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Zusammenfassung

In photosynthetischen Organsimen ist die Regulation der Lichtsammlung eine Schlissel-
komponente zur effizienten Umsetzung von Licht und anorganischem Kohlenstoff in Biomasse.
In dieser Dissertation wurde das Zusammenspiel von Kurz- und Langzeitmechanismen
untersucht, die die Lichtsammelantenne am Photosystem II (PSII) im Modellorganismus
Chlamydomonas reinhardtii steuern. Diese einzellige Griinalge setzt Energie und Kohlenstoff neben
photosynthetischer CO,-Fixierung auch heterotroph um. Ein Mangel an anorganischem oder die
Verfugbarkeit von organischem Kohlenstoff fihrt zu einer UbermiBigen Reduktion der
photosynthetischen Elektronentransportkette und damit zur Uberanregung des PSIL. Durch
Kombination von molekularbiologischen und biochemischen Methoden mit physiologischen und
Chlorophyllfluoreszenzanalysen konnte in dieser Arbeit gezeigt werden, dass eine Abnahme der
funktionalen Antennengrole den Anregungsdruck auf PSII unter CO,-Mangel effizient senkte.
Insbesondere wurde deutlich, dass Translationskontrolle der Hauptlichtsammelproteine (LHCII)

protektive Kurzzeitmechanismen wie LHCII state transtitions langfristig ersetzt.

Der LHCII Translationsrepressor NAB1 stellte dabei einen zentralen Faktor fiir die Anpassung
an ein verindertes Kohlenstoffangebot dar. Durch eine verstirkte Aktivitit des nuklearen
NAB7-Promoters wurde der Repressor unter CO,-Mangel verstiarkt exprimiert. Ein verinderter
Gehalt an NAB1 in einer state transition Mutante deutete zusammen mit einer ausbleibenden
NAB1-Akkumulation nach Inhibition der Photosynthese darauf hin, dass plastidire Signale die
NABT7-Transkription im Kern steuern. Um die Promoterelemente am Ende des retrograden
Signalweges zu identifizieren wurde ein Reporterkonstrukt fiir Promoteranalysen entwickelt.
Systematische Deletionsstudien und Datenbankrecherchen resultierten im Auffinden eines

Promoterfragments von 152 Basen, das bisher unbekannte cs-regulatorische Elemente kodiert.

Weiter konnte gezeigt werden, dass moderate Verinderungen der Lichtintensitit die LHCII
Translationsrepression im Zytosol durch Redox-Kontrolle von NAB1 regulieren. Spezifische
Nitrosylierung des Cysteinrests 226 und Reduktion durch Thioredoxin hl passte die NAB1-
Aktivitit dem Bedarf an Lichtsammelproteinen an. Dies ist die erste Beschreibung eines Redox-

Mechanismus, der die Synthese von kernkodierten Proteinen der Photosynthese steuert.

Insgesamt wurden in dieser Arbeit regulatorische Vernetzungen aufgedeckt, die die
Lichtsammlung tber verschiedene Zeitrdume der Verfuigbarkeit von Licht und Kohlenstoff
anpassen sowie die Expressionskontrolle in Kern und Zytosol mit Kurzzeitmechanismen im
Chloroplasten verbinden. Es wurden so neue Einblicke in die intrazellulire Kommunikation

gewonnen, die eine optimale Absorption und Umsetzung der Lichtenergie sicherstellt.






Summary

In photosynthetic organisms, control of light-harvesting is a key component of acclimation
mechanisms that optimize photon conversion efficiencies. In this thesis, the interrelation of
short- and long-term regulation of light-harvesting at photosystem II (PSII) was analyzed in the
green alga Chlamydomonas reinhardtii. 'This model organism is able to gain carbon and energy
through photosynthetic carbon dioxide fixation as well as heterotrophic feeding. A lowered
inorganic or increased organic carbon supply reduces the rate of NADPH consumption by the
Calvin cycle, resulting in an over-reduced photosynthetic electron transport chain and increased
excitation pressure at photosystem II. A combination of molecular biology, biochemistry,
chlorophyll fluorescence and physiological analyses revealed that a reduction in functional
antenna size efficiently relieved excitation pressure on PSII under these conditions. Particularly,
translation control on PSII-associated major light-harvesting proteins (LHCII) replaced state

transitions as an initial protection mechanism in the long term.

The LHCII translation repressor NAB1 emerged as key factor implicated in the acclimation to
the prevailing carbon assimilation mode. The level of NAB1 was increased under carbon dioxide
limitation, and expression control based on modulated promoter activity. Application of a
photosynthetic electron transport inhibitor and a perturbed NAB1 accumulation in a state
transition mutant suggested that chloroplast retrograde signals control nuclear N.AB7 expression.
To further investigate this retrograde signaling, a reporter system was developed that enables
detailed promoter analyses. Systematic truncation studies identified a promoter fragment of 152
bases, which comprised essential regulatory elements and can be used as tool for the

identification of ds-regulatory elements in future studies.

Furthermore, chloroplast redox poise was shown to modulate the extent of LHCII translation
repression in the cytosol via cysteine based redox control of NABI. In response to
moderate light intensity changes, a fine-tuning system comprising specific single cysteine
nitrosylation and thioredoxin mediated re-reduction adjusted NAB1 activity to the demand
for light-harvesting antenna proteins. This is the first mechanistic description of redox based

translation control of nuclear encoded photosynthesis associated genes.

Overall, this thesis describes regulatory circuits that adjust light-harvesting capacity over a
range of time scales, involving nuclear and cytosolic expression control as well as short-term
responses in the chloroplast, and provides new insights into interorganellar communication

that ensures optimal photon capture.
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1 Introduction

Photosynthesis is the base of the food chain and provides energy used in form of fuels. As fossil
energy sources and agricultural area become limiting, there is increasing interest to enhance the
utilization of light energy both by cellular and cell-free systems. All approaches have in common
that their value directly depends on efficient photon capture and conversion. In photosynthetic
organisms light-harvesting systems evolved to efficiently absorb light and transfer excitation
energy (Buchel, 2015; Ruban, 2015). Control of the light-harvesting antenna is therefore a key

process optimizing photon conversion efficiencies.

In this thesis, molecular mechanisms behind the regulation of light-harvesting in Chlanydononas
reinhardtii were investigated. This unicellular green alga is an excellent model organism for the
analysis of photosynthesis, amongst others because of the ease of cultivation and manipulation,
sequenced genomes, an expanding molecular toolbox and the viability of photosynthetic mutants
(Elrad and Grossman, 2004; Merchant et al., 2007). Many findings are of relevance for research

on higher plants as well.

However as an ‘acetate flagellate’ (Harris, 2009), C. reinhardtii comprises key characteristics from
both the plant and animal kingdoms. The green alga is unicellular with frequent cell divisions,
motile and able to acquire light and carbon from both photosynthetic fixation of carbon dioxide
and feeding on organic carbon (Figure 1-1). C. reinhardtii harbors one cup-shaped chloroplast, in
contrast to higher plants cells with many, presumably heterogeneous plastids (Lepisto et al.,
2012). Regulation of light-harvesting, signaling and acclimation responses obviously vary from
that of higher plants. In particular, the coordination of short- and long-term responses adjusting

light-harvesting in C. reinhardtii is in the center of interest within this thesis.

flagellum
organic
carbon

nucleus

peroxisome

mito-
chondrion

light . —<—">chloroplast

Figure 1-1 The unicellular green alga Chlamydomonas reinhardtii.

Scheme of a vegetative cell with two flagella, one nucleus, peroxisomes and a reticular network of mitochondria
around the single cup-shaped chloroplast. Other organelles are omitted for reasons of clarity. Major light and carbon
acquisition pathways are indicated (bold) and depicted in Figure 1-2.
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This chapter (1) introduces mechanisms behind light and carbon acquisition (1.1), regulation of
light harvesting (1.2) and signaling networks (1.3), before the specific aims of this thesis are

defined (chapter 2).

Chapter 3 describes the development of a versatile reporter system that enables the analysis of

nuclear promoters utilizing efficient secretion of reporter proteins into the culture medium.

This system was subsequently applied in combination with molecular biology, biochemistry,
chlorophyll fluorescence and physiological analyses to analyze the multi-compartmental short-

and long-term regulation of light-harvesting under varying carbon supply in chapter 4.

Chapter 5 elucidates details of the mechanism behind redox based control of light-harvesting
protein synthesis under fluctuating light intensities involving chloroplast to cytosol signaling

pathways.

The results shown in chapters 3 to 5 were obtained in collaboration, and sections 3.2 and 4.2
were published as peer-reviewed journal articles. The authors’ contributions are described in the

respective sections.

In chapter 6, the novel findings are critically discussed against the background of retrograde
signaling networks and photosynthetic acclimation responses, and incorporated into a model

depicting strategies to regulate light-harvesting at photosystem II under varying light and carbon
supply.
Chapter 7 compiles main conclusions of this thesis answering the questions raised, and provides

perspectives for future research.
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1.1 Energy and carbon acquisition in Chlamydomonas reinhardtii

The metabolism of C. reinhardtii comprises a broad spectrum of pathways to gain and partition
energy and carbon (Johnson and Alric, 2013). The work presented here focuses on pathways

operating under light and aerobic conditions.

1.1.1 Electron transport systems convert energy

Oxygenic photosynthesis is the process of converting light into chemically bound energy by
reducing carbon dioxide to carbohydrates with electrons extracted from water (Ruban, 2015).
The photosynthetic light reaction involves four sequentially linked complexes embedded into the
thylakoid membrane in the chloroplast (Figure 1-2); photosystems (PS) I and II, cytochrome &,/
complex (cyt 4,f) and adenosine triphosphate (ATP) synthase (ATPase), connected by the mobile
carriers plastoquinone/plastoquinole (PQ/PQH,) and plastocyanin (Pc).

ﬁnter— /.0, + 2 H mitochondrion\ cytosol/
membrane H* H.O ™ H* peroxisome
space cytc acetate
ATP
UQH/UQ K AP
. acetyl-CoA
matrix tyl-CoA
dace -
NADH +
citric NAD
ADP  ATP acid >_<
cycle
0OAA MAL
\ [ CO; —
7y J
ﬁi starch —
. . OAA MAL
/ glycolysis I | gluconeogenesis
GAP
ADP  aATP GAP
NADP NAD'
ADP ATP / ADP
stroma glycolysis II
ATP
NADH
- pyruvate

lumen = ) pPc S
\ H HO 0,4+ 21 H chloroplast /

Figure 1-2 Central energy and carbon metabolism in C. reinhardtii.

Major metabolic pathways and exchange of energy and carbon between chloroplast, mitochondria, peroxisomes and
cytosol; redrawn and extended from Dang et al. (2014). Photosynthesis, gluconeogenesis, glycolysis, respiration and
acetate assimilation are outlined (1.1).

Initially, pigments in the light-harvesting complexes around PSII and I (LHCII and LHCI) get
excited by photons (Figure 1-2, yellow lightning) and transfer the excitation to the reaction center

(Croce and van Amerongen, 2014). Here, the energy is trapped through excitation of the central,
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oxidizable chlorophyll, which donates an electron into the photosynthetic electron transport
(PET) chain. Downstream of PSI, excited electrons are used to reduce NADP" (nicotinamide
adenine dinucleotide phosphate) to NADPH. Due to water splitting, proton pumping and
reduction of NADP" in the course of electron transport, a pH gradient and electric potential is
built up, with the lumen acidified and positively charged. ATPases convert this proton motif
force into chemically bound energy by releasing protons into the stroma and using the energy to

generate ATP through phosphorylation of adenosine diphosphate (ADP).

