 is able to
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bind 8 chlorophyl molecules and 2 carotenoids (Liguori et al. 2016). An earlier
approach on that matter had predicted the attachment of 6.7 £ 1.9 chlorophylls and

of 2 carotenoids per molecule of LHCSR3 (Bonente et al. 2011).

.4
Helix D

Figure 1.17: The 3D structure model of LHCSR3. The Helices A, B and C are trans-membrane and the
helices E and D are amphipathic. Highlighted with red there are several aminoacid residues which are
predicted to be exposed to the thylakoid lumen. The 3D structure was created using as template the 3D
structures of other LHC proteins. Image taken from (Ballottari et al. 2016).

At neutral pH, LHCSR3 exists at its light-harvesting mode, assisting the energy transfer
to the PSII. Under high-light stress conditions, LHCSR3 senses the drop of the luminal
pH via its C-terminus and switches to the energy-dissipative conformation. The C-
terminus of LHCSR3 is exposed to the thylakoid lumen and it is rich in acidic residues,
which are able to sense the variation of the pH (Liguori et al. 2013) (Ballottari et al.

2016) (Camargo et al. 2021). LHCSR3 is proposed to act both as the sensor of the
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chloroplast luminal pH and as the holder of multiple quenching sites which act in
cooperation for the energy dissipation (Perozeni, Cazzaniga, and Ballottari 2019). The
exact mechanism of quenching the excess energy to heat is still largely elusive, though
a number of experimental-based hypotheses have been recently emerged. According
to (Kim et al. 2017), at a first level, the expression of LHCSR3 and its association with
the PSII complex lead to inhibition of the energy transfer to the chlorophyl- binding
protein CP47, which is close to its binding site. When protonated by the acidification
of the lumen, LHCSR3 quenches the excitation energy of the LHCs. Another one from
(Perozeni, Cazzaniga, and Ballottari 2019) suggests the possibility of LHCSR3 not being
the direct quencher, but rather act as a pH-controlled trigger for other LHC proteins

to dissipate the excitation energy.

1.4.1.2 Regulation of LHCSR3 expression

LHCSR3 is considered to be generally a stress response factor and its induction is highly
regulated in C. reinhardtii. A number of specific environmental signals, as well as key-

proteins which regulate LHCSR3 have been described in the literature.

LHCSR3 is a key component of photoprotection and, therefore, it would have been
expected to be induced under light. Indeed, both the transcript is being induced and
the protein is being expressed during light illumination and especially under high light
intensities (Richard, Ouellet, and Guertin 2000) (Ledford et al. 2004) (Naumann et al.
2007) (Yamano, Miura, and Fukuzawa 2008) (Maruyama, Tokutsu, and Minagawa

2014). This constitutes light as the primary condition for LHCSR3 expression.

For the light-dependent expression of LHCSR3, active photosynthesis is required. In
PSI and PSII deficient mutant strains, no LHCSR3 is expressed, even after 2h exposure
to high light. The same inhibition was observed after the addition of DCMU and DBMIB
(Petroutsos et al. 2011), chemicals that disrupt the electron transport chain at the PSII

and the cytochrome b6f, respectively (Trebst 2007).
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Nitrogen, sulfur, iron and phosphorus are essential nutrients for C. reinhardtii and
their limitation from the growth medium causes developmental defects and induces
corresponding stress responses. The LHCSR3 transcript gets upregulated in both
nitrogen and sulfur starvation conditions, as evidenced by transcriptomic and
microarray analyses (Miller et al. 2010) (Toepel et al. 2011) (Zhang et al. 2004)
(Gonzalez-Ballester et al. 2010).. Furthermore, a comparative proteomic analysis
revealed that LHCSR3 is among the proteins with the biggest induction under iron-
deficient conditions (Naumann et al. 2007). This result was further supported by
guantitative RT-PCR for LHCSR3 mRNA and Western blot. The levels of the LHCSR3
transcript are also increased after phosphate deprivation (Moseley, Chang, and

Grossman 2006).

The concentration of Ca%* has a key role for C. reinhardtii in various cellular responses,
such as in phototaxis, photosynthesis and stress-related signalling. CAS (calcium
sensor) is a calcium-specific binding protein, localised in the thylakoid membranes in
higher plants and in C. reinhardtii, which acts as a mediator of the Ca?* signal. CAS
plays a role on the LHCSR3 expression, since in strains where CAS is being knocked-
down, LHCSR3 expression is lower and the strains are highly photosensitive
(Petroutsos et al. 2011). The phenotype of the cas mutants was rescued by a 10-fold
increase in Ca%* concentration in the growth medium. Calmodulin, another widely
spread calcium-binding messenger protein, also controls the expression of LHCSR3. In
the presence of W7, a calmodulin inhibitor, LHCSR3 is being supressed, both at the
protein and at the transcript level (Petroutsos et al. 2011) (Maruyama, Tokutsu, and
Minagawa 2014). Interestingly, CAS is also responsible for the regulation of the CCM
(CO; concentrating mechanism), highlighting a relation between Ca?*- and low CO»-
dependent signalling; CAS is required for the expression of a number of CCM-related
genes and, also, is relocating from all over the chloroplast to the pyrenoid in low CO»/

light conditions (Wang et al. 2016).

The expression of LHCSR3 is also controlled by photoreception. First, the UVB
photoreceptor UVR8 is inducing LHCSR3, alongside LHCSR1 and PSBS. Upon UV-B
exposure, the homodimer UVR8 monomerizes to allow its interaction with the E3

ubiquitin ligase COP1. A signalling pathway is thus initiated that induces the
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expression of LHCSR1, PSBS, and to a lesser extent, LHCSR3 (Allorent et al. 2016).
Indeed, the UVR8-knocked-out mutant showed significantly lower expression of UV-B
induced LHCSR3. However, LHCSR3, in contrast with LHCSR1 and PSBS, has stronger

expression in high visible light than under UV-B in the wild type.

LHCSR3 is being mainly, though, regulated by blue light. Indeed, LHCSR3 gets
preferentially overaccumulated under blue light, over any other wavelength in the
visible spectrum (Petroutsos et al. 2016). Additionally, gE induction is more effective
under blue light illumination than under red, despite the fact that both light qualities
can be absorbed equally by the cells. The blue light signal is being transmitted
exclusively by PHOT and not the other family of blue-light photoreceptors, the
Cryptochromes. As it was mentioned in the previous chapter, the Aphot strain was
photosensitive and that was a result of lower expression of LHCSR3, both in transcript
and in protein levels. PHOT also regulates the expression of the other photoprotection
genes, LHCSR1 and PSBS, thought probably under a different signalling cascade, as it
has been hypothesised by (Aihara et al. 2019).

The molecular pathways interconnecting PHOT and LHCSR3 still remain largely
unknown. However, some key components of this signalling pathway have been
already described. At first, the PHOT-mediated signal for LHCSR3 induction requires
as second messengers the cyclic nucleotides cAMP or cGMP downstream of PHOT, as
evidenced after treatment of the Aphot cells with IBMX, a cAMP and cGMP
phosphodiesterases inhibitor (Petroutsos et al. 2016). Furthermore, two PHOT
suppressor loci were found to be involved in the LHCSR3 induction: DE-ETIOLATED 1
(detl) and DAMAGED DNA-BINDING 1 (ddb1), both of which being a part of the E3
ubiquitin ligase complex CUL4-DDB1Pt™ (Fig. 1.18) (Aihara et al. 2019). In dark, this
complex supresses LHCSR3 induction. PHOT is being hypothesised to supress the E3
ubiquitin ligase complex, either directly or indirectly, in a blue-light dependent

manner.
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Figure 1.18: Proposed schematic model of the PHOT-mediated pathway that controls photoprotection.
After high light irradiation PHOT gets activated and supresses, either directly or indirectly, the E3
ubiquitin ligase complex CUL4—-DDBI1Pt™ | This ubiquitin complex in dark ubiquitinates their targets,
which are responsible for LHCSR3, LHCSR1 and PSBS transcription. Image modified from (Aihara et al.
2019).

The regulation of LHCSR3 expression gets even more complicated by the recent
findings that the transcription factor CrCO (CONSTANS), which in higher plants
mediates the circadian-clock-regulated flowering process, is responsible for the gene
activation of LHCSR3 (Tokutsu, Fujimura-Kamada, Matsuo, et al. 2019) (Gabilly et al.
2019). CrCO in low light or in darkness is being degraded by a CUL4-SPA1/COP1 E3
ubiquitin ligase complex. In high light, it promotes the transcription of LHCSR3.1 and
LHCSR3.2 through direct promoter binding, in complex with the Nuclear transcription
Factor Ys (NF-Ys). Under UV-B light, UVR8 makes a complex with SPA1 and COP1,
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which leads to the inhibition of the E3 ubiquitin ligase and the accumulation of CrCO

(Tokutsu, Fujimura-Kamada, Matsuo, et al. 2019).

The extra- and intra- cellular levels of CO; represent an essential environmental cue
for cellular signalling and are responsible for LHCSR3 regulation. Evidentially, the
transcript for LHCSR3 is being highly induced under low (0.033 to 0.041%) and very
low (0.011 to 0.015%) CO; (Miura et al. 2004) (Fang et al. 2012). Opposingly, high CO;
supresses both the expression of the transcript and the accumulation of the protein

(Fang et al. 2012) (Polukhina et al. 2016).

The environmental levels of CO,, when they are restricted, induce also the CO;
concentrating mechanism (CCM), which represents an effective adaptation of C.
reinhardtii and other aquatic organisms in limiting CO, conditions. The proteins of the
CCM are including bicarbonate (HCOs ) transporters in the plasma membrane and in
the chloroplast envelope which assist the import of inorganic carbon in the chloroplast
against the concertation or pH gradient, as well as carbonic anhydrases which

interconvert HCO3 ~ and CO: in order to increase the concertation of the second
around the site of its fixation, at Rubisco (Moroney and Ynalvez 2007) (Wang,
Stessman, and Spalding 2015). Many of those proteins are under the control of the
CCM transcription regulator CIA5. A fascinating link between the CCM and
photoprotection has been revealed from the fact that the LHCSR3 expression is also

under the control of CIA5, alongside the CCM genes (Fang et al. 2012) (Ruiz-Sola et al.
2021) (Redekop et al. 2021).

The significance of the intracellular CO; at the regulation of photoprotection has been
highlighted recently by our team (Ruiz-Sola et al. 2021). The intercellular concertation
of COz is being dynamically regulated by the production of CO; from the mitochondrial
metabolism and its fixation in the chloroplast during the Calvin-Benson cycle (Fig.
1.19). In high-light conditions, when the fixation rates are high, CO, become depleted
and both LHCSR3 and the CCM genes are being induced via the CIA5 regulation. These
responses can be also induced in total CO;- depletion conditions in the dark, a fact
that proves the partial light-independence of this pathway. Individually though from
the CO2/CIA5 pathway, light has a clear impact on the expression of LHCSR3, alongside
LHCSR1 and PSBS and this can be a result of the PHOT-induced pathway (Petroutsos
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et al. 2016) (Aihara et al. 2019). In conclusion, low CO; levels changes the landscape
of regulation and can obviate the need for light in the activation of gE and CCM genes

(Ruiz-Sola et al. 2021).
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Figure 1.19: LHCSR3 and CCM regulation from the intracellular CO: levels. The intercellular levels of CO:
are being dynamically regulated by its production from the acetate metabolism in the mitochondria and
its fixation in the chloroplast during the Calvin-Benson cycle. In high-light, CO2 is being fixated in high
rates and it becomes depleted. LHCSR3 and the CCM genes are being, then, induced via the CIA5
regulation. Opposingly, when the CO: levels are high, this pathway is being supressed. CIA5 also
suppresses the translation of LHCSR1. Also, light has a strong impact of the expression of LHCSR3,
LHCSR1 and PSBS. This exclusively light-dependent regulation can be a result of the PHOT-induced
pathway.

1.4.2 The chloroplast Unfolded Protein Response (cpUPR) is a major quality control
retrograde signal

The chloroplast Unfolded protein response (cpUPR) is a recently proposed
chloroplastic retrograde signal, which gets triggered under proteotoxic stress and acts
as an organelle quality control pathway. Here we will take a closer look on this
signalling pathway, the conditions which trigger it, its components and the genes

which it regulates.
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Nucleus-encoded proteins which are about to be localised in the chloroplast are, at
first, not completely folded so they can enter though the organelle’s membranes from
the cytoplasm. Once they enter the chloroplast, they get rapidly processed and folded
by proteins which mediate protein folding. However, under stress conditions, such as
nutrient starvation, elevated temperature or high light, which leads to an increased
production of reactive oxygen species (ROS), this procedure gets compromised. The
damaged or not properly folded proteins are led to proteolysis by a group of
chloroplastic proteolytic proteins such as the protease Clp1.The action of Clp1 is of
such importance for the whole cell, that its depletion leads to overaccumulation of
unfolded proteins and eventually cellular death (Huang et al. 1994) (Ramundo et al.
2014). This overload of unfolded proteins, caused by Clp1 depletion or naturally from
extensive stress conditions triggers the chloroplast unfolded protein response (cpUPR)
(Fig. 1.20). The cpUPR, thus, represents a retrograde signal from the chloroplast to the
nucleus and it upregulates the production of a number of proteins, such as proteases,
chaperons, ubiquitins, heat shock proteins and proteins involved in thylakoid
membrane assembly, all of which can contribute on the restoration of the protein

homeostasis at the chloroplast (Ramundo et al. 2014).
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Figure 2.20: The chloroplast Unfolded Protein Response (cpUPR). The creation of ROS as a result of high
light stress or the depletion of the chloroplast protease Clp1, lead to the compromise of the protein
folding machinery of the chloroplast. The overaccumulation of non-properly folded proteins trigger a
retrograde signal from the chloroplast to the nucleus for the induction of a number of genes such as
proteases, chaperons, ubiquitins, heat shock proteins and proteins involved in thylakoid membrane
assembly. This pathway represents the coUPR. HSP22 E/F and VIPP2 are the one of the earliest and most
sensitive responsive genes of the coUPR.

Among the earliest and most sensitive responsive genes to cpUPR is VIPP2 (Ramundo
et al. 2014), the protein of which (VIPP2) is considered to be involved in the thylakoid’s
membrane assembly. VIPP2 gets also induced, both at transcript and protein levels,
under high light (Nordhues et al. 2012) and after the addition of H,0; in the medium
(Blaby et al. 2015) (Theis et al. 2020) but not under heat shock stress (Nordhues et al.
2012). The strong induction of VIPP2 after Clp1 depletion led to its use as a reporter

gene for the cpUPR activation (Perlaza et al. 2019).

Another strongly upregulated gene upon the cpUPR activation is the one that
expresses the heat shock protein HSP22 E/F (Ramundo et al. 2014). The expression of
HSP22E/F is being promoted by a variety of stress-related conditions, such as high light
(Theis et al. 2020), heat shock (Muhlhaus et al. 2011), oxidative stress by H,O2 (Blaby
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et al. 2015), and phosphorus and sulfur deprivation (Moseley, Chang, and Grossman

2006) (Zhang et al. 2004) (Nguyen et al. 2011).

VIPP2 can interact with HSP22E/F at the chloroplast membranes after exposure to
H.0;, an interaction that is proposed to aim in the repair of the membrane after
oxidative stress (Theis et al. 2020). VIPP2 is also hypothesised to regulate HSP22 E/F
induction via a retrograde signal, while supressing the expression of LHCSR3 (Theis et

al. 2020).

Recently, the first component of the cpUPR signalling pathway has been identified in
the cytoplasmic kinase MARS1 (Mutant Affected in chloroplast-to-nucleus Retrograde
Signalling) (Perlaza et al. 2019). This discovery came after a cpUPR-mutants screening
with the use of a reporter strain, with was able to produce a fused protein of VIPP2
and yellow fluorescent protein (YFP). MARS1 transmits the retrograde signal from the
chloroplast via its kinase domain. Indeed, mutants lacking MARS1 or complemented
with an inactive-kinase-form of the protein are unable to express VIPP2 and HSP22
E/F under oxidative stress, induced by high light or metronidazole, a H,0, generating

drug.