NADPH and ATP, the first forms of chemically stable stored light energy, enter the Calvin cycle
in the chloroplast stroma, where they are used to reduce carbon dioxide to carbohydrates (1.1.2).
To generate one triose phosphate from three CO, molecules, nine ATP and six NADPH are
required, thus in a ratio of 1.5:1 (Lucker and Kramer, 2013). However, linear photosynthetic
electron transport from PSII via cyt 4,/ to PSI (Figure 1-2) generates these energetic molecules in
a ratio of 1.3: 1. To meet the energetic demands of the cell, cyclic electron flow re-shuttles
excited electrons from PSI to plastoquinone and cyt 4,/ (Figure 1-2, dashed arrows), therewith
pumping additional protons into the lumen and enhancing ATP output (Alric et al., 2010; I'wai et
al., 2010a; Alric, 2014; Johnson et al., 2014). The increased pH gradient may also support the
induction of energy dependent quenching to prevent photoinhibition (1.2.2). The ratio between
linear and cyclic electron transport is fine-tuned, involving complex feedback control (Johnson
and Alric, 2012), and in particular LHCII are key components of such photosynthetic acclimation

(Bulté et al., 1990; Finazzi et al., 2002; Lucker and Kramer, 2013; 1.2.2).

Excess reducing equivalents can be released into the cytosol and imported into mitochondria via
shuttles like the malate/oxaloacetate transport system (Figure 1-2, MAL, OAA) working in
conjunction with external NAD(P)H dehydrogenases (Hoefnagel et al., 1998). The mitochondrial
electron transport chain, comprised of four complexes (Figure 1-2, I-IV) and the mobile carriers
ubiquinone/ubiquinole (UQ/UQH,) and cytochrome ¢ (cyt ¢), converts the reducing power from
carbon dissimilation (Figure 1-2, citric acid cycle; 1.1.2) and imported equivalents into a proton
motif force. The subsequently generated ATP can be exported to the cytosol via ADP/ATP
translocators and to the chloroplast through triose phosphate shuttles (Figure 1-2, TPT;
Boschetti and Schmid, 1998; Hoefnagel et al, 1998). Mito-respiratory electron transport
therewith substantially contributes to the balance of the energetic molecules NAD(P)H and ATP,
and its activity is tightly linked to electron transport in the chloroplast and carbon metabolism

(Cardol et al., 2009; Dang et al., 2014).
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1.1.2 Carbon metabolism impacts cellular energetics

C. reinhardtii is capable of accumulating biomass through fixation of inorganic carbon,
heterotrophic feeding on organic carbon such as acetate and cellulose, or both simultaneously
(Harris, 2009; Blifernez-Klassen et al., 2012). Photoautotrophic carbon dioxide assimilation
occurs in the Calvin cycle in the chloroplast stroma, with RuBisCO (ribulose-1,5-bisphosphate
carboxylase/oxygenase) catalyzing the first carbon fixation step. The subsequent reduction to
glyceraldehyde-3-phosphate (Figure 1-2, GAP) and regeneration of CO, acceptor molecules
exploits ATP and NADPH generated in the photosynthetic light reaction (1.1.1). GAP can be
converted into any other carbon backbone that is required for cell structure, metabolism or as

storage molecule (Johnson and Alric, 2013).

Starch is the preferred storage compound under nutrient replete conditions (Johnson and Alric,
2013). If carbon and energy supply is low, starch is hydrolyzed and metabolized in order to
mobilize the reserves. Interestingly, glycolysis is compartmentalized in C. reinhardtii (Figure 1-2,
glycolysis I and II). The ATP consuming part from glucose to GAP occurs exclusively in the
chloroplast, while the ATP releasing generation of pyruvate occurs in the cytosol, accounting for
a net transport of energetic molecules (Johnson and Alric, 2012; 1.1.1). In both compartments,
the intermediate oxidation of GAP to 3-phosphoglycerate is catalyzed, which releases both
NADH and ATP. The final steps of carbon dissimilation take place in the mitochondria. The
citric acid cycle breaks down acetyl-CoA into two carbon dioxide molecules, extracting the
chemical energy as ATP and reducing equivalents (Figure 1-2). The latter fuel oxidative

phosphorylation via mitochondrial electron transport (1.1.1).

During heterotrophic growth, acetate is efficiently taken up from surrounding media and used as
a source of carbon and energy (Harris, 2009). In the algal cell, it is converted into acetyl-CoA
through ATP consuming reactions (Figure 1-2); either a direct conversion via acetyl-CoA
synthetase or a two-step reaction involving acetate kinase and phosphate acetyltransferase
(Spalding, 2009). Acetyl-CoA might be dissimilated in the citric acid cycle or, prevalent under
non-stressful conditions, assimilated in glyoxylate cycle (Figure 1-2). In this NADH generating
cycle, two acetyl-CoA are converted into succinate (Figure 1-2, C4) which in turn might enter the
citric acid cycle (see above) or gluconeogenesis (Johnson and Alric, 2013). In higher plants, the
glyoxylate cycle occurs in specialized peroxisomes, the glyoxysomes, but in C. reznbardtii, the
localization of the enzymes is only partly revealed (Hayashi and Shinozaki, 2012; Hayashi et al.,
2014).

The prevailing mode of carbon metabolism influences photosynthetic electron transport. On the

one hand, inorganic carbon and acetate directly interact with PSII, influencing water oxidation
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and its susceptibility to photoinhibition (Shevela et al., 2007; Roach et al., 2013). On the other
hand, metabolites might directly serve as signaling molecules, altering expression of

photosynthetic genes in the chloroplast and nucleus (Humby et al., 2009; Dietz, 2015; 1.3).

Most important for the work presented here, carbon assimilation and partitioning depends on the
availability of reducing equivalents and ATP, and wzice versa carbon availability influences the
cellular redox poise (Geigenberger and Fernie, 2014). The biochemistry of carbon fixation is the
limiting step in photosynthesis (Ruban, 2015), and low carbon dioxide availability leads to an
insufficient regeneration of NADP" through the decelerated Calvin cycle. As electron acceptors
are limiting, the PET chain becomes over-reduced, measurable as a reduced PQ acceptor site
(Dietz et al.,, 1985) and a decreased photosynthetic quantum yield (Palmqvist et al., 1990; Falk
and Palmgqvist, 1992; Iwai et al., 2007).

In addition to an accumulation of reducing equivalents, carbon dioxide limitation increases the
demand for ATP. Below the CO, compensation point, RuBisCO catalyzed oxygenation exceeds
the rate of carboxylation, therewith activating energy consuming photorespiration (Wingler et al.,
2000). In C. reinhardtii, photorespiration is assumed to be essential but its activity is deemed rather
low, as the algal cells operate an efficient carbon concentration mechanism that locally increases
carbon dioxide concentration around RuBisCO (Moroney et al, 2013). This mechanism
comprises a system of carbonic anhydrases and active transporters (Winck et al., 2013b; Wang et

al., 2015), which in turn increases the demand for ATP under low CO, conditions.

Acetate assimilation consumes ATP as well (see above), and therefore relies on oxidative and
photophosphorylation based on enhanced respiration and cyclic electron transport (1.1.1)
(Wiessner, 1965). The glyoxylate cycle releases NADH, leading to an excess of reduction

equivalents if the respiratory chain is saturated.

Taken together, C. reinhardtii uses both inorganic and organic carbon sources and is able to deal
with varying carbon dioxide supply. Under photoautotrophic growth with saturating CO,, linear
electron flow is predominant and provides reducing power and ATP for the Calvin cycle. Under
carbon dioxide limitation, the PET chain becomes over-reduced and active carbon concentration
mechanisms increase the demand for ATP, an imbalance that is even enhanced through
simultaneous acetate assimilation. The chloroplast encounters this imbalance with increased
photophosphorylation through cyclic electron flow around PSI (1.1.1) and decreased excitation
of PSII. LHCII are key components of such photosynthetic acclimation responses, and several
regulatory mechanisms operate rapidly (1.2.2) and in the long term (1.2.3) to optimize light-

harvesting capacities.
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1.2 Light-harvesting and protection of photosystem 11

In all photosynthetic organisms light-harvesting initiates the photosynthetic light-energy
transformation (1.2.1). The rate of photosynthesis increases with light intensity until the
maximum photosynthetic capacity is reached. If the energy absorbed exceeds the photosynthetic
capacity, excitation pressure might become harmful and lead to oxidative stress (Barber and
Andersson, 1992). Reasons for such an over-excitation are a sudden rise in light intensity as well
as a slowdown of downstream processes, for example by substrate limitation (Iwai et al., 2007;

1.1.2; 1.3) or cold temperatures (Huner et al., 1998; Ensminger et al., 2000).

As a motile algae, C. reznbardtii cells adjust their positioning through oriented photo-tactic
responses to find the optimal light intensity (Feinleib and Curry, 1971). On the molecular level,
enhanced excitation of photosystems induces various responses, ranging from altered cellular
metabolism (Davis et al., 2013) and dissipation of extra reducing energy through oxygen
reduction via alternative oxidases or water-water cycle reaction (Mehler, 1951; Asada, 2000;
Cournac et al., 2002), to detoxification and repair mechanisms (Murik et al., 2014; Miret and

Munné-Bosch, 2015).

As a fundamental response, light-energy input is balanced through optimizing harvesting capacity
(Anderson et al., 1995). Various strategies evolved to balance energy supply, including a broad
diversity in structure, function and regulation of light-harvesting complexes (Biichel, 2015;
Ruban, 2015). In the following, current knowledge about the photosynthetic machinery of the
green lineage is compiled, with emphasis on light-harvesting (1.2.1) and protection (1.2.2; 1.2.3)

of photosystem Il in C. reinhardti.

1.2.1 Light-harvesting complexes at photosystem 11 initiate energy transfer

Photosystem II groups into megacomplexes consisting of multimers of PSII-LHCII
supercomplexes (Iwai et al., 2008, Figure 1-3). A PSII supercomplex has a dimeric organization,
with more than 60 proteins and around 300 chlorophylls serving two reaction centers (Croce and
van Amerongen, 2014; Drop et al., 2014a). These pigments are organized densely and in a highly
specific orientation into two moieties, the core complex where charge separation occurs and the
outer antenna that enhances the absorption surface. The PSII core antenna consists of the
chlorophyll « binding proteins CP43 and CP47, which are directly associated to the reaction
center (Figure 1-3, dark green). The minor outer antenna, formed by chlorophyll z and 4 binding,
monomeric LHCII CP29 and CP26, mediates exciton transfer to the core (Figure 1-3, magenta).
CP24, found in higher plants, is missing in C. reinhardtii and it was only recently shown that its

binding site is occupied by a trimeric LHCII termed N (naked, Drop et al., 2014a; Figure 1-3, red).
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Figure 1-3 Organization of photosystem II in the green lineage.

(A) Comparison of a PSII supercomplex from C. reinhardtii (left) and A. thaliana (right). Assignment of the subunits
in projection maps obtained from single particle electron microscopy showing PSII core (dark green), trimeric
LHCII-S (brown) and LHCII-M (brown or light green, respectively), LHCII-N (red) as well as monomeric LHCII
CP29, CP26 (magenta) and CP24 (light green). (B) Model of a PSII megacomplex consisting of three
supercomplexes in CpS2M2N; organization in C. reinhardtii. Color code as in A, left panel. Figures A and B were
adapted from Drop et al. (2014a).