A cooperative transcriptomic analysis between the wild type and the mars1 mutant
under oxidative stress, revealed a set of transcripts which are heavily dependent on
MARS1. Those, include, other than VIPP2 and HSP22 E/F, genes involved in chloroplast
protein homeostasis, ROS detoxification, RNA metabolism, autophagy, and sulfur
uptake. Interestingly, LHCSR3.1 and LHCSR3.2 were not affected by the depletion of
MARS1.

1.5 Aim of this thesis

Blue light serves as a fundamental environmental cue for photosynthetic organisms
and especially for algae. It is the dominant wavelength during the early morning and
late evening hours, when the sun is way below the horizon, giving the signal for the

start and the finish of the daily light cycle. Additionally, since red-light gets rapidly
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attenuated by depth in aquatic environments, blue-light is the one which can be
mainly perceived in greater depths. This explains the great importance and complexity
of the activity of the blue light photoreceptors, and especially Phototropin. C.
reinhardtii, a unicellular green alga and a model organism for molecular and cellular

studies, serves as the ideal platform for the exploration of the blue-light responses.

While phototropins in plants regulate relatively rapid cellular responses, such as
stomata opening, chloroplast relocation and phototropism, all of which contribute to
the optimal photosynthetic efficiency, in C. reinhardtii the unique copy of PHOT seems
to initiate signalling pathways that end up to the transcriptional regulation of specific
genes in the nucleus. The most significant role of PHOT, as described so far, is the
regulation of photoprotection and more specifically, the induction of LHCSR3
(Petroutsos et al. 2016). The molecular pathways interconnecting PHOT and LHCSR3,
however, still remain largely unknown. Judging by the fact that LHCSR3 is being
regulated also by a variety of different environmental conditions, most of them stress-
related, one could wonder if there is a connection between those responses and the
PHOT pathway, and what is the exact nature of it. Another key question that hasn’t
been addressed so far is the following: which are the early events of the PHOT-
dependent signalling pathways in C. reinhardtii? Finding out phototropin-interacting
or phototropin-regulated proteins and characterizing their role on the PHOT signalling

pathways is at the centre of interest of my PhD project.

To achieve this goal, we employed phosphoproteomics to identify putative PHOT
interactors in C. reinhardtii by comparing low and high light-exposed, as well as dark-
acclimated and blue-light-exposed wild-type (WT) and phototropin-deficient cells
(Aphot). We screened for several proteins that are phosphorylated in a (blue) light-
dependent manner in the WT and are not phosphorylated in the Aphot mutant. This
led us, at first, to the extensive study of a mutant strain (Aflkin) which was able to
overaccumulate LHCSR3, even in non-saturating light intensities. We also discovered
that MARS1 gets phosphorylated in a PHOT-dependent manner, introducing a
possibility of the PHOT involvement at the cpUPR response. Generally, based on my

3-year-long study, we are able to shed light on the interconnections between the blue-
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light signalling and other important responses, such as photoprotection, CO;

acclimation and oxidative stress response.
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2. MATERIALS AND METHODS

60



Strains and conditions

All the C. reinhardtii strains were maintained in solid Tris-acetate-phosphate (TAP)
medium (Gorman and Levine 1965) containing 1.5% Agar (A1296-500G, Sigma-
Aldrich), in the presence of 100ng/ul Carbenicillin to prevent growth of bacterial
contaminants, at 19 °C. The collection was replated on a weekly basis. For the
precultures, the inoculum was taken from the solid cultures and got diluted in 25 ml

of TAP in 100 ml Erlenmeyer flasks.

The precultures were grown under 20 pmol photons m=2 s at 23 °C, shaken at 125
rpom. Every two days, they were transferred to fresh TAP medium in 250ml Erlenmeyer
flasks and diluted to 1 million cells/ml (50ml total volume in 250ml Erlenmeyer flasks).

The precultures were used for experiments after two dilutions.

For the experiments, cells were collected by centrifugation and transferred to either
new TAP or to Sueoka's high salt medium (HSM) (Sueoka 1960), depending on the
experimental setup, at a chlorophyl concentration of 4ug chlorophyl/ ml and 25ml
final volume (in 100 ml Erlenmeyer flasks). They were acclimated overnight either in
dark or in low light (20 umol photons m=2 s72), as detailed in the results section). The

following day they were transferred under the predetermined light intensities.

The C. reinhardtii strain CC125 was used as WT for the experiments with the Aphot
and the ACop6 strains. The CC4533 strain was used as WT for the experiments with
Aflkin. The Aphot mutant (defective in PHOT; gene ID: Cre03.g199000) and the ACop6
(defective in Cop6; gene ID: Crel1.g467678) mutants were generated by CRISPR-CAS9
(Greiner et al. 2017). The ACop6 strain had been kindly offered to us by Peter
Hegemann’s lab. The pphotA9 strain is a PHOT complemented line described in
(Redekop et al. 2021). The Aflkin strain has been purchased by the Chlamydomonas
Resource centre (Cheng et al. 2017) described as CDS mutant of the gene
Crel6.g694950 (Insertion junction: LMIJ.RY0402.047835 1; mutant strain:
LMJ.RY0402.047835).
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Verification of the CLiP library mutants

The CLiP mutant strains contain a paromomycin resistance gene on their disruption
cassette (Cheng et al. 2017). For the first level of screening, when purchased, the
strains were spread in a TAP+ 1.5% Agar plate containing 10ng/ul paromomycin. After
approximately one week, their growth was observed in comparison with a negative

control (in this case the CC4533 strain which had no resistance to paromomycin).

The website of the CLIiP library (https://www.chlamylibrary.org/) is suggesting a pair

of primers for each strain in order to verify the disruption of the gene by the mutation
cassette. These primers bind upstream and downstream of the disruption locus. Thus,
in a colony pcr, the amplified region will be approximately 2kb (the size of the
mutation cassette) bigger than the one in a negative control (in this case, the CC4533

strain). The protocol for colony pcr is being described in a following section.

The proposed by the CLIiP library primers, in almost all the cases, were not successfully
amplifying the desired regions. Therefore, a different strategy had been followed. A
primer had been designed to bind at the 3’ terminus of the mutation cassette (5’-fp-
GCACAGACGTTACAGCACAC) and was used as a forward primer. As the revers primer,
the proposed revers primer from the CLiP library was used, which was binding
downstream of the disruption locus. For the Aflkin genotyping, the reverse primer was
the rp-3’-ACCGTAAAGGTACGCACCAG. If the region between the 3’ of the cassette and
the binding locus of the revers primer was amplified in the strain but not in the
negative control (CC4533), that would verify the presence of the mutation cassette at

the indicated gene.

Specifically for the genotyping of Aflkin, multiple pairs of primers were tested, as it is
described at the Results. Those primers (binding upstream or downstream of the

cassette and on the cassette) are shown in Table 2.1.

Table 2.1: The primers used for the genotyping of the Aflkin strain

Primer name Sequence

- ___________________________________________________________________|
scr-flkin cds-fw 5’-ACCGTAAAGGTACGCACCAG
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scr-flkin cds-rev 5’-TCGAAACTTGAGGACAGGCT
scr-flkin intron-fw 5-TGGCCACCGTACTGATGTAA
scr-flkin intron-rev 5’- GACAGCGCAAGAAAAGTTCC
cibl-1 5’-GCTGCCTGATGGATGGTTCT
cib1-3 5-TTTATACCGGATGGGTGCCG
cibl-5 5-CCATGTGAGAGTTTGCCGTG
oMJ913 5’-GCACCAATCATGTCAAGCCT
oMJ944 5’-GACGTTACAGCACACCCTTG

Finally, just for the case of Aflkin, a qPCR was done to verify if the mRNA of the
disrupted gene was transcribed. gPCR is described in a next section and the gPCR

primers are shown in table 2.2.

Chlorophyl measurements

For the chlorophyl estimation, 1ml of culture was taken in an Eppendorf tube. The
sample had been spun down in 15.000 rpm for 5 min in room temperature. The pellet
was resuspended with 1 ml of 100% methanol and the mixture was spun down in
15.000 rpm for 5 min in room temperature. The supernatant was transferred to a
transparent cuvette and the it was set for absorbance measurement at the
photospectrometer at 652, 655, 750 nm. The calculation of chlorophyl content per
ml, based on the absorbance values was done based on (Porra, Thompson, and

Kriedemann 1989).

Cell measurements

From each culture 475ul were taken and transferred into an Eppendorf tube. 25ul of
acetic acid were added in the tube and mixed by pipetting up-and-down. If the

cultures were highly concentrated (over 7 million cells/ml), dilutions were performed
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accordingly, so the sample would not contain cell concertation over 7 million cells/ml.
17ul of the mixture were deposited on both sides of a Malassez slide and covered with
a coverslip. The slide was put on Countess™ Il FL Automated Cell Counter for the cell
counting. The indicated result was divided by two, as indicated by the machine’s

instructions. The average cell diameter was also automatically indicated and noted.

For the Aflkin growth curves, three samples were taken from each flask, and two

independent measurements were carried out from each sample.

Different light conditions

Unless otherwise stated, low light conditions corresponded to 20 umol photons m=2
s7L. For higher light intensities, blue and red-light treatments, the cultures were placed
under a led panel (Neptune LED, France). The light was adjusted accordingly with a

ULM-500 Universal Light Meter & Data Logger (Walz, Germany).

Samples for mRNA were taken at to after 1h of exposure at each light quality/intensity.

Samples for protein were taken at the time points indicated at the Results.

CO: experiments

For the CO;, experiments, after the appropriate number of cells were transferred to
HSM, the cultures were purred in 80 mL capacity cylindrical glass columns. The
cultures were supplemented with air enriched with 5% CO; through a plastic tube
interconnecting the CO; supplier with a glass cylinder tube within the column. This
glass tube was realising the air in the form of intense bubbling at the bottom of the
column. The CO; concentration was measured in the air stream coming out of the
headspace of the column using the CO, Probe GMP251 connected to the MI70 data
logger from Vaisala (Vantaa, Finland). The columns were placed in front of a led panel,
the light intensity of which was measured with a ULM-500 Universal Light Meter &

Data Logger (Walz, Germany) and adjusted accordingly.
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The cultures were incubated in low light for 16h and then they were exposed to high

light (600 umol photons m=2 s72) for 1h.

Samples for mRNA were taken after the right before the exposure to high light and

after 1h of exposure to high light.

Sampling for mass spectrometry (low light acclimated cells exposed to

high light)

The experiments and sampling were performed by Aguila Ruiz Sola, a former post-doc
student of our team, prior to my arrival. The analysis and the biological evaluation of
the phosphoproteomic data was performed by me. CC-125 and Aphot cultures were
acclimated in HSM in low light (LL; 15 puE m=2s!) for 16h and were subsequently
exposed to HL (300 uE m2s) for 3h. LL and HL samples were collected from both
strains (5 replicates per strain/ condition of approximate wet weight of 0.5g) and the
cell pellets were sent to the lab of Leslie Hicks (University of North Carolina at Chapel
Hill) for mass spectrometry. The method for the phosphoproteome quantification is

described in (Ford et al. 2020).

Sampling for mass spectrometry (dark acclimated cells exposed to blue

light)

For the phosphoproteomic analysis, an inoculum from the precultures of CC125 and
Aphot was taken and transferred into HSM. The new cultures had the cell
concentration of 4 million cells/ml in a final volume of 200ml (in 1L Erlenmeyer flasks).
For each strain there were 5 biological replicates. The cultures were acclimated into

darkness overnight (complete darkness in the room has been reassured).

The next day, 25ml samples were taken in 50ml flacon tubes, containing 25ml of -70°C
cold 70% methanol for to. Cold methanol was used for the quenching of metabolism,

as described in (Lee and Fiehn 2008). The samples were centrifuged in max speed in
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4°C for 10min. The supernatant was rapidly removed and the pellets were frozen in

liguid N2. After that, the Falcon tubes were stored in -80°C.

The remaining cultures (200ml) were transferred into low profile 75 cm? Falcon® cell
culture flasks. Each time, a single pair of flasks (CC125 and Aphot) was being placed
under blue light (100 pmol photons m=2 s72) for 5min in rotation with the other pairs.
Samples were taken after 5min of blue light illumination (25ml of samples in 50ml
Falcon tubes, containing 25ml of -70°C cold 70% methanol). No other light source was
present at the room during sampling. After every sampling round, the samples were
centrifuged in max speed in 4 °C for 10min, the supernatant was rapidly removed, the

pellets were frozen in liquid N2 and the Falcon tubes were stored in -80°C.

After the preparation of all the samples at the same day, all the tubes stored at -80°C
were put in a box with dry ice and shipped for mass spectrometry at the lab of Leslie
Hicks (University of North Carolina at Chapel Hill). The method for the

phosphoproteome quantification is described in (Ford et al. 2020).

Experiments with H;0;

A stock solution of 200mM of H,0; has been prepared in a 15ml Falcon tube, at final
volume 4ml, by adding 54.4ul of 50% w/v H,0, (Hydrogen peroxide solution, Sigma-
Aldrich, Ref.: 516813-500ML) to 4ml water. This solution will be 100x. The solution

was always kept on ice.

At the to of each experiment, to the cultures intended to grow with H,0,, 250ul from
the 200mM H,0;, stock solution were added to each of those flasks, to final

concertation of 2mM.

Samples for mRNA were taken at to after 1h of incubation. Samples for protein were

taken at to after 4h of incubation at 50 umol photons m=2 s,

Experiments with Metronidazole (MZ2)
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Before every experiment involving Metronidazole treatment, 300ml of TAP medium
was prepared and autoclaved. Directly after the autoclavation and while the medium
was still hot, 58mg of Metronidazole analytical standard (MZ) (M3761, Sigma- Aldrich)
were directly added to final concertation of 1.1mM in the bottle and the medium was
shaken vigorously as it was described at (Perlaza et al. 2019). This medium was

inoculated by the cells which were purposed to be treated with MZ.

Samples for mRNA were taken at to after 1h of incubation. Samples for protein were

taken at to after 15h of incubation at 50 pmol photons m=2 s,

Experiments with DCMU

Stock solutions of 40uM DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) (D2425,
Sigma- Aldrich) were prepared in H;0. Those were serving as 1000x dilutions. The

appropriate amount of DCMU was added from the stock solutions to the cultures.

Samples for protein were taken after 4h of incubation.

Fluorescence-based measurements

The fluorescence-based photosynthetic parameters (Y(Il) and NPQ) were measured
with a pulse modulated amplitude fluorimeter (MAXI-IMAGING-PAM, HeinzWaltz
GmbH, Germany). Before the measurements, cells were acclimated to darkness for 15
min in 25ml Erlenmeyer flasks (2ml of culture in total), at 250rpm. From each initial
culture, 200ul were transferred into a black 96-well plate in triplicates. Chlorophyll
fluorescence was recorded under different intensities of actinic light; starting with
measurements in the dark, followed by measurements at 21 pmol photons m=2s™* and
336 umol photons m2 s and finishing with measurements of fluorescence relaxation

in the dark.

The calculations of the Fv/Fm, the rETR and the NPQ were based on (Genty, Briantais,

and Baker 1989). The relative photosynthetic electron transfer rate (rETR) was
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calculated as (Fm’ - F)/Fm’ x I; F and Fm’ are the fluorescence vyield in steady state
light and after a saturating pulse in the actinic light, respectively and | is the light
irradiance in pumol photons m=2 s™X. The NPQ was calculated as (Fm - Fm’)/Fm’; Fm is
the maximal fluorescence yield in dark-adapted cells. The effective photochemical
quantum vyield of photosystem Il was calculated as Y(Il) = (Fm’-F)/Fm’. The gE value
was calculated as the difference between the last point of the NPQ curve at 336 umol
photons m™2 s7! and the point after 3min of the dark relaxation. This estimation was
based on the fact that qE represents the fraction of NPQ that is rapidly reversible in
the dark.

In-silico DNA designs

All the in-silico designs and predictions were done with the use of SnapGene.