Intriguingly, while the PSII core is highly conserved from cyanobacteria to vascular plants
(Nickelsen and Rengstl, 2013), the structure and regulation of the outer antenna significantly
differ in between evolutionary lineages (Biichel, 2015; Ruban, 2015). The trimeric LHCII form
the major outer antenna (Figure 1-3). Their excitation energy is assumed to be transported to the
core via the minor antenna (Kouril et al.,, 2012; Dall'Osto et al., 2014), though direct transfer to
the reaction center is generally possible (Sun et al, 2015). Similar to higher plants’
supercomplexes, one LHCII per monomeric PSII is connected strongly (S) through interaction
with the core, CP26 and CP29 and a moderately (M) bound trimer in C. reinbardsii (Figure 1-3,
brown). The latter borders the S trimer and is relatively firmly associated to CP29 as well as
trimer N in C. reinbardtii or CP24 in higher plants, respectively (Dainese and Bassi, 1991; Drop et
al., 2014a). While core and minor antenna proteins are generally found in stoichiometric amounts
to the reaction center, the amount of trimeric LHCII reaches up to three per monomeric core
(1.2.2) (Tokutsu et al., 2012; Drop et al., 2014a). The PSII antenna of C. reinhardtii with a
C,S,M,N, supercomplex is hence notably larger than the largest one found in the model plant

Arabidopsis thaliana with a C,S,M, organization (Caffarri et al., 2009).

LHCIIs are probably the most abundant membrane proteins on earth and account for
approximately 70% of the pigments involved in photosynthesis (Croce et al., 1999). The nuclear
encoded genes were among the first plant and algal genes to be cloned and sequenced (Bedbrook,
1980; Dunsmuir et al., 1982; Imbault et al., 1988). Biochemical analysis and crystallography of
plant LHCII (Kihlbrandt et al., 1994; Liu et al., 2004; Standfuss et al., 2005) revealed that one
monomer is organized into three transmembrane and two amphipathic a-helices, non-covalently
binding 18 pigments: eight chlorophyll 4, six chlorophyll 4, two luteins or loroxanthins, one 9'-¢/s-
neoxanthin and one xanthophyll cycle (1.2.2) substrate, violaxanthin or zeaxanthin (Grossman et

al., 2004).
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All LHCII belong to a superfamily of light harvesting proteins including also LHCI and LHC-like
proteins. Because they share significant homology and common architecture, a monophylic origin
is assumed (Wolfe et al., 1994). Nine trimer-forming LHCII isoforms (Teramoto et al., 2001;
Elrad and Grossman, 2004), named LHCBM1 to LHCBMY according to current nomenclature
(Minagawa, 2009), group into four types which are unrelated to the three subfamilies defined in
vascular plants (Elrad and Grossman, 2004). The roles of the different LHCBMs are not
redundant, and distinct functions regarding the absorption of light, the distribution or dissipation

of energy as well as membrane organization have been elucidated for certain isoforms (1.2.2).

1.2.2 LHCII proteins perform diverse roles in short-term photoprotection

Protective mechanisms on the level of light-harvesting decrease the excitation pressure on the
photosystems by reducing the absorption cross section and dissipate excess energy (non-
photochemical quenching, NPQ; Erickson et al., 2015; Figure 1-4). They can be classified by the
time-scale of operation (Dietz, 2015), with (1) energy-dependent quenching (qE) switching
LHCII from their light-harvesting into an energy dissipating mode within seconds; (2) the
redistribution of LHCII between PSII and PSI termed state transition (qT) within minutes and
(3) inhibition of photosynthesis (photoinhibition; ql) in the range of minutes to hours, occurring

when the rate of PSII damage exceeds the rate of repair (Niyogi, 2009).

Energy-dependent quenching is considered a major photoprotective short-term response to high
light stress (Iwai et al., 2007; Ruban et al., 2007), with ‘high light’ being undefined but generally
referred to photon flux densities of 350 to 1200 umol photons m”s™ (Niyogi, 2009). When PET
generated proton accumulation exceeds the rate of proton backflow into the stroma for ATP
synthesis (1.1.1), the thylakoid lumen acidifies, which stimulates the induction of qE (Szabo et al.,
2005; Niyogi and Truong, 2013). In consequence, LHCII dissociate from PSII and form
aggregates in which excitation energy is safely dissipated as heat (Betterle et al., 2009; Figure 1-4).
This quenching is intimately linked to energy transfer to xanthophylls, which reduces the half-life
of excited chlorophylls. Therewith less chlorophyll molecules enter the triplet state through
intersystem crossing, which prevents the subsequent formation of toxic singlet oxygen (Ruban et
al., 2007). A C. reinhardtii mutant deficient in lutein and loroxanthin is impaired in the induction
of qE by 50%, indicating a role of these xanthophylls in energy dependent quenching in this alga
(Niyogi et al., 1997). The pH-gradient triggered deepoxidation of violaxanthin to zeaxanthin in
the course of the xanthophyll cycle is of special importance for high energy quenching in higher
plants (Yamamoto et al., 1962; Niyogi et al., 1997; Havaux and Niyogi, 1999), albeit it is not clear
whether zeaxanthin contributes to qE through quenching activity or because its binding causes a

conformational change of antenna complexes (Frank et al., 1994; Johnson et al., 2011).
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A switch of antenna complexes from light-harvesting to energy-dissipating mode is likely
triggered directly through protonation of luminal amino acid residues of LHCII or LHC-like
proteins (Johnson et al., 2011; Tokutsu and Minagawa, 2013). In C. reinhardtii, LHCBM1 (Type
IV) (Elrad et al, 2002; Ferrante et al., 2012) and the LHC-like protein LHCSR3 (Peers et al.,
2009; Bonente et al., 2011; Tokutsu and Minagawa, 2013; Figure 1-4) were shown to be involved
in energy-dependent quenching, and expression of LHCSR3 is only induced under stress
conditions such as high light. LHCBMY, an antenna subunit regulated in a pattern contrasting the
other LHCII, is involved in energy dissipation under nutrient deficiency stress conditions, though
in a manner mechanistically differing from qE (Grewe et al., 2014). Interestingly, a gene product
of PSBS has hitherto not been detected under various conditions in C. reinhardtii (Allmer et al.,
20006; Bonente et al., 2008; Bonente et al.,, 2011). This non-pigmented four-helix protein of the
LHC superfamily is crucial for qE in higher plants, and is, in contrast to LHCSR3, constitutively
expressed (Niyogi and Truong, 2013). The different mechanisms of high energy quenching are
thought to cause the generally large NPQ capacity vascular plants, while qE is intrinsically low
and largely dependent on the growth condition in C. reinhardtii compared to plants (Finazzi et al.,
20006; Bonente et al., 2012). State transitions often account for the major part of NPQ in this alga

(Finazzi et al., 2000).

qE ql high PSII elevated PSII qT
exitation pressure . exitation pressure . . .
JH" 0, lumen acidification reduced PQ pool p p
heat H" H* ROS STT7 activation

Figure 1-4 Short-term responses reducing PSII excitation pressure in C. reinhardtii.

Under highly excessive excitation, lumen acidification triggers energy dependent quenching (qE) to prevent oxidative
damage and photoinhibition (qI). State transitions (qT) efficiently relieve PSII excitation pressute under moderate
light conditions. A reduced PQ pool triggers STT7 activation which in turn causes the phosphorylation dependent
detachment and migration of LHCII. The responses cannot be regarded as completely separate, but rather merging,
with qE occurring within seconds and T within minutes.

State transitions efficiently adjust the absorption cross section of photosystems I and II under
low and moderate light intensities (Bonaventura and Myers, 1969; Murata, 1969; Rintamiki et al.,
1997; Rintamiki et al., 2000; Figure 1-4), though a certain impact on high light acclimation was
recently described (Allorent et al., 2013). Upon an imbalance favoring PSII excitation (state 11
conditions), an over-reduced PQ pool (Horton and Black, 1980), or more specifically the binding
of plastoquinole to cyt b,/ (Zito et al., 1999), activates the state transition kinase STT7 which in
turn leads to the phosphorylation of specific LHCII proteins (Bennett, 1977; Fleischmann et al.,
1999; Depege et al., 2003; Lemeille et al., 2009; Lemeille et al., 2010; 1.3.1). In C. reinbardtii, up to

80% of the antenna subsequently dissociates from PSII and partially migrates to serve as an
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efficient antenna for PSI (Delosme et al,, 1996; Wientjes et al., 2013b; Nagy et al., 2014;
Takahashi et al., 2014; Unli et al., 2014; see below). The extent of LHCII binding to PSI is
currently under heavy debate, which is discussed in chapter 6 (6.3.1). However, state II transition
of LHCII enhances cyclic electron flow around PSI (Finazzi et al., 2002; Iwai et al., 2010a; Lucker
and Kramer, 2013), though both are stimulated independently (Takahashi et al., 2013). High light
intensities both inactivate the state transition kinase through a thioredoxin mediated reduction of
disulphide bonds (1.3.2) and lead to a decreased enzyme level (Lemeille et al., 2009; Puthiyaveetil,
2011; Wunder et al., 2012). Recently, also hydrogen peroxide was shown to hinder a state II
transition (Roach et al., 2015), but the mechanism remains to be elucidated. The inactivation of
the state transition kinase allows the reversion of qT' through LHCII dephosphorylation by a
permanently active phosphatase (Pribil et al., 2010; Shapiguzov et al., 2010; Rochaix, 2013).
Overall, state transitions efficiently reduce PSII absorption cross section on the short-term, and

are usually reversed within minutes to hours (Iwai et al., 2007; Lucker and Kramer, 2013).

In green algae and seed plants, different LHCII subunits were shown to have distinct and to
some extend complementary roles during state transitions (Minagawa, 2011; Pietrzykowska et al.,
2014). In C. reznbardtii, the first LHCII isoforms found associated to PSI under state II conditions
were CP26, CP29, and LHCBMS5 (type II) (Takahashi et al., 2006; Tokutsu et al., 2009). Later on,
knock down of LHCBM2/7 (type III) was shown to reduce the ability to perform state
transitions (Ferrante et al., 2012), implicating a role of these isoforms in state transitions. In a
recent approach, applying very mild solubilization of thylakoids, all four types of LHCII were
discovered at PSI (Drop et al., 2014b), interestingly with different phosphorylation patterns and
kinetics (Iwai et al., 2008; Drop et al., 2014b). Phosphorylation of LHCII type I occurs eatly
under state II conditions, and is thought to trigger the dissociation of the PSII megacomplex into
supercomplexes (Iwai et al., 2008). Both phosphorylated LHCII type I and IV remain at PSII to
some extent, similar to observations in A. thaliana (Wientjes et al., 2013a). LHCBMS5 is the only
isoform that has never been found associated to PSII, but which is part of very stable trimers
(Drop et al, 2014a) forming an ‘extra’ LHCII pool (Wientjes et al, 2013a). Upon
phosphorylation, trimers containing LHCBMS5 bind to PSI, but interestingly the opposite is
true for type III complexes (Drop et al., 2014b).

Despite the apparently strict classification of NPQ processes, high energy quenching and state
transitions are not only complementary but overlap and show mechanistic similarities (Allorent et
al., 2013; Erickson et al., 2015). Upon STT7 triggered phosphorylation, LHCSR3 co-migrates to
PSI, presumably promoting energy dissipation during antenna movement (Niyogi and Truong,
2013). Under state II conditions, detached antenna complexes forms aggregates, similar to those

typically found during qE (Ruban and Johnson, 2009; Tokutsu et al., 2009; Iwai et al., 2010b).



12 | Chapter 1 Introduction

However, both processes relieve PSII excitation pressure on the short term. If excitation pressure
remains high, long-term mechanisms involving expression control of light-harvesting proteins

come into account.

1.2.3 LHCBM translation control in the context of long-term acclimation

The regulation of LHCBM protein levels determines light-harvesting capacity on the long-term.
The absorption surfaces of both photosystems are influenced simultaneously because LHCII
serves as an efficient antenna for PSII and PSI over a range of naturally occurring conditions
(Wientjes et al., 2013b; Drop et al., 2014b). The outsourcing of genes encoding light-harvesting
proteins from the chloroplast to the nuclear genome allows a complex multilevel control of
LHCII expression (Woodson and Chory, 2008). After transcription in the nucleus and translation
in the cytosol, the apoprotein is transported into the chloroplast where it is provided with
pigments and folded into the thylakoid membrane (Figure 1-5B). Transport and retention of the
apoprotein in the chloroplast as well as folding of the complex impact LHCII abundance and are
described elsewhere (Park and Hoober, 1997; Bellafiore et al., 2002; Stengel et al., 2009; Kirst et
al., 2012; Mitra et al,, 2012). Here, emphasis is laid on expression regulation outside the

chloroplast, namely control of transcript abundance and protein synthesis.

LHCII transcription control has been studied in various photosynthetic organisms over decades,
and many factors are now known to influence transcript abundance, including circadian rhythm
(Paulsen and Bogorad, 1988; Jacobshagen et al., 1996), acetate supply (Kindle, 1987), and light
intensity (Johanningmeier, 1988; Escoubas et al., 1995; Teramoto et al, 2002; Elrad and
Grossman, 2004; Humby et al,, 2009). Despite extensive research, the signaling molecules
affecting transcription are still under debate (1.3). For some species, a rather clear picture could
be obtained. For example in the green alga Duwnaliella, the trans-thylakoid membrane potential
influences LHCII transcription on short time scales, whereas on time scales of more than eight
hours, regulation involves a kinase cascade coupled to the PQ) pool redox state (Escoubas et al.,

1995; Maxwell et al., 1995; Chen et al., 2004).

In contrast, a complex and not fully understood transcriptional and post-transcriptional
regulation on the expression of light-harvesting proteins is observed in C. reinhardtii. Under excess
light, transcription of LHCII genes is down-regulated within two hours, but mRNA abundance
reaches low light levels again after six to eight hours (Durnford et al., 2003; Elrad and Grossman,
2004). Interestingly, the repression of LHCBM transcription under elevated light occurs even
when electron transfer to plastoquinone is blocked and in the absence of both PSII and PSI,
indicating that the PQ redox state is not the dominant cue regulating LHCII mRNA levels in this

alga (Teramoto et al., 2002; Humby et al., 2009). PQ independent signaling might instead come
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into account. Light sensing via photoreceptors was shown to be involved in regulating the
mRNA level of LHC-like proteins (Gagné and Guertin, 1992; Teramoto et al., 2006), and
transcription of LHCBMO is controlled by the blue-light receptor phototropin during a transition
from darkness to very low light (Im et al., 2006). Also chlorophyll precursors such as magnesium
protoporphyrin IX are involved in light dependent retrograde signaling (Formighieri et al., 2012;
Brzezowski et al., 2014) and were shown to influence LHCBM mRNA levels in C. reinbardtii
(Johanningmeier and Howell, 1984; Johanningmeier, 1988; 1.3).

Because translation control permits a faster response than transcription regulation (Dietz, 2015),
the rather rapid changes in redox poise might be sensed and implemented on the level of protein
biosynthesis. Indeed, there is growing evidence for redox mediated post-transcriptional control in
higher plants as well as green algae (Frigerio et al., 2007; Petracek et al., 1997, McKim and
Durnford, 2006; Wobbe et al., 2008; Wobbe et al., 2009). Organellar gene expression is mainly
regulated post-transcriptionally and involves nuclear encoded proteins (Wobbe et al., 2008;
Woodson and Chory, 2008). However, factors regulating translation of light-harvesting proteins

in the cytosol are unknown for most species.

The identification of the cytosolic nucleic acid binding protein 1 (NAB1) as a repressor of
LHCBM protein biosynthesis in C. reinhardtii (Mussgnug et al., 2005) provided new insights into
translation control of nuclear encoded photosynthesis associated genes. NABI1 stabilizes
transcripts of LHCII at the preinitiation level, with a strong preference for LHCBMG, therewith
sequestering the mRNA and repressing translation (Figure 1-5). The knock out of this repressor
leads to a dark green, large antenna phenotype of the mutant, which is characterized by an
increased accumulation of light-harvesting proteins and chlorophyll content (Figure 1-5A),
although at the same time LHCBM6 mRNA levels are reduced to 30% compared to the wild-
type (Mussgnug et al., 2005). Particularly after an increase in light intensity from 40 to
200 pmol photons m” s, NAB1 mediated translation control accounts for half of the observed
decrease in LHCBMG protein level. Growth of the mutant is in consequence impaired under
moderate high light, and a decreased PSII quantum yield in the light indicates inefficient energy

transduction under these conditions (Mussgnug et al., 2005).

The NAB1 protein consists of an N-terminal cold shock domain (CSD) and a C-terminal RNA
recognition motif (RRM) domain, connected by a loop containing glycine arginine rich motifs

(GAR motif I and II) (Figure 1-5C).
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Though the combination of two RNA binding domains in one protein is found regularly, the
combination of CSD and RRM is unique; and NABI1 is furthermore the only protein with a CSD
in C. reznhardsii (Graumann and Marahiel, 1998; Mussgnug et al., 2005). NAB1 type proteins are
hitherto only found in close relatives to C. reinhardtir: C. incerta and 1olyox carteri (Nematollahi et
al., 2000; Popescu et al., 2006). While the CSD is crucial for the specific binding of NAB1 to
LLHCBM6 mRNA (Mussgnug et al., 2005), post-translational modifications within the other
domains regulate the activity of the protein, including methylation of two arginines in GAR
motif I with relatively slow dynamics and fast, redox based cysteine modifications in the RRM

domain (Wobbe et al., 2009; Blifernez et al., 2011).
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Figure 1-5 LHCBM translation repression mediated by the cytosolic RNA binding protein NAB1.

(A) Appearance of C. reinbardtii cultures carrying no (NAB1 k.o.) or modified (C181S and/or C226S) vetsions of
NABI1, compared to wild-type cells. (B) Function of NAB1 and post-translational activity regulation by arginine
methylation (Me) and cysteine modification (SX). (C) Model of NAB1 structure (Blifernez et al., 2011) with an N-
terminal cold shock domain (CSD, blue), two glycine atginine rich (GAR) mofifs (ted) and a C-terminal RNA
recognition motif (RRM) domain (green), which harbors cysteines (SH) at position 181 and 226.

The RRM domain is crucial for a fine-tuning of repressor activity (Wobbe et al., 2009). The thiol
state of the two cysteines at amino acid position 181 and 226 confers high RNA binding activity
of NABI, in consequence increasing translation repression, and cysteine oxidation decreases
binding affinity (Figure 1-5B). Replacement of the cysteines by serines mimics a reduced,
permanently active state and leads to a pale green, small antenna phenotype of mutant cultures,

with the C226S single mutation and double mutation causing a stronger phenotype than C181S

single mutation (Figure 1-5A). Under high light conditions, the smaller antenna is more efficient,
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causing an increased light to biomass conversion of a mutant that contains a constitutively

expressed C181/226S version of NAB1 in addition to the native protein (Beckmann et al., 2009).

However, the mechanism of cysteine oxidation and reduction remained to be elucidated. As the
formation of intramolecular disulphide bridges was ruled out (Wobbe et al., 2009), the reversible
addition of S-reactive groups such as glutathione or nitric oxide and redox-protein mediated re-
reduction should be considered (1.3.1; 1.3.2). The identification of modifying agents and enzymes

would provide new links to signaling pathways that control light-harvesting protein synthesis.

1.3 Interorganellar communication

Compartmentalization of eukaryotic cells requires intensive interorganellar communication, and
gene expression in the nucleus, chloroplast and mitochondria occurs highly coordinated to enable
cellular hemostasis (Woodson and Chory, 2008; Grimm et al., 2014). By definition, the nucleus
integrates retrograde signals emerging from the other organelles, and expression of nuclear
encoded photosynthesis associated genes is heavily influenced by cues from the chloroplast
(Dietz, 2015). Light-harvesting proteins are encoded in the nucleus, synthesized in the cytosol
and function in the chloroplast thylakoid membrane, allowing and demanding a complex
multilevel regulation to ensure optimal light energy input. Extensive research on signals
controlling nuclear photosynthetic genes has identified numerous candidate molecules and
pathways, but unambiguous evidence is still missing (Leister, 2012). Furthermore challenging,
though retrograde signals are used by all eukaryotes, there is only little interspecific conservation,
indicating that the pathways continuously evolve to suit the demands of the organisms (Woodson

and Chory, 2008).

Signaling pathways are highly complex and may be classified according to the severity of stress
and metabolic imbalance under which they emerge (Dietz, 2015). Stress, such as abrupt and
intense variations in light intensity or temperature, drought, and pathogens, often creates an
oxidative burden. Under these conditions, reactive oxygen species (ROS) such as singlet oxygen
and hydrogen peroxide (Figure 1-6; 'O, and H,0,) as well as metabolites of the tetrapyrrole
pathway are involved in the induction of antioxidant defense and repair systems (Suzuki et al.,
2012; Fischer et al., 2013; Brzezowski et al., 2014), but also programmed cell death may be
induced (Murik et al,, 2014; Sirisha et al., 2014). Comprehensive descriptions on retrograde
signaling under stress can be found in numerous current reviews (e.g. Foyer and Noctor, 2009;
Kleine et al., 2009; Pfannschmidt, 2010; Rochaix, 2013; Dietz, 2015). In this work, less stressful
conditions were studied, dealing with environmental changes that induce photosynthetic and
metabolic adjustment rather than severe damage. Signals which come into question include the

sensing of cellular redox poise and metabolite levels.
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1.3.1 Retrograde signals emerging from the chloroplast

It is the ‘grand design’ of photosynthesis that photosynthetic performance itself serves as signal
generator for adjustments of cellular metabolism and gene expression (Anderson et al., 1995;
Brautigam et al., 2009). Several concepts were postulated on the nature and transduction of
primary cues, from signals diffusing passively towards the site of action to signaling cascades and
controlled shuttling, which allow a more complex regulation of gene expression (Leister, 2012).
Because photosynthesis heavily impacts the cellular energetics, commonly proposed cues are
redox signals, including the reduction state of electron transport chain and cues downstream of
PSI, as well as the abundance of metabolites and end products; all thought to act in concert

(Koussevitzky et al., 2007; Brautigam et al., 2010; Dietz, 2015).