Genomic DNA extraction

Total genomic DNA (gDNA) has been extracted by C. reinhardtii in order to amplify the

endogenous flkin gene and to use it for the complementation of the Aflkin strain.

For the gDNA extraction, the Gentra® Puregene® Tissue Kit (QIAGEN) was used. 1 ml
of liquid preculture being in exponential phase of growth was added into an Eppendorf
tube. 300 pl of cell lysis solution were added and the sample was vortexed vigorously
for 5-10 s at high speed. Then, 1.5ul of Puregene Proteinase K (20 mg/ml) was added
and the dilution was mixed by inverting the tube 25 times. The tube was left incubating
at 55°C at a thermomixer for 90 min for the completion of the cell lysis. The tube had
been inverted 10 times every 30 min. After that, the sample was cooled in room
temperature for 5 min. 100ul of protein precipitation solution were added, the tube
was vortexed vigorously for 20 s at high speed and was let to incubate on ice for 15
min. The sample was then centrifuged at max speed for 5 min. The supernatant was
pureed into an Eppendorf tube containing 300ul of isopropanol and the tube was

inverted gently 50 times to mix the sample. Another centrifuge took place at max
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speed for 1 min. The supernatant was carefully discarded, leaving the DNA pellet, and
the tube was left upside-down on a clean piece of absorbent paper. For the wash,
300ul of 70% ethanol were added, and the tube was inverted several times. The tube
was centrifuged at max speed for 1 min and the DNA was let to air dry at room
temperature for 15 min. 50ul of DNA hydration solution were added to the pellet and
the mixture was incubated at 65°C at a thermomixer for 1 h to dissolve the DNA.
Finally, the samples were incubated at room temperature overnight with gentle
shaking at a thermomixer and the next day they were transferred to a new Eppendorf

tube after a quick centrifugation.

Plasmid construction and Gibson assembly

The flkin gene (Cre16.g694950), including the 5’UTR and without the stop codon and
the 3’UTR had been amplified via pcr from the genomic DNA, with the use of the
primers (fp-5-TAAGGGATTCGGAGGGGGTT, rp-3’- TACGGAAGGCCTCAGTCGTA),
which recognised genomic regions upstream of the 5’UTR and downstream of the
3’UTR respectively. The genomic area of interest was taken from Phytozome v.13

(https://phytozome-next.jgi.doe.gov/) and the primers have been designed with the

help of the online tool Primer-BLAST from NCBI

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/).

The amplification was done with pcr. After multiple rounds of protocol optimisation,
and the use of three different enzymes (KOD Hot Start DNA Polymerase (Sigma-
Aldrich), Phusion® High-Fidelity DNA Polymerase (NEB) and Platinum™ SuperFi Il DNA
Polymerase (Invitrogen™), the genomic part had been amplified under the following
protocol with the use of Platinum™ SuperFi Il DNA Polymerase (Invitrogen™): 4ul 5x
buffer, 1ul DMSO, 1ul 10uM forward primer, 1pl 10uM revers primer, 2ul 2mM
DNTPs, 1ul of 100ng of genomic DNA, 0.4l of the enzyme and 9.6 ul of ddH;0. The
pcr was done in a Mastercycler X50 PCR Cycler (Eppendorf, Germany) and the

following program was set:
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Cycle step Temperature (°C) Time | Cycles
Initial 98 5 1
denaturation min
Denaturation | 98 10s 30
Annealing 69 5s
Extension 72 64s

Final 72 5min | 1
extension 4 hold

The pcr product was mixed with 6x orange DNA dye, produced by the team and was
deposited on an 0.8 % agarose gel (0.8% agarose, 50ml 1x Tris-acetate-EDTA (TAE)
buffer, 5ul SYBR Safe DNA Gel Stain (Thermo Fisher Scientific)). The TAE buffer was
consisting of 40 mM TRIS base, 20 mM acetic acid and 1 mM of EDTA disodium salt
dihydrate. A 50X stock solution of TAE was routinely prepared. At the first well of the
gel, 5ul of the SmartLadder (200 to 10,000 bp Molecular Weight Marker) had been
deposited. The gel had been electrophoresed at 120V for approximately 40min and
the gel has been projected at a Molecular Imager® Gel Doc™ (BioRad). Observation

and analysis of the DNA gels were done with the software Image Lab.

The desired band was cut over a transilluminator panel and put in a clean Eppendorf
tube. The clean-up of the pcr product was done with the Monarch® DNA Gel Extraction
Kit. The suggested protocol from the kit was followed and the quantity and quality of
the final product was observed at a Thermo Scientific™ NanoDrop™ 2000/2000c

Spectrophotometer.

That product was later used for a second round of pcr, this time with the Gibson
primers, which were compatible with the plasmid vector (P RAM118). The Gibson
primers (fp-5'- cacaacaagcccagttGTAAGCTAAGTGCACAAGGTGGG, rp-3’-
cacccagatctccgttCGACACCTTGGGGCGG) were designed on SnapGene. For the pcr, the
following protocol has been followed with the use of Platinum™ SuperFi || DNA
Polymerase (Invitrogen™): 4ul 5x buffer, 1ul DMSO, 1ul 10 uM forward primer, 1ul 10
UM revers primer, 2ul 2mM DNTPs, 1ul of 10ng of the DNA template, 0.4ul of the
enzyme and 9.6 ul of ddH,0. The pcr was done in a Mastercycler X50 PCR Cycler

(Eppendorf, Germany) and the following program was set:
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Cycle step Temperature (°C) Time | Cycles
Initial 98 5 1
denaturation min
Denaturation | 98 10s 30
Annealing 72 5s
Extension 72 46s

Final 72 5min | 1
extension 4 hold

The pcr product had been extracted and quantified as described earlier.

The vector, pRAM118, had been kindly offered to us by Silvia Ramundo’s lab. This
plasmid was constructed by replacing the aphVIIl paromomycin resistance gene with
the aphVII hygromycin resistance gene from plasmid pLM005 (Mackinder et al. 2016).
The vector contained a PsaD promoter and a CrVenus-3xFLAG as a tag gene. It also
contained an AmpR gene under an AmpR promoter, which confers resistance to
carbenicillin (for the transformed bacteria selection). It also contained an AphVIl gene,
interrupted by the RBCS2 intron and regulated under the Chlamydomonas beta-2-
tubullin promoter and the RBCS2 3’UTR. This gene confers resistance to hygromycin,
which would be the selection marker for the algae transformation. Finally, between
the PsaD promoter and the CrVenus-3xFLAG, there were under the regulation of the
LacZ promoter elements promoter an anti-sense gene for the lac operator and,
downstream of that, the LacZ-alpha fragment of beta-galactosidase. The lac repressor
binds to the lac operator to inhibit transcription in E. coli. This inhibition can be
revealed by adding lactose or isopropyl-beta-D-thiogalactopyranoside (IPTG). A map

of the plasmid, taken from SnapGene is shown in Fig.2.1.
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Figure 2.1: Map of the vector pPRAM118. Taken from SnapGene

The plasmid was cut with the restriction enzyme Hpal. This restriction enzyme cuts in
two regions within the plasmid, one directly after the PsaD promoter, and one directly
before the CrVenus-3xFLAG, creating two linearized parts: one containing the lac
operator and the lacA-alpha genes with their promoter and one with the rest of the
plasmid. After the restriction enzyme cut (see corresponding section), the final
product was deposited on an 0.8 % agarose gel with the DNA marker and the bigger

band was cut and purified as it was described above.

The big band of the linearized plasmid and the 5’UTR-flkin construct were used for
Gibson assembly (Gibson et al. 2009). The Gibson Assembly (GA) 5X min contained
50% Tris HCl 1M pH 7.5, 5% MgCl, 1M, 1% dATP 100mM, 1% dCTP 100mM, 1% dGTP
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100mM, 1% dTTP 100mM, 0,5% DTT 1M, 24.7% PEG-8000, 0.5% NAD 100mM. For
the Gibbson assembly, 5ul containing 100ng of the vector and 50ng of the gene of
interest were added in 15ul of the reaction mix (26.7% GA 5X, 0.03% T5 exonuclease
NEB (M0363S) 10u/ul, 1.7% Phusion High fidelity DNA polymerase NEB (M0530S)
2u/ul, 13.3% Taq DNA ligase NEB (M0208) 40u/ul). The reaction mix was stored at -
20°C in an Eppendorf tube. The reaction solution was put at 50°C at a thermomixer

for 60min.

After the end of the reaction, the quantity and quality of the product had been
estimated by a Thermo Scientific™ NanoDrop™ 2000/2000c Spectrophotometer and
it was used for bacteria transformation, as it is described below. The expected product

after the Gibson assembly is shown in Fig.2.2.
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Figure 2.2: Map of the final construct for flkin complementation. Taken from SnapGene

Bacteria transformation and plasmid purification
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For the bacteria transformation, a stock of competent E. coli cells had been produced,
based on (Inoue, Nojima, and Okayama 1990). For this, E. coli cells were grown in a
plate containing 3.5% LB Agar (LB Broth with agar (Lennox), Sigma-Aldrich). A few cells
were taken by a microbiological loop and used as an inoculum to 250ml of SOB media,
pH 7 (2% bactotryptone, 0.5% bacto-yeast extract, 0.05% NaCl, 1% 250 mM KCl, 0.5%
2M MgCl,). The cultures were grown at 20°C, 180rpm until they reach the OD of
approximately 0.6 (around two days of culture). The OD was measured by the
absorbance at 600nm at a photospectrometer. The cultures were collected and
transferred into 50ml Falcon tubes on ice for 10 min. The tubes were spun down at
max speed for 10 min at 4°C. The pellet was resuspended in 80 ml ice-cold
transformation buffer; pH 6.7 (0.3% 10 mM PIPES Na salt, 0.2% 15 mM CaCl,, 1.9%
250 mM KCl, 1.1% 55 mM MnCl,). The samples were placed on ice for 10 min and spun
again at max speed for 10 min at 4°C. The pellets were resuspended in 20 ml of ice-
cold transformation buffer. DMSO was added, while the samples were being swirled,
to final concentration of 7 %. After incubation on ice for 10 min, the samples were
dispensed into freezing Eppendorf tubes (50ul per tube). This step was done in the
cold room (4°C). The tubes were finally frozen in liquid N; and transferred to -80°C,

where they were stored.

For the transformation, a tube of competent bacteria cells was taken from the -80°C
and thawed on ice for 10min. Another tube was used as a negative control (the
plasmid was not added in that). 0.5 ng of the plasmid were added directly to the tube
and the mixture was incubating on ice for 30min. Then, the cultures were moved at
42°C at a thermomixer for one minute and returned to ice for 2min (heat shock).
450ml of 2% liquid LB medium was added to the tube and the cultures were let to
incubate at 37°C for 1h, under minimal shacking at a thermomixer. The sample was
spun down at max speed for 2min in room temperature and the supernatant was
removed by quickly inverting the tube. The pellet was resuspended into the residual
medium and deposited by a pipette (around 50ul) on a plate containing LB medium+
Agar+ the selective antibiotic, which in this case was 100ng/ml carbenicillin. The
inoculum was spread with a microbiological stroller until the liquid was completely

evaporated. Both plates (+ and — the plasmid) were put on a furnace (37°C) and were
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let to incubate there overnight. The next morning, the plates were checked for
colonies. The expected outcome will be the negative control to have significantly less

colonies (or ideally no colonies) than the plate with the bacterial transformants.

To further verify the success of the transformation, a few random colonies had been
used for colony pcr with the following primers: 5'-fp-
GTAAGCTAAGTGCACAAGGTGGG, 3’-rp- CGACACCTTGGGGCGG. These primers bind at
the 3’ end of the PsaD promoter and at the 5’ of the CrVenus and the expected size of
the amplification would be around 2.3 kbp. Colonies with the verified possession of

the plasmid were used for the plasmid purification.

Plasmid purification

For the plasmid purification the NucleoSpin Plasmid, Mini kit for plasmid DNA
(Macherey Nagel) wad used. Colonies selected from the plate were used as inoculum
in 5ml of 2% LB medium with the addition of the selection antibiotic (in this case
100ng/ml carbenicillin) in a Caplugs™ (Evergreen Scientific) Sterile Polystyrene Culture
Tube. The cultures were put in a rotating incubator at 180rpm at 37°C and were let for

6h.

After the incubation, the cultures were transferred to 15ml Falcon tubes and were
centrifuged at max speed for 10min in room temperature. For the plasmid

purification, the protocol proposed by the kit was followed exactly.

After the end of the elution, the quantity and the quality of the plasmid were checked
on a Thermo Scientific™ NanoDrop™ 2000/2000c Spectrophotometer. To furtherly
check the integrity of the plasmid, the product was cut by the restriction enzymes
EcoRV and Asel. Those enzymes cut uniquely at the AphVIl promoter and the AmpR
gene respectively, creating two linearized products: one of 5182 bps and one of
2949bps. The expected size of the produced bands was checked on an agarose gel (the

restriction enzyme cut protocol is described in detail in another section).

75



The plasmid was also sent for sequencing at © Eurofins Scientific 2021, following the
instructions of the website (https://www.eurofinsgenomics.eu/en/custom-dna-
sequencing/eurofins-services/tubeseq-service/). 5 samples containing 5ul of 100ng of
the plasmid/ul were sent with the following primers: 5’- GCCTTGTTTTGCACCGCTAA,
5-TGTGTTCTGTGCCACCTGTT, 5’-TCCTGATCAACCTCACGCAC, 5-
ACTGGTGCGTACCTTTACGG, 5’- TTCTGGCGACTCTCGAACAC. Each primer was sent in
an Eppendorf tube containing 20ul of the primer (10mM). Each DNA sample sent was

sequenced by one of the primers.

Algae transformation

The algae transformation occurred via electroporation. The plasmid was cut with the
restriction enzyme Asel, which cuts uniquely at the AmpR gene, creating a linearized
product. This product was cleaned-up by the Monarch® PCR & DNA Cleanup Kit. The
suggested protocol of the kit had been followed. The quantity and quality of the
product had been estimated by the Thermo Scientific™ NanoDrop™ 2000/2000c

Spectrophotometer.

For the algae transformation, three alterations of the same protocol had been
followed. Both CC4533 (as an overexpression strain) and Aflkin cells had been
transformed. For both strains, cells were grown in TAP medium at 20 umol photons
m~2 s7! to cell density around 2 million cells/ml. An appropriate volume of culture was
taken in order to get 40 million cells in a 50ml Falcon tube. The tube was spun down
by centrifugation at 3000 rpm for 10min in room temperature. The supernatant was
discarded and the pellet was resuspended in 5 mL of GeneArt® MAX Efficiency®
Transformation Reagent (electroporation reagent, ER). The mixture was spun down
by centrifugation at 3000 rpm for 10min in room temperature. The supernatant was
discarded and the pellet was resuspended in 400 pL of ER and transferred to a sterile
microtube. Following the protocol described in (Mackinder et al. 2016), 81 ng of DNA
were added to the in 400 pL of ER. The resulting mixture was used for 3

transformations.
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2 different types of incubation to that mixture had been followed, as a procedure of
optimising the transformation success. At first, heat shock had been applied. The
mixture was being incubated for 30 min at 40°C in a thermomixer with gentle mixing
at 350 rpm and the cells were let to recover for 30 min at room temperature. With
this treatment, the final transformants were limited in number, so this step had been
replaced by a cold-treatment. During this step, for each transformation, 120 uL of the
cells + DNA mixture were transferred to an ice-cold electroporation cuvette (EC-002S
NEPA Electroporation Cuvettes, 2mm gap) just before electroporation. The cuvette
was left on ice for 5 minutes before electroporation. This adjustment also failed to
increase the success of the transformation and therefore, after following the
optimisation approaches of other members of the team, this step had been

completely ignored from the protocol.

After the mix was transferred to the electroporation cuvettes, the cells were
immediately electroporated with the DNA. The electroporation happened at the

NEPA21 Super Electroporator (NEPAGENE). The settings of the machine were as

follows:
Poring Pulse Transfer Pulse
\% Length | Interval No. D. Polarity \% Length Interval No. D. Polarity
(ms) (ms) Rate (ms) (ms) Rate
(%) (%)
300 8 50 2 10 + 20 50 50 1 40 +/-

The cells were mixed and the cuvette was placed into the CU500 cuvette chamber.
The impedance value was checked. The range of the impedance value should have
been between 1.8-2.1 kQ. If not, the volume of the cells at the cuvette had been
adjusted accordingly. After the electroporation pulses, each cuvette was taken out of
the chamber and the cells were allowed to recover on the bench for 15 minutes. 500
pL of TAP-40 mM sucrose solution was used to retrieve the electroporated cells using

a Pasteur pipette. The mixture was transferred to a 15-mL Falcon tube and the tube

77



was filled up to 10 mL with TAP-40 mM sucrose solution. The Falcon tubes were placed
horizontally in the incubator and were let to incubate for 16 hours to allow the cells
to recover and express the antibiotic-resistance genes. The cultures were centrifuged
at 3000 rpm for 5 minutes in room temperature and the supernatant was pureed-off,
leaving approximately 200-400 pL of residual supernatant. This volume was used to
resuspend the pellet. The cells were transferred on TAP + 1.5% agar plates and spread
evenly. 5ng/ul of hygromycin was added in the TAP+ Agar plates for the selection and
100 pg/mL of carbenicillin to avoid other microbial contaminations. Empty plates, as
well as plates containing CC4533 and Aflkin cells which had been electroporated
without the DNA had been used as negative control. The plates were placed under

continuous light and when the colonies appeared, they were screened.

Screening of transformants

First, the colonies of the transformants that grew at the selective medium plates were
transferred at new TAP+ 1.5% Agar plates (+5ng/ul Hygromycin, 100ng/ul
Carbenicillin) in a determined order. The new plates were Greiner Bio-One Square
Petri Dishes with Vents (Thermo Fisher scientific). The colonies were let to grown in
the new plates with the selective medium for approximately a week under continuous

light.

Then, with the help of a sterile pipette tip, part of each colony was transferred in a 96-
well plate, each well of which containing 200l of TAP medium. The initial order of the
colonies has been followed in the 96-well plates. The liquid cultures were let to be

incubated in an incubator at low light for approximately 5-7 days.

The liquid cultures had been directly transferred to a black 96-well plate and they were
screened for the YFP fluorescence. A YFP-overexpression strain was used as a positive
control and the background strain (CC4533 or Aflkin) was used as a negative control.
The fluorescence measurements were done at a Tecan Infinite® M1000. At first, the
intensity of fluorescence emitted from the YFP was measured (excitation 515nm,

emission 550nm), and then the one emitted from the chlorophyl (excitation 440nm,
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emission 680nm). The fluorescence of the chlorophyl was measured as an indication
of the cell concentration at each well. The fluorescence of YFP was normalized to the
fluorescence of the chlorophyl. The transformants that showed significantly higher
YFP fluorescence than the negative control had been selected and grown in 25ml of

TAP (100ml Erlenmeyer flasks).

Those selected colonies had been further screened for FLAG via immunoblotting. As a
positive control a FLAG overexpressor strain has been used and as a negative the

background strain (CC4533 or Aflkin).

Cut with the restriction enzymes

The restriction enzymes Hpal, EcoRV and Asel had been used as described previously.
For the digestion using Hpal, in an Eppendorf tube there were added 1 pg of DNA, 5ul
(1X) of 10X rCutSmart Buffer and 1.0 ul (5 units) of Hpal (NEB, #R0105S). The reaction

incubated at 37°C for 1 hour.

For the digestion using EcoRV, in an Eppendorf tube there were added 1 pg of DNA,
Sul (1X) of 10X rCutSmart Buffer and 1.0 ul (20 units) of EcoRV-HF® (NEB, #R3195). The

reaction incubated at 37°C for 15 min.

For the digestion using EcoRV and Asel, in an Eppendorf tube there were added 1 pg
of DNA, 5ul (1X) of 10X rCutSmart Buffer, 1.0 ul (20 units) of EcoRV-HF® (NEB, #R3195)
and 1.0 ul (10 units) of Asel (NEB, #R0526). The reaction incubated at 37°C for 15 min.

For the digestion using Asel, in an Eppendorf tube there were added 1 pg of DNA, 5ul
(1X) of 10X rCutSmart Buffer and 1.0 pl (10 units) of Asel (NEB, #R0526). The reaction

incubated at 37°C for 15 min.

Colony pcr

79



Colony pcr was done for the verification of the CLiP mutant strains and during the

screening of the bacteria transformants for the flkin complementation.

For the algae samples, a few cells of the colony of interest were taken with a
microbiology loop and put in an Eppendorf tube containing 50 pL of 10mM EDTA, pH
8.0. The cells were spread at the wall of the tube and then well-fixed in the liquid. The
tube was vortexed for 10 sec, put in a thermomixer at 100°C for 10 min, cooled at 4°C
at an ice box and vortexed again for 10 sec. The sample was then centrifuged for 1min
in max speed in room temperature and the supernatant was transferred in a new

Eppendorf. This was used as the DNA template for the next step.

For the bacteria transformants, this step was ignored and cells from each colony of

interest were added directly into the pcr mix via a microbiological loop.

For the colony pcr, the Phire Plant Direct PCR Master Mix (Thermo Scientific) was used.
For each reaction, 25 ul of 2X Phire Plant Direct PCR Master Mix, 1ul of each primer
(10 uM), and 22ul of H,O were added in a pcr tube. Then, either 1ul of the algae DNA
sample or some bacterial cells were added in the tube. The tube was put on a

Mastercycler X50 PCR Cycler (Eppendorf, Germany) and the following program was

set:
Cycle step Temperature (°C) Time Cycles
Initial 98 5min |1
denaturation
Denaturation | 98 5s 40
Annealing *Depending on the Tm values of each primer pair | 5s
Extension 72 20s/kb
Final 72 Imin 1
extension 4 hold

The annealing temperature was calculated by the online tool NEB Tm calculator

(https://tmcalculator.neb.com).

Protein extraction and quantification for Inmunoblotting
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For the immunoblotting analysis, 5ml of samples were taken each time from the
cultures, in 15ml Falcon tubes (always kept in ice from the moment of the sampling).
The samples were centrifuged at max speed for 10min in 4°C. The supernatant was
removed by quick invert of the tubes over a waste dispenser. The pellets were
resuspended with the residual medium and transferred into an Eppendorf tube (final
volume approximately 200uL). The tubes were centrifuged at max speed for 10min in
4°C. The supernatant was removed. For the quantification based on equal protein, the
pellets were resuspended in 50l of HEPES buffer (5 mM HEPES-NaOH pH 7.5; 10 mM
EDTA; 10 mM NaF; 1ul of 1x protease inhibitor solution (Roche, complete, EDTA-free,
11873580001)). For the quantification based on equal protein, the pellets were not
resuspended. The tubes were put directly into a tank containing liquid N». After that,

the samples were stored at -80°C.

For the sample preparation for Western Blot and the protein quantification, two
different protocols were followed. At first, the samples were quantified based on
equal chlorophyl. Based on that protocol, 50 pl of the loading buffer (5% SDS; 30%
Sucrose) was added directly to the samples, while they were remaining frozen. The
samples were boiled for Imin at 100 °C at a thermomixer and then centrifuged at max
speed for 15 min at 4 °C. 5 pL of the supernatant were added to 995 uL of 100%
methanol. Chlorophyl was measured and calculated as it was described in the
according section. 5ug of Chlorophyl were deposited at each well of the gel. This

protocol led to consistent misloading and it was abandoned.

Later, the samples were quantified based on equal protein. According to this protocol,
1 mL of 80% acetone was added on the cell pellets. The resuspension was done by
gently pipetting the acetone up and down while dissolving the pellet. The samples
were let on ice for 30 min and then centrifuged at max speed at 4°C for 20 min. The
supernatant was discarded and the microtubes were put upside-down on a paper for
the acetone left to be removed. 50 uL of 1x protease inhibitor solution (Roche,
complete, EDTA-free, 11873580001) were added in each sample and mixed by
pipetting up-and-down. Then, 50 pL of 2x lysis buffer (1 mL of 1M Tris HCI pH 6.8 (final
100 mM), 2 mL of SDS 20% (final 4%), 0.4 mL of 0.5 M EDTA (final 20 mM), 6.6 mL of

water) were added. The samples were let on the bench for 15 min and then
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centrifuged at room temperature for 5 min in max speed. The supernatant was

transferred to a new microtube and stored at -80°C.

The protein quantification was done via the BCA method, with the use of the Pierce™
BCA Protein Assay Kit, Thermo Scientific™. In new Eppendorf tubes, the samples were
diluted 1:25 (final volume 200ul). 25ul of each diluted sample were added in a
transparent 96-well plate in triplicates. For standards, bovine serum albumin samples
of known concentrations, provided by the kit, were used (500 pg/ml, 250 pg/ml, 125
ug/ml, 25 pug/ml and blank). 100ul of the working buffer (provided by the kit) were
added at each well and the plate was put at an incubator at 37°C for 30min. After that,
the absorbance of each well was measured at 569nm at a Tecan Infinite® M1000. A
standard curve had been designed based on the standards and the protein quantity
had been estimated in accordance. 5ug of protein (total volume of 9ul) from each
sample were deposited at a new Eppendorf with 3ul of SDS loading buffer and boiled

at 100°C at a thermomixer for S5min.

Immunoblotting

For the immunoblotting, home-made 5-13 % SDS-PAGE gels were prepared
(Separation gel: 0.8ml H;0, 2.1ml acrylamide, 1.3ml lower tris (1.5M Tris pH 8.8, 0.4%
SDS), 20.2 pul EDTA, 0.7ml sucrose 2M, 1.3ul TEMED, 61.5ul APS 10%. Stacking gel:
1.4ml H20, 0.4ml acrylamide, 0.6 ml upper tris (0.5M Tris pH 6.8, 0.4% SDS), 10.3 pl
EDTA, 2.6ul TEMED, 25.5ul APS 10%). SDS-Protein samples of 5 ug protein were loaded
on the gels (12ul/ well), with the protein ladder (Precision Plus Protein™ Dual Color
Standards, BIO RAD). Laemmli (0.3% Tris base, 1.4% glycine, 0.1% SDS, pH 8.3) was

used as an electrophoresis running buffer. The migration occurred at 85V.

The proteins were then transferred onto nitrocellulose membranes (Amsterdam

Protran Premium 0.45um NC). The wet transfer buffer consisted of 80% Laemmli and
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20% Ethanol (96%). The wet transfer was happening with the presence of an ice cooler

container and under continuous stirring at 105V for 1h.

After the transfer, the membranes were incubated with 5% commercial milk, diluted
into TBS-T (0.2% Tris base, 0.8% NaCl, 0.05% v/v triton x100) for 1h. For each primary
antibody there were 2h of incubation at slow rotation, separated by 3 10-minute-long
washes with TBS-T. When time restrictions required it, the membrane was left
incubating with a primary antibody overnight in the cold-room (4°C). The membranes
were incubated with the secondary antibody for 1h and after 3 10-min washes they

were projected.

Antisera against LHCSR1 (AS14 2819), LHCSR3 (AS14 2766), ATPb (AS0O5 085) and
Coxllb (AS06 151) were from Agrisera (Vannas, Sweden). The antiserum for FLAG
(F3165-1MG) was from Sigma. Antisera against VIPP2 and HSP22E/F were kindly
offered to us from the lab of Michael Schroda. For the detection of PHOT, an anti-

LOV1 antiserum was used, as it has been described in (Zorin et al. 2009).

ATPb was primarily used as a loading control, but also Coxllb has been used as well,

when the signal from the ATPb was counteracting with other unspecific signals.

The primary antisera were kept in dilutions with TBS-T (1/25000 for LHCSR1, LHCSR3,
VIPP2, HSP22E/F, ATPb, Coxllb and FLAG and 1/ 2000 for LOV) with 0.02% (w/v) of
NaNs (to prevent microbial contamination) in the fridge (4°C) and they were used at
maximum for 5 incubations. An anti-rabbit horseradish peroxidase—conjugated
antiserum was used for the detection of LHCSR1, LHCSR3, LOV, VIPP2, HSP22 E/F,

ATPb and Coxllb and an anti-mouse antiserum for the detection of FLAG.

The blots were developed with ECL detection reagent, and images of the blots were
obtained wusing a CCD imager (ChemiDoc MP System, Bio-Rad) or
Amersham™ImageQuant 800. For the densitometric quantification, data were

normalized to the loading control.

RNA extraction
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Samples (10ml in 15ml Falcon tubes on ice) were collected after 1h of every light or
chemical treatment. The samples were spun down by centrifugation at max speed in
4°C for 10min. 1 ml of TRI Reagent® (Sigma, USA) was added per 10 million cells and
the mixture was transferred into an Eppendorf safe-lock tube. The tubes were frozen

in a container with liquid N; and stored at -80°C.

On the day of the extraction, 0.2 ml of chloroform per 1 ml TRI Reagent used for
homogenization were added to the tubes. The tubes were vortexed for 15s and then
let to incubate for 3 min at room temperature. The samples were centrifuged at
12,000 rpm for 15 min at 4°C and the upper aqueous phase was pipetted out into a
new RNase-free tube. 0.5ml of 100% isopropanol /per ml of TRI Reagent was then
added to the aqueous phase. The samples were mixed thoroughly and were let to
incubate at room temperature for 10 minutes. The tubes were centrifuged at 12,000
rom for 10 min at 4°C and the supernatant was removed from the tube, leaving only
the RNA pellet. The pellet was washed with 1 ml of 75% ethanol (in DEPC- treated
water) per 1 ml of TRI Reagent used in the initial homogenization and the samples
were centrifuged at 5,000 rpm for 3 min at 4°C. After discarding the wash, there was
another brief centrifuge to collect the residual liquid and pipette them out. The RNA
pellet was air-dried for 3 min. 50ul of RNase-free water were added and the RNA pellet

was completely resuspended by pipetting up and down.

The RNA quantity and quality of each sample was estimated by Thermo Scientific™

NanoDrop™ 2000/2000c Spectrophotometer.

cDNA synthesis

For the cDNA synthesis, the SensiFAST™ cDNA Synthesis Kit was used. 1ug of RNA was
added in a pcr tube, with 5ul of 5x TransAmp Buffer and 1ul of the reverse

transcriptase (H.O was added up to 20ul).

The tube was put on a Mastercycler X50 PCR Cycler (Eppendorf, Germany) and the
following program was set: 25 °C for 10 min, 42 °C for 15 min, 85 °C for 5 min and 4 °C
hold.
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gPCR

The cDNA samples were first diluted 1:5 with H,0 to a final volume of 50ul.

For the reactions, 96-well plates were used. In each plate the cDNA(s) of interest was
measured, always alongside the housekeeping gene, which was gblp. gblp is a gene
encoding G protein subunit-like protein (Schloss 1990). For each sample there were 3
technical replicates. The primers used were ordered from ThermoFisher Scientific and

are shown at table 2.2.