The concept of cellular redox poise mainly applies to soluble redox couples with a relatively slow
turnover of seconds to minutes. The redox state of NADPH/NADP" is directly affected by
photosynthetic electron transport (Figure 1-6; 1.1.1), while other reductants such as glutathione
and ascorbate are generally kept in a highly reduced state (Foyer and Noctor, 2009). Reducing
power is indirectly exported from the chloroplast via transport systems like the malate
oxaloacetate shuttle (Figure 1-2, MAL, OAA). If NADPH converting enzymes and transporters
are regulated, molecules affecting their activity might as well be considered as ‘true’ primary
signals (Leister, 2012). Indeed, increasing NADP" concentrations inhibit oxaloacetate reducing
activity of malate dehydrogenase, and reduced thioredoxins counteract this inhibition, allowing a
feedback and feed-forward regulation (Scheibe and Jacquot, 1983). Exported reducing power
may be exploited in other compartments directly as substrate for anabolic reactions or for the
reduction of redox proteins (Figure 1-6; 1.1.1; 1.3.2), consequently altering metabolism and

influencing nuclear gene expression (Scheibe and Dietz, 2012).

Components in the photosynthetic electron transport chain turn over on a sub-second scale with
a rapidly changing redox state (Foyer and Noctor, 2009). The redox state of the plastoquinone
pool is in the focus of numerous studies, as it sensitively reacts to environmental changes such as
light (Fey et al., 2005) or carbon dioxide and oxygen availability (Dietz et al., 1985). It is generally
accepted that the redox state of the PQ pool influences plastid gene expression (Danon and
Maytield, 1994; Pfannschmidt, 2003), while its role in the regulation of nuclear transcription is
still inconclusive (Humby et al., 2009). LHCII state transitions are clearly linked to the PQ redox
state (Figure 1-6; 1.2.2), and in A. thaliana, the state transition kinase was shown to impact long-
term acclimation processes such as the ratio of photosystem I and II (Bonardi et al., 2005;
Pesaresi et al., 2009), especially in developing seeds (Tikkanen and Aro, 2014). In C. reinhardtiz,

involvement of the state transition kinase STT7 in long-term photosynthetic regulation is less
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clear, as the knock out mutant did not exhibit any impairment under various growth conditions
unless respiration was artificially diminished (Cardol et al., 2009). More recently, the mutant was
shown to react sensitively to a sudden rise in incident light intensity (Allorent et al., 2013).
However, it remains unclear whether this phenotype is due to physiological alterations or

impaired signaling, or both.
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Figure 1-6 Photosynthetic signal generation and transduction.

Candidate cues emerging from photosynthesis and transduction pathways to other cellular compartments are shown.
Some signals may converge during transmission allowing coordinated sensing of cellular states.

Reactive oxygen or nitrogen intermediates emerge naturally in consequence of aerobic
metabolism in several cellular compartments, but severe stress implicates an oxidative burst that
might cause severe cell damage (Del Rio et al., 2003; Foyer and Noctor, 2009). Some reactive
species such as nitric oxide (NO) were shown to be involved in signaling beyond high light stress
conditions or plant immune responses (Wei et al., 2014). NO based signaling is intensively
studied in mammals, which generate nitric oxide via NO synthase (NOS) through the oxidation
of arginine to citrulline, and impaired nitrosylation is involved in the pathology of numerous
diseases (Martinez-Ruiz et al., 2012; Majmudar and Martin, 2014). In plants, nitric oxide
generation was discovered early on (Klepper, 1979), but its source remains to be unambiguously
identified (Moreau et al., 2010). Proposed enzymatic systems include nitrate reductase, generating
NO as a side reaction, and arginine dependent synthases similar to animal NOS (Corpas et al,,
2009; Xie et al., 2013; Wei et al., 2014), and chloroplasts, mitochondria and peroxisomes are
thought to evolve NO (Del Rio et al., 2003; Raghavendra and Padmasree, 2003). Regardless of
the synthesizing pathway, it is now clear that nitric oxide is involved in the regulation of
numerous genes in plants and algae, including photosynthesis associated genes (Morisse et al.,
2014; Wei et al., 2014), and signaling is mediated via direct interaction with protein metal centers

or reversible nitrosylation of cysteine and tyrosine residues (Moreau et al., 2010; 1.3.2).

Redox and metabolic control are highly intertwined and mutually dependent (Brautigam et al.,

2009; Geigenberger and Fernie, 2014). Changes in metabolism provide detailed information
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about the state of the cell over a range of time periods (Dietz, 2015) and interorganellar exchange
of metabolites allows the integration of photosynthetic performance with for instance energy and
carbon conversion in the mitochondria (Raghavendra and Padmasree, 2003; Humby et al., 2009;
Schwarzlinder and Finkemeier, 2013; 1.1; Figure 1-2). Indeed it was shown that carbon dioxide
availability influences expression of photosystem I and II reaction center subunits in , with
metabolic control being dominant to the sensing of the redox state of the PQ pool (Wormuth et
al., 2006). Commonly proposed signaling cues include metabolites of carbohydrate, lipid and

protein ana- and catabolism as well as intermediates of pigment metabolisms such as the
chlorophyll precursor magnesium protoporphyrin IX or oxidation products of PB-carotene such

as B-cyclocitral (Leister, 2012; Dietz, 2015).

1.3.2 Transduction and implementation of retrograde signals

Redox cues and metabolites are exported from the chloroplast via transport systems like the
triose phosphate and the malate oxaloacetate shuttle (Scheibe and Dietz, 2012; 1.1.1; Figure 1-2)
with the key enzymes NADPH dependent malate dehydrogenase and GAP dehydrogenase
(Hoefnagel et al., 1998; Foyer and Noctor, 2009). Such shuttles fulfill a double function, as they
both relieve electron pressure in the chloroplast and signal the reduction state to the cytosol and
nucleus (Foyer and Noctor, 2009). Here the signals may implicate post-translational
modifications of proteins, and predominantly studied in regulation of photosynthesis are

phosphorylation and cysteine modification, as well as their interplay (reviewed in Rochaix, 2013).

Phosphorylation influences protein structure, function, and localization, and is therefore involved
in adjustment of manifold cellular processes (Slade et al, 2014). The phosphoproteom of
chloroplasts is complex and intensively studied, with the phosphorylation of photosystems under
high excitation pressure (Bonardi et al., 2005) and of LHCII triggering state transitions (1.2.2) as
prominent examples. In C. reinhardtii, kinase cascades putatively transducing signals in the other
organelles are poorly understood. Fast retrograde signaling through triose phosphate shuttle and
mitogen-activated protein kinases is common in higher plants (Vogel et al., 2014). C. reinbardtii
indeed encodes six genes for mitogen-activated protein kinases (Mohanta et al., 2015), and there
is evidence for their involvement in signaling controlling lipid and carotenoid metabolism (Choi

etal.,, 2015).

The implementation of reducing or oxidizing cues has been extensively studied. Rather mild
oxidative and nitrosative species such as hydrogen peroxide and nitric oxide cause the generally
reversible oxidation of specific cysteine residues and are therefore thought to be important for

redox based signaling pathways (Spadaro et al., 2010; 1.3.1), while irreversible cysteine oxidation
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occurs under oxidative stress (Akter et al., 2015). Major reversible cysteine modifications include
thiolation and nitrosylation. Both were recently studied intensively in C. reinbardtiz, and many
proteins performing or regulating photosynthesis were found to be regulated in this manner

(Michelet et al., 2008; Zaffagnini et al., 2012; Morisse et al., 2014).

Thiolation describes the formation of disulfide bridges within and in between proteins, or
addition of smaller thiols such as the tripeptide glutathione. S-Glutathionylation was long thought
to occur as a side reaction under oxidative and nitrosative stress (Grek et al., 2013). However, the
specific S-glutathionylation of a chloroplastic thioredoxin (Michelet et al., 2005) and GAP
dehydrogenase (Zaffagnini et al., 2007) strengthens its role as an important redox modification

occurring under stress conditions (Zaffagnini et al., 2012).

Nitrosylation is well characterized in animals compared to photosynthetic organisms, but recently
increasing interest fuelled fast growing knowledge about this modification in plant systems
(Lamotte et al., 2015). The source of nitric oxide and enzymes catalyzing nitrosylation are
hitherto not clearly identified in plants and algae (Spadaro et al., 2010; 1.3.1). NO can react with
glutathione to S-nitrosoglutathione (GSNO), which might in turn be involved in trans-
nitrosylation reactions. The level of GSNO is controlled by S-nitrosoglutathione reductase (Liu et
al., 2001). As a relatively stable molecule, S-nitrosoglutathione might also function in storage of
nitric oxide (Feechan et al., 2005). Despite incomplete knowledge on how S-nitrosylation occurs,
this modification is regarded as a major regulatory mechanism, and a proteomic approach

recently identified 492 nitrosylated proteins in C. reinhardtii Motisse et al., 2014).

The removal of cysteine modifications is a key component of signal transduction as well. While
glutaredoxins reduce mixed disulphides and therefore catalyze deglutathionylation reactions
amongst others (Konig et al., 2012), thioredoxins (TRX) were shown to denitrosylate cysteines in
higher plants and mammals (Benhar et al., 2008; Kneeshaw et al., 2014). Glutaredoxins and
thioredoxins belong to the TRX superfamily of ubiquitous antioxidant enzymes which are well
known to reduce modified cysteine residues (Lemaire and Miginiac-Maslow, 2004; Koénig et al.,
2012). They are involved in the regulation of central enzymes of carbon metabolism (Serrato et
al., 2013; Daloso et al,, 2015) as well as light-harvesting via de-activation of LHCII state
transitions (Puthiyaveetil, 2011; 1.2.2), but also translation factors are targets for cytosolic redox

proteins in plants (Yamazaki et al., 2004; Rouhier et al., 2005).

C. reinhardtii encodes eight thioredoxins with specific subcellular localizations (Lemaire and
Miginiac-Maslow, 2004). Chloroplastic thioredoxins are reduced in the light by ferredoxin
dependent thioredoxin reductase, while the cytosolic isoforms, named TRX h, are reduced by

NADPH dependent thioredoxin reductase (NTR). Two cytosolic thioredoxins are found in
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C. reinhardtii with specialized, non-redundant functions (Sarkar et al., 2005), and TRX h1 is the

generally more abundant form (Lemaire and Miginiac-Maslow, 2004).

The modification of proteins influences cellular metabolism, as exemplarily described above, and
alters gene expression. Intriguingly, an increasing number of metabolic enzymes are shown to
bind nucleic acids and therewith directly impact transcription or translation (Hara et al., 2005;
Ciedla, 2006; Bohne et al., 2013), further strengthen the close linkage of metabolism and gene

expression.

The nucleus integrates signals of several organelles (Pfannschmidt, 2010). While transcript
abundance of some genes changes very fast and such eatly responses use preexisting signaling
pathways and transcription factors, transcript levels of other genes change with a delay (Dietz,
2015). Retrograde signals influence nuclear gene expression through interaction with
transcription factors in the nucleus or with proteins that migrate into the nucleus. However,
information on regulatory elements and factors controlling transcription in C. reinhardtii is rare,
and analysis of nuclear promotors helps elucidating signal perception and implementation

mechanisms.