Table 2.2: The qPCR primers used. The transcript and gene ID and the gene name are indicated at the corresponding

columns

Transcript name | Gene ID | Gene | Forward primer Revers primer
(V12.5) name

e

Cre06.g278222.t | Cre06.g278 | gblp | TGGCTTTCTCGGTGGAC | CTCGCCAATGGTGTAC

1.1 222 AAC TTGC

Cre08.g367500.t | Cre08.g367 | Lhcsr | CACAACACCTTGATGCG | CCGTGTCTTGTCAGTCC

1.1 500 3.1 AGATG CTG

Cre08.g365900.t | Cre08.g365 | Lhcsr | GAGTCTGAGATCACCCA | CCGATCTGCTGGAAGT

1.2 900 1 CGG GGTA

Cre01.g016600.t | Cre01.g016 | Psbs1 | TAAACCGTGTATTGGAA | CTCTGCACGCGGCGTG

1.2 600 CTCCG 1T

Cre09.g399552.t | Cre09.g399 | Lcrl GCACCAGCATACACCAA | CAGAAAACAGAACGAC

1.1 552 AATC CAAAGC

Cre10.g452800.t | Crel10.g452 | [cib TGCATAAGAGCGGATG | CGGTAGTCAGCATCAG

1.2 800 TAGC TCATC

Cre05.g248400.t | Cre05.g248 | Cah4 | CGAAAAGCTGCATGAA | GCCCGTAGGCTACAGT

1.2 400 CTCACC TTTC

Cre06.g309000.t | Cre06.g309 | [cia AGATTTGATAACGGCA | CCTATCCCATGTCATTC

1.2 000 GGACC CCAC

Cre09.g415700.t | Cre09.g415 | Cah3 | AACCTGGAAGGGTGTG | CACTTCTCGAAGCTGC

1.2 700 TGTG CGTA

Crel6.g694950.t | Crel6.g694 | flkin GGATCTTTACGAGGAC | GTGCCCATTGCAACCA

1.1 950 GCGA GAAG

Crell.g468050.t | Crell.g468 | Vipp2 | CATCATGCATTTGGCAG | AATGAGAGGTGCGAC

1.2 050 GTCTC GACCAAC

Crel4.g617400.t | Creld.gb17 | Hsp2 | TGCGCACGCGACATTAT | GTACAAACCAGCCATG

1.2 400 2f CAAAG CGCTCAG
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For each reaction, 10uL of SsoAdvanced Universal SYBR Green Supermix (BioRad), 0.6
pL of 10 uM forward primer, 0.6 pL of 10 uM reverse primer, 3.8 pL of H,O and 5 plL
of diluted cDNA were added in a well. The plate was covered with a PCR Plate Heat
Seal #1814035 (BioRad) and the reactions were performed and quantitated in a Bio-
Rad CFX96 system.

The relative expression values were calculated in relativity to gblp from the Cq values.

Graphs design

All the graphs designs and the statistical analyses were done on Prism 7 (Graphpad

Software, LLC).
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3. RESULTS AND DISCUSSION
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3.1 Exploring the role of Phototropin in the transition from low light to

high light.

3.1.1. Analysis of the phosphoproteome dataset

In order to characterize the PHOT-dependent phosphoproteome and to identify
putative PHOT interactors, a comparative phosphoproteomic approach has been
applied. The phosphoproteome of the WT and Aphot after low light (16h at 15 umol
photons m=2 s™1) acclimation and after exposure to HL (20 min at 300 pmol photons
m~2 s7!) was quantified and analysed. The phosphoproteomic analysis was coupled

with a whole-cell proteomic analysis.

From the phosphoproteomic analysis, 2,680 unique phosphopeptides from 1524
proteins were identified. After multiple-sample test ANOVA testing, 1486 sites were
found to change significantly their abundance between the two genotypes and two
conditions. Hierarchical clustering was performed to determine unique trends in the
dataset (Fig.3.1). From this clustering, the phosphosites were clustered into 4 groups,

based on their abundance trends in the four conditions.
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I : hich abundance
B : low abundance

Aphot Aphot WT WT
HL LL HL LL

Figure 3.1: Hierarchical clustering of the phosphosites with significant changes in their abundance,
based on 4 unique phosphorylation trends. Each horizontal line represents a phosphosite and each
column corresponds to one of the four conditions. Blue stands for low abundance and red for high
abundance. The strain and the light condition are indicated at the bottom of each column.

A motif analysis was also performed (Fig. 3.2), which depicts over-represented
aminoacidic patterns from the peptide sequence data in each cluster. The observed
sequences were extended from the phosphorylated residue to 7 residues in either
primary sequence direction. The motif analysis was done with the use of the online

tool MotifX (https://motif-x.med.harvard.edu/motif-x) (Schwartz and Gygi 2005)

(Chou and Schwartz 2011). We observe that there is not a specific pattern that
emerges significantly in clusters 1-3. However, in cluster 4 there is a large number of
acidic residues (aspartic and glutamic acid, D and E respectively) downstream of the
phosphorylated residue, which is predominantly Serine (S). Cluster 4 contains the
phosphosites which are in high abundance in Aphot and low abundance in the WT,

independently of the light condition.
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Figure 3.2: Motif analysis depicting over-represented aminoacidic patterns from the peptide sequence
data in each cluster. Each residue is represented by their unique one-letter abbreviations. The colour of
each residue represents the group of amino acids in which it belongs (ex. the acidic residues are shown
with red). Serine (S) is the phosphorylated residue and is placed in the middle of each pattern. Residues
which are above the x axis are overrepresented and those which are below are underrepresented.

For the whole cell proteome, 2,352 proteins were identified (1,560 with more than
one unique peptide). From multiple-sample test ANOVA testing, 1,300 proteins were
found to change significantly and hierarchical clustering was performed to determine
unique trends in the dataset (Fig. 3.3). From this clustering, 4 unique abundance

trends have emerged.

I : high abundance
B : 0w abundance

Aphot Aphot WT WT
HL LL HL LL

Figure 3.3: Hierarchical clustering of the proteins with significant changes in their abundance, based on
4 unique trends. Each horizontal line represents a protein and each column corresponds to one of the
four conditions. Blue stands for low abundance and red for high abundance. The strain and the light
condition are indicated at the bottom of each column.

From the dataset of the phosphoproteome, we decided to sort out the phosphosites

which increase their abundance at least 2-fold in the WT when transferred from low
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light to high light, while their abundance was not increased in Aphot more than 2-fold.
The changes of the abundance of the phosphosites needed also to be statistically
significant. Those phosphosites were considered to be phosphorylated on a PHOT-
dependent manner directly or indirectly. Because their phosphorylation was also
responsive to high-light, those phosphosites could also be involved in the induction of

LHCSR3. This shorting resulted to 131 phosphosites from 113 proteins.

As it was expected, a great number of those shorted-out phosphoproteins were
kinases and phosphatases. The phosphatases included a halo acid dehalogenase
(HAD)-like hydrolase and a member of the Protein phosphatase 2C (PP2C) family.
Concerning the kinases, multiple non-specific Ser/Thr- kinases have also emerged
from this list, alongside two calcium dependent kinases (calcium binding protein
kinase 34 and a CDPK-related kinase), numerous signalling kinases (such as a PB1
domain-containing protein tyrosine kinase and a protein kinase with octicosapeptide
Phox/ Bem1p domain), a mitogen- activated leucine- rich repeat kinase and cNMP-
dependent kinases. The last group shows particular interest, given the fact that cNMP
(cAMP and cGMP) are shown to be involved in the signalling that leads to LHCSR3
induction (Petroutsos et al. 2016). A cNMP-dependent kinase, product of the gene
Cre12.g499500, shows a 3-fold difference in abundance in the WT, from low to high
light, while in the Aphot its abundance shows no statistically significant change.
Among the unspecific ser/thr kinases, the product of the Cre16.g694950 gene has
shown a 5-fold difference in abundance in the WT between the two light conditions
and the study of its role in the LHCSR3 induction has been the focus if the following

chapter.

This list of proteins also reveals a possible connection between PHOT and the carbon
concentrating mechanism (CCM). More specifically, phosphorylation of the carbonic
anhydrase 7 (CAH7), and of two other CCM-related proteins, Low COz-inducible 23
(LCI23) and Low-CO; inducible protein C (LCIC) is shown to be PHOT-regulated. Both
LCI23 and LCIC are being controlled by the CCM-regulating factor CIA5/CCM1, as a
response to low CO; conditions (Miura et al. 2004). The role of LCIC in particular for
CCM, has been partially elucidated. LCIC is being diffused in the chloroplast stroma
under high (5%) and low (0.033 to 0.04%) CO; conditions, but it is being aggregated
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around the pyrenoid under very low CO;(0.011 to 0.015%), where it forms a complex
with the other CCM protein LCIB (Yamano et al. 2010). The LCIB/LCIC complex is
suggested to prevent the leakage of CO; from the pyrenoid by converting CO;into the
stromal HCOs". A possible regulation of CCM by PHOT would be a fascinating case for
future studies and it is only recently that it was shown that PHOT participates in the
regulation of CCM by suppressing QER7, a squamosa binding transcription factor

which supresses gE and CCM-related genes (Arend et al. 2022).

The LHCSR3 induction is shown to be regulated by the action of ubiquitin complexes
(Aihara et al. 2019) (Gabilly et al. 2019) (Tokutsu, Fujimura-Kamada, Matsuo, et al.
2019). Interestingly, in our list, there is a ubiquitin-specific protease, product of the
Cre02.g117850 gene, which shows a 3-fold increase in abundance between low and

high light in the WT.

This list of phosphoproteins contains 7 membrane transporters, including the sodium
proton exchanger SOS1 and the sulphate transporter pleiotropic drug resistance 6.
The presence of a Ca?* transporter (Autoinhibited Ca2* -ATPase, isoform 8) in the list
is of particular importance, given the fact that the cellular Ca?* flux is a regulator of the

LHCSR3 induction signal (Petroutsos et al. 2011).

The initiation of protein synthesis seems also to be under partial control of PHOT.
More specifically, two components of the eukaryotic translation initiation factor 3
(elF-3) complex (products of the genes Cre03.g144847 and Cre04.g217550) are shown
in the list of the PHOT-regulated phosphoproteins. The second one, in particular,
shows 5 different phosphosites with increased abundances from low to high light in
the WT. PHOT additionally regulates the phosphorylation of proteins involved in the
ribosomal structure (Ribosomal protein L24e family protein, Ribosomal protein L30/

L7 family protein and Ribosomal L29 family protein).

A surprising presence in this list is the one of three homotherm- related proteins
(products of the genes Cre09.g408676, Cre03.g168100 and Cre24.g755747). Based on
the gene ontologies (GOs) of these proteins, they are ice-binding proteins which

respond to freezing. Thus, it is particularly intriguing to investigate the reason of the
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increase of the abundance of their respected phosphoproteins after exposure to high

light, where there is an expected elevation of the temperature.

3.1.2 Study of the Cre16.g694950 mutant (Aflkin)

3.1.2.1 Selection of FLKIN out of the phosphoproteomic dataset

Out of the phosphoproteome list, at first, | choose a number of proteins and ordered
the corresponding mutant strains. The choice of those proteins was done based on
their biological proximity to a possible candidate as an intermediator of the PHOT
signalling pathway, their abundance trends in the dataset and the availability of CDS

mutants of their genes on the CIiP library.

A specific protein that attracted my attention was the product of the gene
Crel6.g694950. The Crel6.g694950 gene encodes for a non-specific Ser/Thr kinase,
which is being co-expressed with flagella-localised proteins. Hereafter, this protein will
be referred as FLKIN. FLKIN is a non-specific Ser/Thr kinase with an estimated size of
44.3 kDa. The kinase domain is located close to the C’ terminus of the protein. It is
worth mentioning that the phosphorylated form of FLKIN, which has been detected in
our phosphoproteomics dataset, has a phospho-group at Ser127, which is outside of

the kinase domain (Fig. 3.4).
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Figure 3.4: A) Map of functional annotations and site of the phosphorylation at the FLKIN (by Prosite).
The Protein Kinase Domain, which is being highlighted by light green colour, corresponds at the entry
PS50011 at Prosite. Indicated here, the Ser residue that gets phosphorylated, according to our
phosphoproteomic data (Ser127). B) Predicted 3D structure of FLKIN by AlphaFold (Jumper et al. 2021).
The molecule was visualised in the PyMOL Molecular Graphics System, Version 1.2r3pre, Schrédinger,
LLC. The N’ and C’ terminus of the protein are being indicated. Ser127, the phosphorylated residue, is
also being indicated with blue in a red circle.

The abundance of the phosphoprotein was increased fivefold in the WT (when shifting

from LL to HL) but was practically unchanged in the Aphot mutant and remained at

high phosphorylation levels in both LL and HL (Fig. 3.5).
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Figure 3.5: The abundance of p-FLKIN in the WT and Aphot after 16h of exposure to low light (15 umol
photons m? s1) and after 20min exposure under high light (300 umol photons m2 s).

3.1.2.2. Ordering and genotyping of the Aflkin mutant strain

In order to study the possible role of FLKIN in the PHOT-controlled LHCSR3 induction,
| ordered an FLKIN knockout strain from the Chlamydomonas Library Project (CLiP) (Li
et al. 2016) (Li et al. 2019). This strain, named Aflkin, was described to contain a
disruption cassette at the 2" exon of the FLKIN gene. This gene is located at the 16t
chromosome and has a size of 2939 bp. The parental strain of Aflkin was the CC4533
WT.

To investigate the exact position of the cassette insertion, | amplified via pcr a genomic
region from the mutant, from the first intron to the 3’ of the cassette. This genomic
region was purified and sent for sequencing. The sequencing results showcased that
the exact position of the insertion was actually upstream of the indicated locus, within
the 2" intron (Fig. 3.6). Therefore, Aflkin is not a CDS mutant as initially believed to

be, but an intronic one.
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Figure 3.6: Investigating the exact disruption locus of the Cre16.g694950 gene by the mutation cassette
at the Aflkin strain. A) The sequencing results. The red box indicates the genomic part which was
amplified via pcr, purified and sent for sequencing. The sequencing was done by Macrogen Europe,
Amsterdam, The Netherlands. The image was taken from SanpGene. B) Schematic representation of the
Crel6.9g694950 gene, the indicated point of the insertion of the mutation cassette (by the CliP library)
and the actual point of the insertion, as it was revealed by the sequencing results. The scale indicates
the size of the genomic part in base pairs (bps)

This result had been further verified by pcr results. More specifically, multiple set of
primers were tested on the genomic DNA of the WT and the mutant, as shown in detail
in Fig. 3.7. These primers were designed to bind either genomic regions within FLKIN,
or loci within the disruption cassette. In the first case a difference of size between the

WT and Aflkin was expected, while in the second case | was expecting to amplify
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A

genomic regions only in the mutant. From the results of this pcr it was verified that

the cassette was indeed inserted in the second intron of FLKIN.
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Figure 3.7: Genotyping of the Aflkin strain. A) Map of the FLKIN gene and the insertion locus of the
mutation cassette (CIB1, in blue). Indicated, all the primers used and their corresponding recognising
loci. Taken from snap gene. B) The PCR results, explained by the table in C). Some indicative sizes of the
ladder are indicated. C) Explanation of each line observed in the pcr result of B), alongside the
corresponding sets of primers tested on the genomic DNA of the WT and Aflkin. On the table, the
predicted band size for each set of primers is also indicated.

The subsequent question that arose was if this intronic mutant was able to produce

the transcript of FLKIN or not. | investigated this via gPCR. | used the primers flkin-gp2-

fw and flkin-gp2-rv (as shown in 3.8A), which amplify a region between the 5’ of the

second exon and the 3’ of the third exon (on either side of the disruption locus). Anti-



GBLP primers were also used as a control. From this result, | saw that this region can
be amplified at the cDNA of the WT (Average Cq =34.44, average C, for GBLP= 23.18),
but not at the Aflkin (Average Cq =0, average Cq for GBLP= 19.85). Therefore, |
considered that this genomic region of FLKIN cannot be transcribed and the strain is a

FLKIN-knockout mutant.

3.1.2.3 Aflkin over-expresses LHCSR3, especially in non-saturating light intensities

In early phenotypical experiments, cultures from the WT and Aflkin were grown in
HSM in low light overnight and then were exposed to 300 umol photons m=2 s™* for
4h. The results showed that this strain has a strong phenotype of LHCSR3
overaccumulation under high light (Fig. 3.8). Because those early results were highly

interesting, further follow-up experiments were planned with Aflkin.

Low Light High Light
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Figure 3.8: Western Blot on the LHCSR3 levels at the Wild Type (WT) and Aflkin after 4h exposure at Low
Light (15 umol photons m™2 s™1) and High Light (300 umol photons m™2 s72). The cultures had been
incubated in phototrophic medium (HSM) and under complete darkness overnight, before the High Light
and Low Light exposure. The anti-ATPb antibody was used as a loading control

In order to determine the sensitivity of Aflkin to light for the induction of LHCSR3, |
shifted dark acclimated cultures of WT and Afikin to five different light intensities: 15,

50, 100, 300 and 600 umol photons m2 s (hereafter also indicated as “pnE”). | took
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samples after the overnight dark acclimation and after 1h (RNA) and 4h (protein and

photosynthesis) of exposure to the different light intensities.

Aflkin seems to be able to induce LHCSR3 in lower light intensities than the WT, as
observed specifically at 100 pmol photons m2 s (Fig. 3.9), where the difference in
LHCSR3 accumulation between the mutant and the WT is large. The difference in
LHCSR3 levels under higher light intensities (300 and 600 pmol photons m? s?),

though, is statistically insignificant.
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Figure 3.9: A) LHCSR3 levels at the WT and Aflkin after the overnight dark acclimation and after 4h
exposure to 15, 50, 100, 300 and 600 umol photons m™ s of light intensity. Anti-ATPb was used as a
loading control. B) Densitometry analysis of three independent repeats of the experiment shown in A).
Normalized to WT at 300 umol photons m? s. C) LHCSR3 levels at the WT and Aflkin after the overnight
dark acclimation and after 4h of exposure to 100 umol photons m~ s of light intensity. Anti-ATPb was
used as a loading control. D) Densitometry analysis of three independent repeats of the experiment
shown in C). Normalized to Aflkin at 100 umol photons m>2 s™.

The NPQ induction is also notably higher in the mutant after 4h under 100, 300 and
600 umol photons m=2 s, Especially at 100 umol photons m? s, the difference
between the two strains is very high (Fig. 3.10). The same trend was observed for the
gE, as represented by the sharp drop of the NPQ curve during the transition from high
light to dark. The difference in gE is significant at the cultures exposed to 100 umol
photons m2 s, while in higher light intensities no statistically significant difference

was observed between the two strains.
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Figure 3.10: A) The NPQ curves from the WT and Aflkin, after the cultures were exposed to dark
(overnight) and under 50, 100, 300 and 600 umol photons m> s for 4h. B) The calculated gE from the
NPQ curvesin A)

From the photosynthetic measurements (Fig. 3.11), we observe that the values of
Fv/Fm (corresponding to the Y(ll) measured in the dark at the beginning of the
measurement), which represents the photosynthetic capacity of the strains, are
higher in the mutant than the WT under all the studied light intensities, indicating that
the mutant maintains more oxidized state of the plastoquinol pool in the dark as
compared to the WT. The drop of the Fv/Fm of both strains at the higher light
intensities (notably at 300 and 600 pmol photons m2 s?) is probably due to
photoinhibition, caused by the prolonged exposure to stressful light intensities. At
variance with the Fv/Fm values, the quantum efficiency of PSII Y(II) (measured in the

presence of light) was found to be similar in WT and mutant (Fig. 3.11B).
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Figure 3.11: A) Raw data of in vivo chlorophyll fluorescence (normalized to Fm) for the WT and Aflkin
cultures, exposed to dark (overnight) and under 50, 100, 300 and 600 umol photons m? s*. The
chlorophyl fluorescence was measured in dark (gray) and under 145 umol photons m? s (light yellow),
280 pumol photons m? s (yellow) and 366 umol photons m? s? (dark yellow). B) The Y(Il) curves,
corresponding to the measurements shown in A). C)The Fv/Fm values of Aflkin and the WT after the
overnight dark incubation and after 4h of exposure to 50, 100, 300 and 600 umol photons m> s of light
intensity. For the significance of the differences at each condition a 2-way ANOVA test was performed
with 95% confidence interval (P value: 0.1234 (ns), 0.032 (*), 0.0021 (**), 0.0002 (***), < 0.0001 (***%*))

| next addressed whether the overexpression of LHCSR3 protein in the Aflkin is also
reflected at the transcriptional level. Real-time reverse transcription PCR (RT-qPCR)
was performed on samples taken from both strains after the overnight dark
acclimation and after 1h of exposure to 100 umol photons m? s. The results show
that Aflkin overexpresses LHCSR3 at the mRNA level (probed as LHCSR3.1). | also
checked the expression levels of the two other gE-related genes, LHCSR1 and PSBS.
My data (Fig. 3.12) indicate that expression levels LHCSR1 are unaffected by the FLKIN
mutation, while PSBS levels (probed as PSBS1) are slightly higher in the mutant. Given
the tight interconnection of LHCSR3 and CCM gene expression (Ruiz-Sola et al. 2021) |
also investigated the expression levels of selected CCM-related genes in WT and Aflkin
namely: LCIA (encodes an inorganic carbon transporter), LCIB (encodes a protein
involved in the CO; uptake), CAH3 and CAH4 (encode carbonic anhydrases) and LCR1
(encodes a transcriptional factor). The results, shown in Fig. 3.12, show that all the
studied transcripts are at the same levels in both strains in the dark and increase their
abundance after the exposure to 100 umol photons m?2 s, This is in accordance to
(Ruiz-Sola et al. 2021) and can be explained by the fact that by shifting from darkness
to 100 pmol photons m2 s! the CO; concentration decreases due the to the
photosynthetic activity and therefore the CCM is activated. With the exception of
LHCSR1, all those transcripts are in higher levels in Aflkin than in the WT after the light
exposure. Especially for LHCSR3.1, those results are in accordance with the protein
accumulation. These data showcase that, other than photoprotection, also the CCM
response is stronger in the mutant strain, adding a new line of evidence that LHCSR3
and CCM gene expression are tightly co-regulated as recently shown (Ruiz-Sola et al.

2021) (Arend et al. 2022).
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Figure 3.12: The abundances of 7 transcripts in the WT and Aflkin after overnight dark acclimation and
1h of exposure to 100 umol photons m? s. Those transcripts are LHCSR3.1, LHCSR1, PSBS, LCIA, LCIB,
CAH3, CAH4 and LCR1. The results were obtained after cDNA synthesis and qPCR (see Materials and
Methods). For the significance of the differences at each condition a 2-way ANOVA test was performed
with 95% confidence interval (P value: 0.1234 (ns), 0.032 (*), 0.0021 (**), 0.0002 (***), < 0.0001 (***%*))

3.1.2.4 Characterisation of the LHCSR3 induction in Aflkin

To investigate the effect of the pre-acclimation conditions on LHCSR3 accumulation in
WT and Aflkin, cultures of the WT and the mutant strain were acclimated overnight in
the dark either in phototrophic medium (HSM), as was the case for all the experiments
so far, or in mixotrophic medium, containing acetate (TAP medium; described in
Materials and Methods). Both sets of cultures were then transferred to HSM and
exposed to 100 pmol photons m2 s! for 4h. In agreement with my results presented
in Fig. 3.9A, the Aflkin accumulated LHCSR3 protein while the protein was not even

detectable in the WT. The data also indicate that in the Aflkin more LHCSR3
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accumulated in the cultures that were pre-acclimated in TAP as compared with the

ones acclimated to HSM (Fig. 3.13).

HSM-HSM TAP-HSM
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Figure 3.13: LHCSR3 levels at the WT and Aflkin after the overnight dark acclimation in HSM (indicated
as HSM-HSM) and in TAP (indicated as TAP-HSM) and after 4h of exposure to 100 umol photons m? s
of light intensity. Anti-ATPb was used as a loading control.

Accordingly, gE was higher at the cultures that had been pre-acclimated in TAP than
at those which had been pre-acclimated in HSM (Fig. 3.14). In both cases, Aflkin had

higher gE than the WT, which is in line with the protein expression levels of LHCSR3

(Fig. 3.13).
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Figure 3.14: The calculated qE of Aflkin and the WT after the overnight dark acclimation in HSM
(indicated as HSM-HSM) and in TAP (indicated as TAP-HSM) and after 4h of exposure to 100 umol
photons m? s of light intensity
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When the cells are grown in TAP, the intracellular concentration of CO; increases due
to the acetate metabolism and simply the transfer to HSM medium (and removal of
acetate) leads to an induction of LHCSR3 at the mRNA (Redekop et al 2021) and even
at the protein level (Barth et al. 2014) during the exposure to high light, CO; levels are
further reduced via fixation from the Calvin-Benson cycle, evidenced by the activation
of the CCM genes (Fig. 3.12). In this line of thought it is perfectly normal that cells pre-
acclimated in TAP accumulated more LHCSR3 as compared to the ones pre-acclimated
to HSM, because they were submitted to more drastic changes in the concentration

of COa,.

Exposure of the cells to blue light preferentially leads to LHCSR3 accumulation in WT
cells (Petroutsos et al. 2016). My next objective was to determine if such chromatic
regulation is also an acting factor to the LHCSR3 over-expression in Aflkin. To address
this, cultures of both strains were shifted from dark to 15 umol m=2 s of white light
and 300 pmol m2 s of white, blue and red light for 4h. As shown in Fig. 3.15, LHCSR3
in Aflkin is more abundant in blue than in red light, in accordance with the known WT
phenotype. Consistently, Aflkin has higher LHCSR3 levels than the WT in all the tested

light qualities and intensities.
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Figure 3.15: LHCSR3 levels at the WT and Aflkin after the overnight dark acclimation and after 4h
exposure to 15 umol m? s of white light and 300 umol m>2 s of white, blue and red light. Anti-ATPb
was used as a loading control.

In line with the LHCSR3 protein data, gE is preferentially induced by blue light in both
WT and mutant, since it is almost half under red light that it is under blue light (Fig.

3.16). qE is higher under both red and blue light in the mutant, compared to the WT.
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From these set of results, it is evidenced that LHCSR3 expression and gE induction

remain chromatically regulated in Aflkin and are induced by blue light.
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Figure 3.16: The calculated qE of Aflkin and the WT after the overnight dark acclimation after 4h of
exposure to 300 umol photons m>2 s of blue and red light.

It has been reported that LHCSR3 expression requires active photosynthesis and that
when the electron transfer chain is blocked at the PSIl level by the chemical 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU), LHCSR3 induction is blocked as well
(Petroutsos et al. 2011). | wanted to observe if this kind of regulation is also taking
place in Aflkin. For that reason, | exposed low light (15 pmol m=2 s?) acclimated WT
and Aflkin cultures to 100 pmol m2 s of blue and red light. | added DCMU in half of
the cultures before the light exposure. From the results, the induction of LHCSR3 in
Aflkin seems to be affected not only by light quality (in red light we have less LHCSR3
that in the blue), but also by the addition of DCMU. Importantly, the overaccumulation
of LHCSR3 in the mutant in comparison with the WT is consistently observable in every
condition (Fig. 3.17). Finally, it is important to note that the LHCSR3 levels observed in
the DCMU-treated samples reflect the existing LHCSR3 already present at low light
conditions. Therefore, no LHCSR3 accumulation occurred in the presence of DCMU

neither in WT or the mutant.
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Figure 3.17: LHCSR3 levels at the WT and Aflkin after the overnight acclimation in low light (15 umol m
2s1) and after 4h incubation at 100 umol m2 s of blue and red light, with and without the addition of
DCMU. Anti-ATPb was used as a loading control. B) Densitometric analysis of the bands at the Blot in

A).

The western blot results on LHCSR3 are coming in accordance with the NPQ

lower after the addition of DCMU. Furthermore, as shown previously, NPQ is higher is

was recorded in the DCMU-treated cells because no photosynthetic electron flow
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measurements, where NPQ and gE is higher in the mutant than the WT, but it gets

both cases under blue than under red light exposure (Fig. 3.18). To no surprise no NPQ

takes place under these conditions.
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Figure 3.18: A) The NPQ curves from the WT and Aflkin, after the cultures were exposed to low light
(15 umol photons m s*) overnight and under 100 umol photons m s*of blue and red light, with and
without the addition of DCMU for 4h. B) The calculated gE from the NPQ curves in A).

qE

3.1.2.5 Growth and physiology observation of the Aflkin strain

During the experiments with the Aflkin strain, | observed a unique phenotype,
concerning its growth and its cell size. More specifically, under certain conditions it
seemed like this mutant strain had a defect on its growth in comparison with the
growth of the WT. Also, its cells appeared to be bigger and containing more
chlorophyll (“greener” cultures). To study further those observations, | monitored the
cell density, chlorophyl concertation and cell size of the WT and Aflkin cultures grown

in TAP and in HSM, under three light intensities: 15, 100 and 300 pmol photons m?2 s’

1

At low light intensity (15 umol photons m2 s1), the WT has a faster growth rate than
Aflkin and it reaches its stationary phase at higher cell density in both media (Fig. 3.19).
At 100 and 300 pumol photons m™2 s a clear growth defect was observed in HSM,
where the WT has almost two times higher cell density than the Aflkin at their
stationary phase. The growth defect of Aflkin was not observed in TAP medium, where
both cultures reached in approximation the same cell density levels. These results

indicate that Aflkin has impaired phototrophic growth, a phenotype that can be

110



rescued by the addition of acetate (TAP medium), with the exception of the growth at
15 pumol photons m=2 s, that remained somehow slower even in the presence of

acetate.
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Figure 3.19: Observation of the growth of the WT and Aflkin. The strains were grown in TAP and in HSM
under 15, 100 and 300 umol photons m™ s* and their cell density was measured in a daily basis. The cell
density is indicated as millions of cells per ml of culture. The cell counting is being described in the
Materials and Methods section.

Throughout this experiment, | also quantified the chlorophyll content of the cells and
| could see that in HSM Aflkin contains more chlorophyl per cell than the WT (Fig. 3.20,
Table 3.1). The same observation can be made in TAP, when the cultures are growing
in low light. However, in higher light intensities in TAP, the differences between the
two cultures are not significant. Thus, we can conclude that low light and the absence
of acetate from the medium, conditions where growth is impaired in the Aflkin

mutant, lead to accumulation of chlorophyll in the cells of Afikin.
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Figure 3.20: Observation of the chlorophyl content per million of cells at each day of the cultures of the
WT and Aflkin. The strains were grown in TAP and in HSM under 15, 100 and 300 umol photons m? s
and their chlorophyl content and cell density were measured in a daily basis. The chlorophyl content is
indicated as ug of chlorophyl per million of cells. The chlorophyl measurements and the cell counting
are being described in the Materials and Methods section.

The observed cell size from the Aflkin cultures was also bigger than the one of the WT
cells in both media and under all three light conditions (Fig. 3.21, Table 3.1). In TAP,
under the high light conditions, the difference is consistent with the other conditions

but is not statistically significant.
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Figure 3.21: Observation of the size of the cells of the WT and Aflkin. The strains were grown in TAP and
in HSM under 15, 100 and 300 umol photons m? s and the size of the cells was measured in a daily
basis. The cell size is indicated as um of the diameter of the cells. The cell diameter was calculated
automatically from the Countess™ Il FL Automated Cell Counter

Table 3.1: The average cell dimeter and average chlorophyl content of the WT and Aflkin. The strains
were grown in TAP and in HSM under 15, 100 and 300 umol photons m? s. The average cell diameter
is indicated in um and was calculated automatically from the Countess™ Il FL Automated Cell Counter.
The cell size was measured in a daily basis. The average chlorophyl content is being indicated as ug of
chlorophyl per million of cells. The chlorophyl measurements and the cell counting are being described

in the Materials and Methods section. The chlorophyl concertation of each culture was measured in a
daily basis.

[ HSM |
15uE 100uE 300uE
WT Aflkin WT Aflkin WT Aflkin
Average cell diameter (um) 6.12+0.14 8.76:0.84 57705 853:06 592:049 7431042
Average chirorophyl content (ug Chlorophyl/ million of cells) 4174116 9.192203 28305 5032062 25%058 597157
[ TAP |
15pE 100uE 300uE
WT Aflkin WT Aflkin WT Aflkin
Average cell diameter (um) 595+0.51 9.77:0.72 6.84: 043 827+054 664+042 8:0.69
Average chlrorophyl content (ug Chlorophyl/ million of cells) 2244053 529+126 2532031 292049 2092024 196%0.32

3.1.2.6 Complementation of Aflkin

For the complementation of Aflkin, the full FLKIN gene, including the introns, had been

amplified via pcr from the genomic DNA of the WT. The fragment had been inserted
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into the pPRAM118 vector (Itakura et al. 2019) , under the control of the PsaD promoter
(Fig. 3.22). The plasmid also contains the APHVIII gene, under the control of the
Chlamydomonas beta2-tumbulin promoter, which provides resistance to hygromycin.
This construct would be able to generate the fluorescent fusion protein of FLKIN-
Venus. The construct had been assembled via the Gibson Assembly (Gibson et al.