1.3.3 Promoter studies allow analysis of chloroplast to nucleus signaling

The understanding of promoter regions in the nuclear genome of C. reinhardtii is still in its
infancy. An zn silico analysis comparing the local distribution of short sequences (Yamamoto et al.,
2007) revealed that the general structures apparently differ from those found in mammals or the
model plant A. thaliana (Wimalanathan, 2011). While in the genes of these organisms the TATA-
box or an initiator region is frequently found as crucial promoter element, the transcription start
site is proposed to be a region more generally adenine thymine rich rather than a specific
sequence motif for many C. reinbardtii genes (Kadonaga, 2012; Wimalanathan, 2011; Yang et al.,
2007; Yamamoto et al., 2007).

However, promoters with a comparatively clear expression pattern have been experimentally
investigated in this alga, and for some genes TATA-boxes or initiator like sequences as well as ¢s-
regulatory elements (CREs) could be identified. The gene of the chaperone HSP70A was
analyzed in depth, as the promoter facilitates heterologous protein expression in C. reinhardtii
(Miller et al., 1992; Lodha et al.,, 2008), and the factors that counteract transgene silencing
processes of the cell were recently identified (Strenkert et al, 2013). Interestingly, the
transcription induction of HSP70.A4 through light is mimicked by magnesium protoporphyrin IX,
and a corresponding plastid response element was found between two promoters, one of which

containing a classical TATA-box (von Gromoff et al., 2000).
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Another well-studied promoter belongs to the CAHT gene encoding a periplasmic carbonic
anhydrase. Transcription is induced under limiting CO, conditions as part of the carbon
concentrating mechanism (Spalding, 2009; Wang et al., 2011; 1.1.2). Promoter analysis revealed
enhancing and silencing CREs, and proteins interacting with two enhancer elements could be
detected via gel mobility shift assays (KKucho et al., 1999; Kucho et al., 2003). As another example,
the glutathione peroxidase homologous gene is specifically upregulated by singlet oxygen
generated by PSII during high light and CREs that confer the responsiveness to singlet oxygen
could be identified (Leisinger et al., 2001; Fischer et al., 2005; Fischer et al., 2006). Notably,
transcription starts at two alternative sites, either a TATA-box or an initiator core promoter,
which results in dual targeting of the peroxidase to the chloroplast or cytosol (Fischer et al.,
2009). Also elements responsible for light and ammonium dependence of the transcription of the

nitrate reductase encoding gene were approached (Loppes and Radoux, 2001).

For genes encoding light-harvesting proteins, the results are less clear. Hahn and Kiick (1999)
analyzed the LHCBMG6 promoter and found that a 122 bp element upstream of the translation
start is sufficient to drive transcription and only weakly responses to changes in light regime.
With the addidtional -122 to -255 bp region, the transcriptional response to light is restored,
suggesting that this part contains crucial regulatory elements. Comparison with sequences of
other light-dependent promoters suggested several CREs, but the conclusions were questioned
later on, as these elements can also be found in genes that do not respond to light (Elrad and
Grossman, 2004). Later on, the regulation of the LHCBMG6 promoter was analyzed thoroughly
and the study revealed that metabolic changes rather than the PQ reduction state signal the
demand for light-harvesting proteins to the nucleus (Humby et al., 2009). LHCBM?9 is regulated
in a manner contrasting the other LHCII subunits. Under nutrient depletion, the expression of
this isoform increased (Grewe et al., 2014), and very recently sulfur responsive elements on the
LLHCBMY promoter were approached through 7 silico and reporter studies (Sawyer et al., 2015;

see below).

Information about the promoter and expression regulation of the LHCII translation repressor
NABI is rare. Apparently, a 800 bp sequence upstream the translation start contains essential
elements, as this fragment was sufficient to drive complementation of the NAB1 knock out
mutant (Mussgnug et al., 2005). As nuclear gene expression is usually regulated on the
transcriptional level (Harris, 2009), NAB7 promoter activity is likely controlled as well.
Transcriptome studies indeed revealed changes in transcript abundance dependent on carbon
dioxide supply (Winck et al., 2013a), while a mutant with impaired tetrapyrrole signaling exhibited

only slightly altered N.AB7 mRNA levels (Formighieri et al., 2012). Such analyses reinforce the
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assumption that the repressor protein is, in addition to post-translational control (1.2.3), regulated

on the level of transcription, and the investigation of NAB1 expression is part of this thesis.

Several in silico tools are available to analyze promoters and predict ¢is-regulatory elements (CRE)
in plants, PlantCARE (Lescot et al., 2002) and PLACE (Higo et al., 1999), as well as MERCED
for octamer sequences (Ding et al., 2012). These tools indicate potential regulatory sites and
therefore help narrowing down sites of interest, as for instance exploited in the study of the

LLHCBMY promoter (Sawyer et al., 2015).

Empirical data however provides more direct insights, and many of the results mentioned in this
section were obtained by exploiting reporter constructs which mediate the expression of an easily
detected and quantified protein driven by the promoter of interest (Hallmann, 2007). Such
systems have generally been widely used for studying gene expression, as they allow a rapid and
high-throughput screening of transformants and an efficient analysis of virtually any promoter

(Roda et al., 2004; Gahan, 2012; Rosellini, 2012).

Several reporter systems were employed and refined for use in C. reinbardnii. The native
arylsulfatase was used early on (Davies et al., 1992; Hahn and Kiick, 1999), as the enzyme
catalyzes a quantifiable color-forming reaction and is naturally not expressed unless sulfur is
limiting. This system has some disadvantages though, including slowness of response,
comparatively low sensitivity and high stability of the protein (Fuhrmann et al., 2004). To counter
this, the luciferase gene from the soft coral Renzlla reniformis was used (Fuhrmann et al., 2004;
Heitzer and Zschoernig, 2007), using bioluminescence as signal. The construct was subsequently
improved applying the luciferase gene of the marine copepod Gaussia princeps optimized for use in
C. reinhardtii (Ruecker et al., 2008; Shao and Bock, 2008). The relatively small, 185 amino acids
containing Gaussia luciferase (gluc) converts the luciferin coelenterazine in a light emitting
reaction with an emission maximum at 470 nm. Most important for the use as reporter, the
emerging signal is extraordinarily bright and linear to protein concentration over five orders of

magnitude (Verhaegen and Christopoulos, 2002).

Expression of Gaussia luciferase from the nucleus allows the export of the reporter protein into
the culture supernatant, as the gene contains a secretion signal recognized by C. reinhardtii cells
(Ruecker et al., 2008). This greatly facilitates luminescence quantification as shading by algal
pigments as well as background chlorophyll fluorescence is circumvented. As the signal peptide
was not optimized for secretion by algal cells, a new reporter construct combining the gl.uc
system with a C. reznbardtii secretion signal could enhance protein export and therewith facilitate

expression analysis of photosynthesis related proteins encoded in the nucleus.
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2 Objective

Balanced light capture ensures optimal photosynthetic performance, and expression control on
nuclear encoded light-harvesting proteins (LHCII) is therefore a key element of acclimation
responses to fluctuating environments (1.2). In this thesis, the adjustment of light-harvesting at
photosystem II (PSII) and underlying intracellular communication in the model green alga
Chlamydomonas reinbardtii was analyzed using the LHCII translation repressor NAB1 as a tool. This
cytosolic protein sequesters transcripts of nuclear encoded LHCII, thus controlling
light-harvesting protein synthesis (Mussgnug et al., 2005). Detailed studies led to a working model
of post-translational NAB1 activity control by both reversible redox based cysteine modification
(Wobbe et al., 2009) and arginine methylation (Blifernez et al., 2011). However, the conditions
trigeering LHCBM  translation repression, the mechanism of redox activity control, and the
involvement of NAB1 expression control had yet to be elucidated. To understand the regulatory
network adjusting light-harvesting at PSII, uncovering the interorganellar signalling pathways

which concert short- and long-term acclimation responses is of significant importance.
In particular, the work presented here addresses the following issues:

- Under which environmental and physiological conditions does NAB1 mediated translation

control adjust light-harvesting antenna sizes?

-Does NAB1 expression regulation influence LHCII translation control in addition to

post-translational activity switches?
- Which molecular mechanisms and signaling pathways underlie the redox based NAB1 activity control?
- How do short- and long-term regulatory responses interrelate to adjust PSII light capture?
- How do chloroplast, cytosol, and nucleus communicate to coordinate light-harvesting regulation?

In order to answer these questions, methods from molecular biology, biochemistry, biophysics
and physiology were combined. The regulation of nuclear transcription of photosynthesis related
genes was examined by analyzing the NABT promoter in silico and in situ. A reporter system
developed in this work was applied to this end, and ws-regulatory regions were systematically
narrowed down. Long-term control of light capture was investigated taking transcript and protein
levels as well as growth performances of mutant C. reznbardtii cell lines into account. Chlorophyll
fluorescence analyses revealed information about short-term responses, PSII light-harvesting
antenna size and photosynthetic electron flow. Eventually, the novel findings were integrated into
a model depicting distinct PSII excitation pressure states in response to light and carbon

availability and a sophisticated multi-level regulation which adjusts photosynthetic light capture.
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3 A versatile reporter system to analyze nuclear promoters

in C. reinhardtii

3.1 Significance

The majority of photosynthesis associated proteins are encoded in the nucleus (1.3). Organellar
and nuclear gene expression needs to be coordinated, and there is ongoing research on how
retrograde signals emerging from the chloroplast control promoter activity in the nucleus (1.3.3).
In order to facilitate the analysis of nuclear promoters in C. reznbardtii, a vector system was
developed with a codon optimized Gaussia luciferase gene driven by the promoter of interest,
which enables efficient secretion of the reporter protein. This allowed rapid screening of
transformant cell lines and promoters analysis. The results were obtained in collaboration as

outlined below, and published in Lauersen et al. (2013).

3.2 Publication 1
Efficient recombinant protein production and secretion from nuclear

transgenes in Chlamydomonas reinhardtii

Authors

Kyle J. Lauersen, Hanna Berger, Jan H. Mussgnug, and Olaf Kruse.

Bielefeld University, Faculty of Biology, Center for Biotechnology (CeBiTec),

Universitatsstrasse 27, 33615, Bielefeld, Germany.

published in

Journal of Biotechnology 167:101-110 (2013)

Author contributions

The experiments were designed by Kyle J. Lauersen, Hanna Berger, Jan H. Mussgnug, and
Olaf Kruse.

The experiments were performed by Kyle J. Lauersen and Hanna Berger. Kyle J. Lauersen
coordinated the work and was responsible for the genetic engineering of the C. reinhardtii strains,
screening, and identification of the mutants presented in this work (Figures 3-1 and 3-2).
Kyle J. Lauersen also performed the adaptation of bioluminescence (Figure 3-3) and dot-blot
analyses (Figure 3-4B). Hanna Berger performed the demonstration of recombinant protein
accumulation by gel electrophoresis and immunoblot analysis (Figures 3-4A and 3-5), and was

responsible for nickel affinity chromatography (Figure 3-0).
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Data was analyzed and interpreted by Kyle J. Lauersen, Hanna Berger, Jan H. Mussgnug, and Olaf
Kruse. The manuscript was written by Kyle J. Lauersen, Hanna Berger, Jan H. Mussgnug, and
Olaf Kruse.