2009) and the plasmid had been sequenced before transformation.

T FLKIN - Sl et o

Figure 3.22: The pRAM118- flkin/CrVenus construct

Aflkin and WT cells had been transformed in order to generate a complemented and
an over-expressor stain, respectively. Unfortunately, despite the several attempts |
did not succeed to get in hands a complemented line of Aflkin. This task is now ongoing

in the host team.

3.1.2.7 Discussion and future perspectives

Based on the results shown in this chapter, we can recognise the significance of FLKIN
for a number of cellular responses, especially photoprotection and carbon utilisation.
The lack of FLKIN expression in the Aflkin mutant resulted in a unique phenotype for

the strain, summarized in Fig. 3.23.

This strain is inducing photoprotection at lower light intensities than the WT, by
accumulating more LHCSR3, the main photoprotection actor in C. reinhardtii, both at
the transcript and protein levels. In line with the LHCSR3 protein levels, Aflkin has
higher qE as compared to the WT. It is tempting to propose that Aflkin grows poorly
in phototrophic conditions because of its higher gE and would therefore dissipate

more absorbed energy into heat instead of directing it into the formation of biomass.
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Figure 3.23: Graphic summary of the phenotype of Aflkin

Another important result concerning Aflkin is its ability to induce in higher rates
transcripts of proteins involved in the Carbon Concentrating Mechanism (CCM). This
come in accordance with previous observations that the CCM proteins and LHCSR3
are tightly co-regulated (Fang et al. 2012) (Ruiz-Sola et al. 2021) (Redekop et al. 2021),
which seems to be also the case in Aflkin; both photoprotection and CCM transcripts
are in higher abundance than the WT and are induced in non-saturating light

intensities.

Finally, another important phenotype of the Afikin cells is their generally bigger size in
diameter and their higher chlorophyl content. Given the differences of Aflkin with the
WT both in photosynthetic growth and the import of inorganic carbon, it is still unclear
if this difference in cell size is due to metabolic differences or due to a defect on the
cell cycle, where probably the cells are remaining in the vegetative stage for a
prolonged time. The last hypothesis could have explained the slower growth of the
strain, though there is no further evidence for this case. These questions, as many
more, can be answered after the generation and study of the Aflkin:FLKIN

complemented strain.
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Now, based on these observations made in the Aflkin knockout strain, what can we
hypothesize about the cellular role and mode of action of FLKIN? At first, let’s examine
the regulatory relationship between PHOT and the phosphorylation of FLKIN. From
the phosphoproteomic data it is shown that the abundance of p-FLKIN in the WT is
low during low light and increases almost five-fold during the transition to high light
(schematically shown in Fig. 3.24). This showcases that p-FLKIN is being regulated by
the light intensity. In Aphot, p-FLKIN abundance does not change between low and
high light and is almost at the same levels as at the WT under high light. This shows
that p-FLKIN is also being regulated by the presence of PHOT; in low light and with the
presence of PHOT, p-FLKIN is in lower levels. This can mean that in the WT in low light
either the total FLKIN protein levels are lower, or that FLKIN is not getting as highly

phosphorylated as in high light.
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Figure 3.24: Schematic representation of the differences in the abundance of p-FLKIN between low and
high light in the WT and Aphot, based on our phosphoproteomic dataset (graph shown in Fig. 3.5). Note
here that there are no available data for the total protein abundance of FLKIN.

The answer to this wonder could have been given by the abundance of the total
protein levels at the four conditions. Unfortunately, these data are not available, since
FLKIN was not found in our whole-cell proteomic dataset. However, RNAseq data

(Arend et al. 2022) comparing the WT and Aphot at LL and HL show that the FLKIN
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transcript accumulation is impacted by the phot mutation (Fig. 3.25). More
specifically, the transcript levels of FLKIN in Aphot is almost the one third of the
abundance in the WT in low light and almost half in high light. This, of course, cannot
lead to safe conclusions about the protein levels, but it gives us a strong indication
that lower abundance of p-FLKIN observed under low light in WT, in contrast with

Aphot, is possibly due to the de-phosphorylation of FLKIN.

Y
o
I

(%)
o
1

N
o
1

—
o
1

FLKIN transcript abundance

o
1

&
>

Sy
N3

Figure 3.25: The transcript abundance of FLKIN in the WT and Aphot, under low light (15 umol photons
m2s?) and after 1h exposure under high light (300 umol photons m>2 s) (Arend et al. 2022)

Based on this assumption and on the fact that in the absence of FLKIN LHCSR3 and the
CCM genes are being induced even in low light intensities, | built the following
hypothesis model on the FLKIN function (shown in Fig. 3.26): In low light conditions,
PHOT mediates the dephosphorylation of FLKIN. Since PHOT is a kinase and does not

have phosphatase activity, this is maybe done via an intermediator protein
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phosphatase. The dephosphorylated FLKIN, then, becomes activated and supresses
the expression of LHCSR3 and the CCM genes. This kind of regulation is done for
energy preservation of the cell; induction of photoprotection at low light intensities

would mean loss of photosynthetically utile energy.
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Figure 3.26: Proposed model for FLKIN activation and action. In low light intensities, PHOT mediates the
dephosphorylation of FLKIN, possibly via a protein phosphatase (PP). The dephosphorylated form of
FLKIN is then activated to supress the induction of LHCSR3 and of the CCM genes.
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The characterisation of FLKIN as a suppressor of LHCSR3 can be furtherly backed up
by the fact that its transcript abundance during the diurnal cycle follows an almost
mirroring opposite trend than the corresponding one of LHCSR3, based on two
publicly available RNAseq analyses (Zones et al. 2015) (Strenkert et al. 2019) (Fig.
3.27). Despite objective differences between the two analyses, due to different
methodological approaches, we can conclude that generally FLKIN is mainly induced
during the dark cycle, when photoprotection does not need to be activated, and
LHCSR3 during the light cycle, when the cell should be prepared to dissipate possibly

harmful energy.
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Figure 3.27: mRNA abundance for FLKIN during the day-night cycle in comparison with the abundance
of the transcripts of LHCSR3 from (Zones et al. 2015) (A) and (Strenkert et al. 2019) (B). In (B), for better
visualization of the data, the y axis is at log10 scale for the mRNA abundance of LHCSR3 and in linear
scale for FLKIN.

From this hypothesis, some questions may arise. At first, one can wonder if PHOT is
able to differentiate its signal between low and high light by itself or via another “light-
intensity- indicator’” player. It is shown that higher plant PHOTs have different
sensitivities towards the light intensities and can alternate their responses accordingly
to them (Zhao et al. 2013) (Harada et al. 2013) (Zhao et al. 2018) (Hart et al. 2019). It
has also been shown that CrPHOT can initiate responses under a wide range of light
intensities, from low fluence to high and stressful light (Im et al. 2006) (Petroutsos et
al. 2016). However, not enough evidence for a light-intensity sensing ability for

CrPHOT has been described yet and, thus, we cannot hypothesize on it further.
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Another wonder concerns the cellular distance between PHOT and FLKIN. Are they
interacting directly or via intermediate interactors? While it is known that PHOT is
associated with the plasma membrane (Huang, Merkle, and Beck 2002) (Huang,
Merkle, and Beck 2002), little is known about the localisation of FLKIN, and this
knowledge would be useful for us to speculate on the previous question. However,
according to the Predalgo subcellular localization prediction tool (as mentioned in
Phytozome v.13) (Tardif et al. 2012), FLKIN is not predicted to be located in the
nucleus, the mitochondria, the chloroplast or the secretory pathway. The same
conclusion can be reached when using the online tools ChloroP (predicts the presence
or absence of chloroplast transit peptides) (Emanuelsson, Nielsen, and von Heijne
1999); MitoProt Il (predicts the presence or absence of a mitochondrial targeting
sequence and the cleavage site) (Claros 1995) and cNLS Mapper (Predicts importin a-
dependent nuclear localization signals) (Lin and Hu 2013). Additionally, FLKIN does not
have any transmembrane helices, according to the online tool TMHMM Server v. 2.0
(Krogh et al. 2001). Therefore, it is highly possible that FLKIN is a cytoplasmic protein.
The successful complementation of Aflkin with FLKIN fused with a chromophore
protein can also attribute to the localisation studies of FLKIN. Furthermore, in vivo and
in vitro assays, such as Bimolecular fluorescence complementation, yeast-two-hybrid,
co-immunoprecipitation and others can also showcase the possibility of an interaction

between PHOT and FLKIN.

3.2 Elucidating early, PHOT-dependent phosphorylating events in

Chlamydomonas.

3.2.1. Setup and conditions
In order to elucidate further the PHOT-regulated phosphorylations in C. reinhardltii, a

new phosphoproteomic analysis has been performed. This time, the

phosphoproteome of the two strains (WT and Aphot) was compared during the
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transition from darkness to blue light illumination for 5 min. This setup was aiming at

focusing to the early phototropin-dependent phosphorylation events.

To verify if this exposure time and that light intensity were enough for the
transcription of LHCSR3 in the cell, | took samples from both strains right after the dark
acclimation (t=0) and 5- and 60-min after exposure to blue Light (100 uE m2s). Three
flasks have been used from each strain and two samples were taken from each flask.
gPCR has been performed to those samples to detect the LHCSR3 transcript levels.
The results are shown at Fig. 3.28. As it is shown, five-minute long exposure to blue
Light (100 uE m2 s) leads to significant mMRNA accumulation of LHCSR3.1 (around 30-
fold change in the case of the WT, 3-fold change in Aphot). Therefore, 5min of
exposure to blue light at this light intensity are enough to trigger the PHOT-controlled
pathway that led to LHCSR3 induction. The sampling at t=0 and t=5 min for the
phosphoproteomics analyses was, thus, expected to allow meaningful insights on the

early phosphorylation events upon illumination.
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Figure 3.28: The transcript abundance of LHCSR3.1 in the darkness and after 5 and 60 min of exposure
to Blue Light (100 uE m™? s?), in the WT and in Aphot. The results were obtained after cDNA synthesis
and gPCR (see Materials and Methods).
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The growth and sampling conditions are described in details in the Materials and
Methods. The protein samples from each strain and condition were sent to the lab of
Leslie Hicks (University of North Carolina at Chapel Hill) for LC-MS/MS analyses. Prior
to this step, the proteins had been digested and the phosphopeptides had been

recovered with the use of TiO, beads, as described in (Wang et al. 2014).

3.2.2. Analysis of the phosphoproteome dataset

In total, 6273 unique phosphopeptides from 2618 phosphoproteins were identified.
From the trend analysis that has been performed across the conditions, 12 clusters
containing phosphopeptides with unique abundance trends have been emerged (Fig.
3.29). Cluster H contains the phosphopeptides of interest, which increase in
abundance only in blue -light exposed WT samples. Cluster | has also particular
interest, since it contains phosphopeptides which decrease in abundance after blue-

light exposure in the WT but not in the Aphot mutant.
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Figure 3.29: The 12 clusters (A-L) of the phosphopeptides showing unique abundance trends across the
conditions. From the 6273 unique phosphopeptides, the 2626 ones which had FDR-adjusted p-value <
0.05 after one-way ANOVA were included in the clustering
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A close look at the phosphopeptides at the clusters H and | reveals that PHOT regulates
the phosphorylation of a diverse set of proteins in terms of localisation and cellular
role. A first look on the localisation of these phosphoproteins (Fig. 3.30 and Fig. 3.31)
reveals that the majority of proteins in cluster H and | are membrane-bound proteins,
such as PHOT itself. Among those membrane proteins, we can find proteins involved
in transmembrane transport, signal transduction and photoreception. The second
biggest group of phosphoproteins in clusters H and | are proteins found in the
cytoplasm. The cytoplasm is of course the loci of a variety of cellular activities, such as
metabolism, signal transduction, cytokinesis and others. Additionally, 12
phosphoproteins from cluster H and 25 from cluster | are predicted to be localised in
the nucleus. In between those phosphoproteins we observe some that are involved in
signal transduction, microtubule organisation, transcription and epigenetic
regulation, as well as the major chromatin-binding nucleolar protein Nucleolin. The
presence in clusters H and | of signalling phosphoproteins located in the membranes,
the cytoplasm and in the nucleus reveals that after 5min of blue light irradiation the
PHOT-regulated signal can be transmitted rapidly through the whole cell body, and
even up to the regulation of gene transcription in the nucleus. That is why also
numerous transcription and epigenetic factors alternated their phosphorylation status
from dark to blue light in a PHOT-dependent manner. Interestingly, 8 flagella localised
phosphoproteins, involved in the cilia movement and biogenesis, are also found in

cluster I.
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Figure 3.30: Localisation of the phosphopeptides which comprise cluster H, based on their localisation
GOs.
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Figure 3.31: Localisation of the phosphopeptides which comprise cluster I, based on their localisation
GOs.

It is also evident that a great number of biological processes are being controlled in a
blue-light/PHOT-dependent manner. As we can see at Fig. 3.32, the majority of the
phosphoproteins at the clusters H and | are being involved in signalling, such as
phosphatases, CDPK-related kinases, mitogen-activated kinases (including NPK1), the

cytokinesis-regulating proteins atauroral and ataurora3, the Golgi trafficking
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regulator Phosphatidylinositol 4-kinase (P14K) and others. As it was mentioned in the
Introduction, the PHOT signal for the LHCSR3 induction requires as second messengers
the cyclic nucleotides cAMP or cGMP downstream of PHOT (Petroutsos et al. 2016).
A great number of phosphoproteins found in clusters H and | are involved in either the
synthesis of cNMPs (6 Adenylate/guanylate cyclases), in binding with a cNMP
(Flagellar Associated Protein 323) or in the hydrolysis of a ¢tNMP (a 3',5'-cyclic-
nucleotide phosphodiesterase). These phosphoproteins can, thus, be involved in the
transmission of the PHOT signal to induce LHCSR3. Furthermore, it has been
showcased that calcium and the calcium-binding protein Calmodulin are important
signalling actors for the induction of LHCSR3 (Petroutsos et al. 2011) (Maruyama,
Tokutsu, and Minagawa 2014). On that note, 4 kinases from cluster H and 12 kinases
from cluster | are calcium-binding and/or calmodulin-regulated ones. A link between
the sulfur limitation signalling and PHOT is revealed by the presence of the SNF1-
related protein kinase, homologue of Arabidopsis SNRK1, in cluster I. This kinase is
shown to be an essential messenger protein during sulfur limitation (Davies, Yildiz,

and Grossman 1999).
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Figure 3.32: The biological processes at which the phosphoproteins at Cluster H and Cluster | are
involved. This classification was done based on their Biological Process GOs.

The second most regulated biological process by Chlamydomonas PHOT s
transcription, which comes in accordance with previous findings that PHOT in C.
reinhardtii regulates gene expression (Im et al. 2006) (Petroutsos et al. 2016). The
most interesting case of transcriptional factor found in our phosphoproteomic
dataset, was the one of the protein Rhythm of Chloroplast 104 (ROC104). ROC104
mediates the circadian clock regulation of gene expression, and its deletion from the

genome leads to arrhythmic mutants (Matsuo et al. 2020). A possible involvement of
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PHOT and blue light in general on the circadian clock regulation would be a very
interesting case for future studies. Clusters | and H also include proteins which are part
of epigenetic regulation, such as the demethylation of histone H3-K9 and the

organisation of chromatin.

A surprisingly big number of proteins involved in cytokinesis and the microtubule
organisation (4 in cluster H and 8 in cluster |) are also regulated by PHOT, showing the
importance of PHOT on mitosis. Other than atauroral and ataurora3, there are also
the microtubule-binding kinesin motor protein and the microtubule monomer beta-1

tubulin, among others.

PHOT regulation of carbon availability and utilisation can be hypothesized, based on
the presence of three carbonic anhydrases (CAH3, CAH6 and CAH7) in the clusters of
interest. CAH3 is a well-characterised CCM protein, located at the thylakoid
membranes which pass through the pyrenoid, and converts HCO3™ to CO; close to its
fixation loci by Rubisco (Sinetova et al. 2012). Indeed, it has been recently shown that
PHOT supresses QER7, a transcriptional factor, acting as suppressor of CCM genes
(Arend at al. 2022). The enzyme Phosphoenolpyruvate carboxylase, which is involved

in the CO; fixation reactions, is also found in cluster H.

A very interesting outcome from our phosphoproteomic dataset is the PHOT-
regulated phosphorylation of other photoreceptors. Three histidine kinase rhodopsins
from the same photoreceptors’ family (Cop3, Cop6 and Cop10 as described in (Greiner
et al. 2017) ) have been found in cluster H. More specifically, three phosphopeptides

of Cop6, two of Cop3 and one of Cop10 are present in this cluster.

In Fig. 3.33 are the phosphopeptides (indicated with their corresponding gene IDs and
their phosphorylated residues) which increase or decrease the most their abundance
in the WT when the cultures are transferred from dark to blue light, while their
abundances are at the same levels in Aphot under both conditions. The
phosphorylation of those peptides is considered to be strongly regulated by the
presence and blue-light activation of PHOT. In this list, two particular peptides
attracted my attention, based on their biological significance. The phosphopeptide

with the third highest increase of its abundance in the WT is the recently characterised
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MARS1 (product of the gene Cre16.g692228). MARS1 is a cytoplasmic protein which

is the first known component of the chloroplast Unfolded Protein Response (cpUPR)

(Perlaza et al. 2019). This proposes the involvement of PHOT on another response for

maintenance of the chloroplast homeostasis other than photoprotection, the cpUPR.

Another one of the phosphopeptides with the highest change in abundance between

the dark acclimated WT cultures and the ones after the 5min exposure to blue light is

Chlamyopsin 6, or Cop6. Copb is a putative photoreceptor, and more specifically a

histidine- kinase rhodopsin (Greiner et al. 2017). Synergetic regulation between PHOT

and another photoreceptor would have been a very interesting case for colour

perception and cellular signalling in C. reinhardtii.
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Figure 3.33: Phosphopeptides whose abundance increases or decreases the most in the WT when the
cultures are transferred from dark to blue light, while it remains at the same levels at the Aphot (from
the phosphoproteomic dataset). The differences in abundance are shown as log2 of the fold change of
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the abundances from the dark acclimated cells to the blue-light exposure ones. The red bars represent
the highest increases in abundance and the blue bars the highest decreases in abundance. Next to each
bar, the gene ID of each phosphosite is being indicated with the corresponding phosphorylated residue.

3.2.3 Study of the ACop6 mutant

As it was mentioned earlier, the phosphorylated peptide of the putative
photoreceptor Cop6 (phosphorylated at S605) increases significantly its abundance
when transferred from dark to blue light within 5 min, while it remains at the same
levels at the Aphot mutant. Two other phosphorylated forms of Cop6 are found in
cluster H. The first phosphorylated form has a phospho- group at Ser829 and the other
at Ser701. All those three mentioned phosphorylated residues belong to the two-
component sensor histidine kinase domain of the protein. Cop6 contains also a C-
terminal cGMP or cAMP- effector domain. Note here that cGMP or cAMP are shown
to act downstream of PHOT as signalling molecules at the LHCSR3 induction pathway
(Petroutsos et al. 2016). For these reasons and for reasons discussed earlier, Cop6 was

an interesting candidate as a co-regulator of LHCSR3 induction, alongside PHOT.

Thus, experiments in blue and white light had been conducted with ACop6, a CRISPR-
Cas9 mutant, which was kindly offered to us by Peter Hegemann’s lab. More
specifically, after an overnight dark acclimation of the mutant alongside its parent WT
strain CC-125, both cultures were transferred for 4h under high white light (300 umol
photons m2s) and blue light (100 umol photons m2 s1) (Fig. 3.34). The same protocol
was followed for different light intensities of blue (50 and 100 pmol photons m?2 s?)
(Fig. 3.35). As it was evidenced by those experiments the LHCSR3 levels on those

strains were at the same levels between the two strains under all the light conditions
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that were examined. Thus, despite the fact that Cop6 gets phosphorylated in a PHOT-

dependent manner, this protein is not regulating the expression of LHCSR3.
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Figure 3.34: A) LHCSR3 levels at the WT and ACop6 after the overnight dark acclimation and after 4h
incubation at 300 umol photons m? s of white and 100 umol photons m~ s of blue light. Anti-ATPb
was used as a loading control. B) Densitometric analysis of the bands from blots of three independent
lines of samples (second and third blots not shown)
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Figure 3.35: A) LHCSR3 levels at the WT and Acopé6 after the overnight dark acclimation and after 4h
incubation at 50 umol photons m? s and 100 umol photons m>? s of blue light. Anti-ATPb was used
as a loading control. B) Densitometric analysis of the bands from blots of three independent lines of
samples (second and third blots not shown)

3.2.4 PHOT is involved in the cpUPR response

As it is shown in Fig. 3.26, the phosphorylated MARS1 at S959 is among those

phosphopeptides with the highest induction in abundance upon 5 min exposure to
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blue light in the WT, while it remains at the same levels in the Aphot strain. MARS1 is
located in the cytoplasm and it transmits the cpUPR signal; its depletion from the cell
leads to no expression of the highly responsive cpUPR genes VIPP2 and HSP22 E/F
(Perlaza et al. 2019). In (Perlaza et al. 2019) an alternative reading frame of MARS1
has been proposed. Based on that reading frame the abovementioned
phosphorylated residue actually corresponds to S1097. Hereafter, | will refer to that
reading frame. Different phosphopeptides of MARS1, phosphorylated at S280 and at
S1104 are also present in the phosphoproteomic data, but these have no significant
difference in abundance between the two strains and do not belong in any cluster. All
those Serine residues are upstream of the catalytic domain which is determinable for
the transmission of the cpUPR signal. Additionally, when the kinase domain of MARS1
gets deactivated, three residues which were getting phosphorylated under oxidative
stress were no longer getting phosphorylated: S69, 5280 and S1888, the last one being
part of the catalytic domain. Therefore, MARS1 is a protein which can get
phosphorylated in multiple regions and there is a possible synergetic relation between

these phosphorylations for the signal transaction.

Since MARS1 is getting phosphorylated in a PHOT-depended manner, the main
guestion that arose was: is the cpUPR response also under the control of PHOT? In
order to address that, WT, Aphot and phot-c (a PHOT complemented line described in
(Redekop et al. 2021) were grown both in TAP and in HSM under 50 umol photons m
2 51 with and without the addition of 2mM of hydrogen peroxide (H20;) for 4h. The
addition of 2mM of H;0; is creating enough oxidative stress to induce the cpUPR
response within 4h (Theis et al. 2020). In order to observe the response, the protein
levels of VIPP2 and HSP22E/F, whose induction is drastic after the activation of the
cpUPR, were observed via Western blot. As shown in Fig. 3.36, both VIPP2 and HSP22
E/F and being induced 4h after the addition of the H20,. This induction is significantly
higher at the WT and the complemented line, than the Aphot mutant. It is also evident
that the presence of acetate in the medium leads to higher expression of the cpUPR
responsive genes. Evidentially, since the Aphot mutant is able to express VIPP2 and
HSP22 E/F but in lower levels than the WT, PHOT seems to be involved in the cpUPR

signal transaction and to act as an “amplifier’’ of the signal.
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Figure 3.36: The levels of the cpUPR-responsive proteins at the WT, Aphot and the PHOT complemented
line (phot-c) in response to oxidative stress (2mM H:20:z). The cultures have been exposed to 50 umol
photons m™ s for 4h. The protein levels were observed in cultures grown either in TAP or in HSM. A)
Protein levels of VIPP2. Anti-ATPb was used as a loading control. B) Protein levels of HSP22 E/F. Anti-
ATPb was used as a loading control.

Under the same conditions, the LHCSR3 levels were also observed. It should be noted
here that, based on previous observations, 50 pmol photons m2 s is not considered
to be a high enough light intensity to induce strong accumulation of LHCSR3. However,
some significant induction can be observed in the WT and -to a lesser extent- in the
complemented line at the cultures grown in HSM without the addition of H,O; (Fig.
3.37). Thus, both the presence of acetate and H;0; in the medium seem to supress
LHCSR3. Given the fact that the LHCSR3 expression is MARS1-independent under
cpUPR-inducing conditions (Perlaza et al. 2019), one could conclude to the hypothesis
that gE and cpUPR, while both aiming to retain the homeostasis of the chloroplast

under photooxidative stress, they are induced under contrasting conditions.
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Figure 3.37: The levels of LHCSR3 at the WT, Aphot and the PHOT complemented line (phot-c) in
response oxidative stress (2mM H:0;). The cultures have been exposed to 50 umol photons m? s* for
4h. The protein levels were observed in cultures grown either in TAP or in HSM. Anti-ATPb was used as
a loading control.

These experiments were repeated, this time with cultures growing just in TAP. Other
than H;0;, 1.1 mM of Metronidazole (MZ) was also added in the cultures to trigger
the cpUPR by creating oxidative stress. Metronidazole, is proposed to get reduced in
the chloroplast in antagonism with proteins of the electron transport chain. The
radical anion of metronidazole reacts with molecular oxygen and reduces it to radical
superoxide, which leads to the formation of H,0; (Schmidt, Matlin, and Chua 1977).In
other words, with this experiment the cpUPR response was observed when H;0; is
being provided extracellularly or when it is being produced within the chloroplast.
Incubation with 1.1 mM of MZ for 15h is shown to initiate the expression of the cpUPR
genes (Perlaza et al. 2019) and, thus, that was the incubation time it was followed here
as well. Surprisingly, in total contrast with what we observed in the cultures grown
with H,0,, when MZ is added in the cultures, the Aphot strain expresses multiple times
higher levels of VIPP2 and HSP22E/F than the WT and the complemented line after
15h (Fig. 3.38). It is evident that the two treatments, while both inducing the cpUPR-
responsive genes, seem to initiate different signalling pathways, and PHOT has a
contradicting role at those separate responses. When H;0; is being produced within
the chloroplast, instead of being provided in the medium, PHOT seems to supress the

expression of VIPP2 and HSP22 E/F.
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Figure 3.38: The levels of the cpUPR-responsive proteins at the WT, Aphot and the PHOT complemented
line (phot-c) in response to oxidative stress (2mM H202, ImM Metronidazole -MZ-). The cultures were
grown is TAP and have been exposed to 50 umol photons m> s for 4h when H.02 was added and for
15h when MZ was added. A) Protein levels of VIPP2. Anti-Coxllb was used as a loading control. B) Protein
levels of HSP22 E/F. Anti-Coxllb was used as a loading control.

Focusing to the PHOT involvement at the cpUPR when H,0; is added to the medium,
it was unclear if this involvement was also blue-light regulated. For this, WT cultures
either containing or not 2mM of H,0, were exposed to 50 umol photons m2 s for 4h.
The protein expression of VIPP2 and HSP22 E/F, as well as the transcript levels of VIPP2
at the first hour of the treatment were observed in every condition via Western blot
and qPCR, respectively. As presented in Fig. 3.39, no significant differences at the
levels of those proteins were observed under those three light qualities. The same
trend was shown at the transcript levels of VIPP2 (Fig. 3.40); while there is a clear
induction of the transcript linked with the addition of H,0;, there does not seem to be
a chromatic regulation of that response. Consequently, PHOT, while contributing to

the cpUPR, it seems that it does not do so in a blue-light-depended manner.
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Figure 3.39: The levels of the cpUPR-responsive proteins at the WT in response to oxidative stress (2mM
H:0:). The cultures were grown is TAP and have been exposed to 50 umol photons m2 s of white light
(WL), blue light (BL) and red light (RL) for 4h. A) Protein levels of VIPP2. Anti-ATPb was used as a loading
control. B) Protein levels of HSP22 E/F. Anti-ATPb was used as a loading control.
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Figure 3.40: The transcript abundance of VIPP2 in the WT, when exposed to 50 umol photons m? s of
white light (WL), blue light (BL) and red light (RL), with and without the addition of H20: for 1h. The
results were obtained after cDNA synthesis and qPCR (see Materials and Methods).
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4. CONCLUSION
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On this Thesis, my aim was to elucidate the role of PHOT in C. reinhardtii and to

identify putative PHOT interactors that mediate the blue-light induced signals.

At the first phosphoproteomic analysis, | compared the phosphoproteome of the WT
and the Aphot strain during the transition from low to high light. From this
comparison, a number of phosphoproteins have emerged, whose abundance was
changing based on two parameters: the light intensity and the presence of PHOT.
Those proteins are possible to transmit the high-light responses of PHOT and more
particularly the induction of LHCSR3 and the activation of gE. In between those
proteins, there were numerous signal transduction proteins, transcriptional
regulators, membrane transporters, metabolic enzymes and homoiotherm-related
proteins. Also, from this analysis it was revealed that several CCM-related
phosphoproteins, such as CAH7, LCI23 and LCIC are being regulated in a high-

light/PHOT manner, showcasing a link between blue-light perception and the CCM.

One of the phosphoproteins which increased 5-fold their abundance in the WT while
transitioning from low to high light, while remaining at the same levels at Aphot was
an unspecific Ser/Thr kinase, which | named FLKIN. To elucidate the role of this protein
| have studied and characterised the knockout mutant strain of FLKIN (Aflkin). Aflkin
overaccumulates LHCSR3 and has higher qE levels than the WT, especially in non-
saturating light intensities (the biggest difference has been observed in cultures
exposed to 100 umol photons m*s1). In the same light intensities, the mutant also
overaccumulates, alongside the transcript of LHCSR3, also the transcripts of several
CCM genes, namely LCIA, LCIB, CAH3, CAH4 and the CCM transcriptional factor LCR1.
This mutant strain, while activating qE in lower light intensities than the WT, it had
higher Fv/Fm than the WT, as well. From growth studies, it was observed that Aflkin
showed a growth defect in autotrophic medium (HSM), since it was reaching a lower
cell density that the WT in both low and high light intensities. Additionally, the cells of
Aflkin had bigger diameter than the ones of the WT and, also, contained higher
chlorophyl content. From my studies | was driven to a hypothesis model on the FLKIN
role: FLKIN gets dephosphorylated in a PHOT-dependent manner at low light and the

dephosphorylated form mediates the suppression of LHCSR3 and the CCM.
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In order to investigate the early responses to blue light by PHOT, a second
phosphoproteomic analysis was setup. This time, the phosphoproteome of the WT
and the Aphot in dark and after 5min of exposure to blue light had been compared. |
focused on the phosphoproteins changing their abundance after the transition from
dark to blue light only in the WT. This dataset was including a diverse set of proteins
both on their cellular localisation (membranes, cytoplasm, nucleus, flagella) and on
their cellular function (signalling, transcriptional regulation, lipid biosynthesis and
others). In particular, the phosphoproteins of 3 carbonic anhydrases (CAH3, CAH6 and
CAH7), three histidine-kinase rhodopsins (Cop3, Cop6 and Cop10) and the circadian
clock regulator ROC104 were found, between others, to be controlled by PHOT,

widening the perspectives for the PHOT-regulated responses in C. reinhardtii.

MARS1, the first known component of the cpUPR response (Perlaza et al. 2019), is
increasing the abundance of its phosphopeptide notably when transitioning from dark
to blue light in the WT but not in Aphot. That led to the study of the cpUPR response
at the Aphot strain. More specifically, | observed the expression of the two highest
cpUPR responsive proteins (VIPP2 and HSP22 E/F) under oxidative stress. When H,0;
was supplemented in the medium, the expression of these genes was lower in Aphot
than the WT. However, the opposite result was observed when metronidazole was
added in the medium and, thus, H,02 was produced intracellularly in the chloroplast.
This result shows that PHOT is an important player in the transmission of the cpUPR
signal, with opposing role when the H,0; is intracellularly produced than when it is
extracellularly supplemented. It has been also showed that PHOT regulates the

induction of VIPP2 and HSP22 E/F in a blue-light independent way.
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