Abstract

Microalgae are diverse photosynthetic microbes which offer the potential for production of a
number of high value products (HVP) such as pigments, oils, and bio-active compounds. Fast
growth rates, ease of photo-autotrophic cultivation, unique metabolic properties and continuing
progress in algal transgenics have raised interest in the use of microalgae systems for recombinant
protein (RP) production. This work demonstrates the development of an advanced RP
production and secretion system for the green unicellular model alga Chlanzydomonas reinhardtiz. We
generated a versatile expression vector that employs the secretion signal of the native extracellular
C. reinbardtii carbonic anhydrase for efficient RP secretion into the culture medium. Unique
restriction sites were placed between the regulatory elements to allow fast and easy sub-cloning of
sequences of interest. Positive transformants can rapidly be identified by high-throughput plate-
level screens via a coupled Gaussia luciferase marker. The vector was tested in Chlamydomonas wild
type CC1883 (wt) and in the transgene expression transformant UVM4. Compared to the native
secretion signal of the Gaussia luciferase, up to 84% higher RP production could be achieved.
With this new expression system we could generate transformants that express up to 10 mg RP
per liter culture without further optimization. The target RP is found exclusively in culture
medium and can therefore easily be isolated and purified. We conclude that this new expression
system will be a valuable tool for many heterologous protein expression applications from C.

reinhardti in the future.
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Introduction

The study of genetic modification has come far from the first understanding of chemical and
radiation induced mutagenesis (Auerbach and Robson, 1944; Demerec and Latarjet, 19406;
Witkin, 1947) and the first successful transformation of a foreign vector into a bacterial host
(Cohen et al., 1973) to the current wealth of knowledge available to researchers. Since the advent
of foreign protein production in Escherichia coli (Itakura et al., 1977) the idea-scape surrounding
RP expression has exploded into a vibrant mosaic of host organisms, targets, and strategies.
Today, recombinant expression systems exist for species from most kingdoms while
transformation strategies and host ranges are accelerating rapidly with the advent of flexible
synthetic DNA technologies. Chimeric gene expression techniques are valuable for functional
analysis of cellular mechanics, modifying traits of host organisms, and the production of high
value bio-products. Genetic manipulation is possible in many bacterial (Terpe, 2006; Sahdev et
al., 2008), mammalian (Chu and Robinson, 2001; Schmidt, 2004), plant (Fischer et al., 2004;
Manuell et al.,, 2007), insect (Ikonomou et al., 2003), yeast (Porro et al., 2005), and fungal
(Talabardon and Yang, 2005) systems.

Bacterial hosts are widely used for RP production (Terpe, 2006), however, lack eukaryotic post
translational modification capabilities and may require complicated processing steps to handle
purification of proteins from inclusion bodies (Sahdev et al., 2008). Yeast based systems present
an interesting alternative to prokaryotic expression systems, demonstrating basic eukaryotic
machinery, known genetics, ease of handling, and the capacity for protein secretion (Porro et al.,
2005). However, yeasts maintain species specific post-translational modification and secretion
mechanisms often result in insufficient protein yields (Porro et al., 2005). Insect cell expression
systems also maintain variable post-translational modification properties and can be limited by
costs and technical difficulties of scale-up as well as the inherent lytic nature the baculovirus-
based system (Ikonomou et al., 2003). Although fungal systems are generally good at production
of fungal enzymes, inherent high concentration of proteases and technical limitations in scale-up

have limited this system as an expression host to a few targets (Punt et al., 2002).

Posttranslational modifications (PTMs), specifically, nitrogen (IN-) and oxygen (O-) linked
glycosylation motifs are of great importance to RP production due to the effect these motifs have
on biological and immune activity /z vivo (Gomord et al., 2010). In order to develop similar
glycosylation to native human patterns, which control bio-compatibility and bio-activity of
therapeutic protein targets, many therapeutic RPs are produced in mammalian cell lines. Some
commonly employed cell lines include baby hamster kidney (Schmidt, 2004), Chinese hamster
ovary (CHO) and mouse mutine myeloma lines SP2/0 and NSO (Chu and Robinson, 2001).
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These systems have drawbacks of low protein yields and expensive cultivation often requiring
complex media containing serum and growth factors, although serum-free media are becoming

common (Chu and Robinson, 2001).

Plant based expression systems have emerged as a platform for RP production, specifically
therapeutic proteins (Fischer et al., 2004). So-called molecular farming leverages the high biomass
yields of crop plants with potentials of creating edible biologics for applications such as

vaccination (Yu and Langridge, 2003).

Of the plant based cell systems, unicellular microalgae have recently gained interest as hosts for
RP production due to their relatively rapid growth rates in comparison to plant expression
systems, favorable transformation turnaround time, ease of containment, scalability, as well as
inexpensive cultivation in simple media close in composition to water (Franklin and Mayfield,
2004; Maytield et al., 2007; Specht et al., 2010). Of the eukaryotic microalgae, the photosynthetic
model organism Chlamydomonas reinbardtii is largely targeted for genetic manipulation strategies.
The genus Chlamydomonas has a long history of functional mutation studies as a model
photosynthetic organism (Lewin, 1952). Coupled with ease of C. reinhardtii transgene insertion
(Kindle, 1990) and fully sequenced nuclear, chloroplast, and mitochondrial genomes (Specht et
al., 2010), this microalgae is an attractive species for RP technologies. To date, viable RP
production has focused on chloroplast transgene expression in C. reimbardtii (Bateman and
Purton, 2000) as the plastid genome is amenable to efficient homologous recombination, has well
described regulation of gene expression (Herrin and Nickelsen, 2004), and has demonstrated
protein yields up to 5% of total soluble protein (TSP) (Manuell et al., 2007). In contrast, nuclear
gene expression in C. reinhardtii has demonstrated comparably low yields of target RPs. Through
mutagenesis strategies a strain of C. reznbardtii has been engineered which is able to reach 0.2%
TSP from nuclear gene expression (Neupert et al., 2009), however, this pales in comparison to
chloroplast based strategies. Indeed over the last ten years a great deal of information has been
elucidated regarding the regulation of nuclear transgene expression in this organism, such as the
requirement for codon optimization to match the ~62% GC content of the C. reinbardtii nuclear
genome (Ruecker et al, 2008; Shao and Bock, 2008). Optimized promoter sequences and
organism specific regulatory elements have also been identified (Schroda et al., 2000), and some
reports have demonstrated that nuclear gene expression can be further improved by masking the
sequence to be expressed in introns of native genes (Lumbreras et al., 1998; Eichler-Stahlberg et

al., 2009).

A common strategy in industrial RP production is targeted secretion of RPs to the periplasmic or

extracellular space (Fischer et al., 2004; Schmidt, 2004; Porro et al., 2005). It is considered that
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protein localization into the periplasmic space has reduced exposure to protease activity, less
inhibitory feedback to gene expression processes, and can allow continuous cultivation in
perfusion-style bioreactors. Proteins that are secreted through the ER and Golgi exocytosis
pathway are also subjected to PTMs (Kukuruzinska and Lennon, 1998; Doran, 2000; Punt et al.,
2002; Porro et al., 2005; Eichler-Stahlberg et al., 2009). Although not confirmed by other reports,
a recent report has claimed that C. reznbardtii contains sialylated N-glycans similar to mammals, a
feature not found in other plant expression systems (Mamedov and Yusibov, 2011). As PTMs are
not performed on proteins produced within the chloroplast (Mayfield et al, 2007), the
production of nuclear encoded genes targeted for secretion may provide a means of increasing

protein production as well as new avenues for RPs depending on target PTM motifs.

In light of developments in synthetic biology, we constructed an expression vector de novo from
known regulatory elements for C. reznbardfii nuclear gene expression (Heitzer and Zschoernig,
2007). Certain markers have been demonstrated with a capacity for secretion outside of the C.
reinhardtii cell (Ruecker et al., 2008; Shao and Bock, 2008; Eichler-Stahlberg et al., 2009). We
postulated that the replacement of predicted secretion signal of the marker luciferase protein
trom Gaussia princeps (¢gluc) with that of a native C. reimbardtii extracellular enzyme carbonic
anhydrase 1 (CAH1) (Fukuzawa et al., 1990) would improve transgene localization to the culture
media and perhaps RP abundance. This manuscript outlines the combination of synthetic
biology, plate level protein abundance assay and RP quantification strategies used to demonstrate

robust nuclear gene expression and extracellular localization from transformant C. reinhardtii cells.

Materials and methods

Vector construction

To create vector pgLUC, the sequence of plasmid pHsp70A/RbcS2-cgluc (Fuhrmann et al.,
2004; Heitzer and Zschoernig, 2007) between the restriction endonuclease sites Sad and Kpnl
was modified 7z silico to contain a codon optimized version of the Gaussia princeps luciferase (gl.uc)
marker with C-terminal Lo/ium perenne ice binding protein (Sidebottom et al., 2000; Middleton et
al., 2012) (LpIBP) and hexa-histidine tags. Unique restriction digest sites were inserted between
each regulatory and gene element. The sequence of Bg/lIll was inserted in the coding region
immediately after the gl.uc predicted N-terminal secretion signal determined by SignalP server
(Petersen et al., 2011). The entire cassette was synthesized by GeneArt (Life Technologies) via
oligonucleotide annealing. This 1.8 kb fragment was sub-cloned into vector pJR38 (Neupert et
al., 2009) between restriction endonuclease sites Spel and PshAI to incorporate its paromomycin
resistance cassette. DNA was digested with FastDigest” restriction endonucleases, run on a 2%

agarose gel at 120 V for 35 min and visualized with SYBR® Safe DNA Gel Stain (Life
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technologies). Purified linear fragments were ligated with Quick T4 DNA Ligase (NEB) and

transformed into Dh5a Escherichia coli cells by heat shock.

Vector pdCAgLUC was designed to contain the C. reimbardtii carbonic anhydrase 1 (Fukuzawa et
al., 1990) (CAH1) secretion signal (¢(CA) in place of the predicted secretion signal of the gl.uc.
The «CA sequence was amplified by polymerase chain reaction (PCR) using the primers FW
5' 2attcatatgGCGCGTACTGGCGCTCT 3!, RV 5" aattagatct AGCCTGCGCGCAGC 3' from
a CAHI1 containing plasmid template. PCR was cycled with: 95 °C for 2:00 min, 35 cycles of
95 °C for 30's, 68 °C for 30 s, 72 °C for 15 s, followed by 72 “C for 8:00 min. Reactions resulted
in a single visible band of approximately 60 bp that was processed as above. This fragment and

pglLUC, were digested with Ndel and Bg/ll and processed through to ligation as above.

Vector pNSgLUC was created through amplification of the codon optimized gluc sequence
omitting its N-terminal targeting region by PCR using the vector pgLUC as template with the
primers FW 5" aattcatatg AAGCCGACGGAGAACAACGA 3', RV rv
5" aattgatatc CGTATCGCCGCCAGCGC 3. PCR was performed as above with an extension
time of 30 s. The amplified DNA fragment was then subcloned into pgl.UC in place of the gl.uc
fragment as above between the restriction endonuclease sites Ndel and EwRV. All vector

sequences were confirmed through sequencing by Seqlab (Gottingen, Germany).

C. reinbardtii strains, cultivation, and transformation

Wild type C. reinbardtii CC1883 (Chlamydomonas resource center, St. Paul, MN, USA) and strain
UVM4 (Neupert et al., 2009) were both cultivated for this work. Unless otherwise indicated,
strains were cultivated in Tris acetate phosphate (Hutner et al., 1950; Gorman and Levine, 1965)

(TAP) or TAP,,,, media under continuous light regimes of 150 uE m™s". Prior to transformation,

agar
vectors were linearized with Spel and Kpul restriction endonucleases and purified using
peqGOLD Gel Extraction Kit (Peqlab) following manufacturer’s protocols. Approximately 3 ug
of vector DNA was used in each transformation by glass beads conducted as previously

described (Kindle, 1990). Transformations were plated on TAP,, with 10 mg L." paromomycin

agar
under continuous light for seven days until antibiotic resistant colonies were visible. Primary
transformants were picked from plate and transferred to a 15 cm plate of the same media so that
each colony was placed in an orientation allowing 96 independent colonies per plate (Fig. 2A-C).
Replicate plate generation was performed with common 96 element stamping tools. Generally,

colonies were allowed to grow for at least one week prior to assay or replicate plating to allow

appropriate biomass accumulation.
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Bioluminescence assay

Assay of gl.uc marker protein expression was conducted using buffers and coelenterazine at
concentrations previously described (Shao and Bock, 2008). To conduct TAP,,, plate level
luminescence assessment, three replicate plates of both CC1883 and UVM4 transformant
libraries for each vector were generated. Each plate was left in the dark for at least 5 min to
prevent autofluorescence interference. Dark adapted colonies were covered with 0.01 mM
coelenterazine in assay buffer (Shao and Bock, 2008) and visualized for 1 min in the FUSION
FX7™ bioluminescence imaging camera (Peglab) with native software. Intracellular expression
could be similarly visualized using 0.1 mM coelenterazine solution with 5 min exposure. Images
were compared for each replicate plate to determine colony luminescence patterns. Four colonies
demonstrating consistent and robust luminescence were isolated from libraries and cultivated
separately. After one week of growth, selected transformants were screened as above for
luminescence signal on a single plate. The transformant demonstrating the most robust
luminescence signal was selected for further analysis. In total, one transformant strain of both

UVM4 and CC1883 containing each vector were isolated for further analysis.

Quantification of recombinant protein from media

Liquid cultures of each mutant were cultivated in 100 mL. TAP media and allowed to reach the
late logarithmic phase (9.0x10° cells mL." CC1883, 2.3x10" cells mL." UVM4). 100 mL of culture
was centrifuged at 10,000 g and supernatant decanted. The supernatant (culture medium) was
then run through a 0.2 um syringe filter to remove cell debris and frozen in liquid nitrogen.
Media was subjected to Lowry assay (Bio-Rad, CA, USA) using lysozyme and BSA as standards,
to estimate total extracellular protein. Opaque 96 well micro titer plates were set in a dilution
series with a standard commercially available Gaussia luciferase (PJK Shop, Germany). The
recombinant luciferase was resuspended to a concentration of 1 mg mL" in distilled water and
then diluted to 0.01 mg mL" in TAP media prior to assay. Dilutions in micro titer plates were
conducted with luciferase assay buffer (Shao and Bock, 2008). Isolated culture media was thawed
on ice and pipetted in dilution series in the same manner as recombinant standard. 0.01 mM
coelenterazine in assay buffer was pipetted into each lane using a multi-channel pipette and
samples were visualized in the FusionFX camera with 30 s exposure times. Relative luminescence
was quantified using Biold software (Vilber Lourmat). Recombinant gluc of 0.01 mg mL"

(0.49 uM) was set as 100 %. All assays were conducted a minimum of three times.
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Confirmation of vector insertion polymerase chain reaction (PCK)

Transformant colonies demonstrating both growth on paromomycin containing media and
bioluminescence signals were assumed to contain genes of interest, however, a conformational
PCR was also performed. DNA was isolated from strains of interest via the chelex method (Cao
et al, 2009) and 1pl of resulting supernatant was used in PCR with the primers FW
5" AAGCCGACGGAGAACAACGA 3', RV 5' GGCGTCGGTCACCACCT 3'. 1 uL. (~5 ng) of
pglLUC vector DNA was used as a positive control, 1 ul ddH,O was used as a negative control.

PCR was performed as above with 45 s extension time.

SDS-PAGE and Western blot analysis

50 mL of culture media was lyophilized and resuspended in distilled water to a 10x concentration.
Samples were centrifuged for 3min at 5000 xg to remove insoluble fraction. 7 ul. of
concentrated media was supplemented with the same volume 2x SDS sample buffer (120 mM
Tris, pH 6.8, 4 % SDS, 20 % glycerol, 60 mM DTT) prior to loading onto sodium dodecyl
sulphate polyacrylamide gel for electrophoresis (SDS-PAGE). Samples were separated by Tris-
Glycine-SDS-PAGE  and blotted on nitrocellulose membranes (GE  Healthcare).
Immunodetection of gluc was performed with an anti-gluc antibody (NEB, MA, USA) as
described by the supplier using enhanced chemiluminescence (ECL; GE Healthcare).
Recombinant gl.uc (PJK Shop) served as positive control. Coomassie Brilliant Blue was used as

equal loading control.

Media was subjected to dot blot analysis for RP quantification. 1 uL. of pure culture media
isolated as above was dotted in three technical replicates on a nitrocellulose membrane. Standards
of recombinant Gaussia luciferase produced in Kiunyveromyces lactis (generously provided by Avidity,
CO, USA) were diluted and added to the membrane to protein quantities shown.
Immunodetection was performed as above. For intracellular recombinant protein assessment,
8 mL of late logarithmic phase culture from each strain was centrifuged at 5000 x g, supernatant
decanted and cells resuspended in 100 pL distilled water before snap freezing in liquid nitrogen.
7 ul. of cell lysate were mixed with 2x SDS sample buffer before SDS-PAGE and blotting as

above.

Nickel affinity chromatography

50 mL of culture media was lyophilized and resuspended in 5 mL affinity buffer (50 mM sodium
phosphate buffer pH 8, 1 mM pefabloc (Roth), no imidazole). An insoluble fraction was left after
centrifugation and 0.8 mL of Ni-agarose resin (Qiagen) was mixed with 4 mL of media solution

under slow rotation at 4 °C for 60 min. Wash and elution buffers contained 300 mM NaCl. Two
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washes of 10 mL containing no imidazole were performed. Elution fractions of 1 mL contained
imidazole concentrations of 10, 20, 50, 100, 150, 200, and 250 mM, named E1-7 respectively.
180 uL. of each sample was subjected to bioluminescence assay with 20 uL. of 0.01 mM
coelenterazine as above and recombinant gl.uc was used as a control. Residual samples were
precipitated via chloroform/methanol protein precipitation (Wessel and Fligge, 1984) prior to

preparation for SDS-PAGE and Western blot analysis as above.

Results

In this study, three vectors were designed and constructed with the aim of establishing a system
capable of efficient expression and secretion of RPs from the nuclear DNA of Chlamydomonas
reinhardtii. After design and construction, the vectors were transformed into the nuclear genome
of C. reinhardtii wt strain CC1883 and strain UVM4, which is a cell line characterized by generally
increased levels of RP expression (Neupert et al., 2009). A total of 576 paromomycin resistant
transformant cell lines were isolated for the wt and 672 for UVM4, respectively. The

transformant libraries were maintained on plates for further analysis.

Concept of the vector design

A vector concept was devised that would meet the goal of nuclear transgene expression and
secretion as well as demonstrate flexibility for future applications. For this concept, Gaussia
luciferase was selected as the reporter since it has been previously shown that gl.uc has the
potential for strong bioluminescence and in addition can localize outside of the cell when
expressed from the nucleus of C. reinbardtii (Ruecker et al., 2008; Shao and Bock, 2008). An
existing vector with robust gl.uc expression from C. reinhardtii nuclear transformation (Fuhrmann
et al., 2004; Heitzer and Zschoernig, 2007) was used as the sequence template to create the gene

expression cassette of the vectors in this study (Figure 3-1).

These vectors were designed to exhibit unique restriction digest sites between each regulatory
element, including the predicted N-terminal targeting sequence of gl.uc, to allow future flexibility
in gene expression studies. pNSgLUC was designed and constructed to not contain any secretion
signal (Figu 1, A), therefore, allowing nuclear gene expression and intracellular accumulation of
the recombinant target proteins. pgLUC (Figure 3-1B) contains the native gl.uc secretion signal
with the addition of a restriction site after this feature. pdCAgLLUC was created by replacing the

N-terminal targeting sequence of the gluc with the «CA targeting sequence (Figure 3-1C).
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Figure 3-1 Schematic representations of the expression vectors created in this work.

The specific DNA inserts (inserted into vector backbone pJR38) are shown and the unique restriction enzyme cut
sites placed between the regulatory elements are indicated.

(A) Vector pNSgLUC, comprising the codon optimized gluc (Ruecker et al., 2008) reporter gene with removed
secretion signal. (B) Vector pgl.LUC, comprising the full-length codon optimized gl.uc coding sequence, including the
native secretion signal. A Bg/ll restriction site was added between nucleotides coding for amino acids 17 and 18 to
allow further sub-cloning. (C) Vector pdCAgLLUC, comprising the codon optimized gl.uc coding sequence, in which
the native secretion signal of gluc was substituted with the 20 amino acid secretion signal from the C. reinbardtii
CAH1 enzyme. (H) HSP70A promoter; (R) RBCS2 promoter; (i) RBCS2 intron; (c) Secretion signal of carbonic
anhydrase 1; (gl.uc) Codon optimized Gaussia luciferase; (6xHis) Hexa histidine tag; (3°) 3" untranslated region of the
RBCS2 gene; (APHVIII) Aminoglycoside 3'-phosphotransferase.

Spel A EcoRl PshAl Kpnl

6xHis
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Growth characteristics of transformant cell lines

Four transformant lines were selected for each vector and parental strain to determine culture
growth characteristics. The selected lines demonstrated similar growth compared to parental
strains in mixotrophic conditions. The average culture density at stationary phase for wt CC1883
is approximately 9.1x10°cells mI." and for UVM4 2.2x10" cells mL". This difference in culture
density is related to the cell size of each strain, with CC1883 demonstrating large round cells
approximately 10 pm in diameter compared to 4-6 um for UVM4 in TAP media. No significant
difference is observed in culture biomass accumulation between the two strains (not shown),

indicating vectors and RP production do not hinder cell viability.

Qualitative bioluminescence plate assays

The functionality of the vectors was assessed via bioluminescence plate assays. No luminescence
signal was detectable from parental strains of C. reinbardtii in the experimental setup used in this
study, either in media samples or at plate level. For all three vectors used, transformants could be
identified showing clear bioluminescence signals after coelenterazine addition (Figure 3-2A-C).
Bioluminescence signal and intensity varied in-between individual transformants, most likely
depending on the level of integrity of the inserted plasmid and/or the locus of insertion.
Although variable bioluminescence signals were observed from transformant colonies of all
vectors in plate level library screening, we noticed a general tendency for luminescence signals

from colonies on pdCAgLUC library plates (Figure 3-2C) to exhibit stronger luminescence
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compared to pgLUC counterparts (Figure 3-2B) with equal exposure times. Relative luminesce
signals observed from colonies were used to identify the four apparently highest expression lines
from each plate, which were then selected for secondary screening (Figure 3-2D-F). Of these
four, the transformant for each vector demonstrating the most robust bioluminescence signal

was selected for further analysis.

Figure 3-2 Bioluminescence plate assays of cell lines isolated after transformation of the respective
expression vectors.

Bioluminescence signals were monitored from transformant colonies growing on solid plates after addition of the
gluc substrate coelenterazine.

(A) Intracellular bioluminescence signals of transformants carrying vector pNSgLUC. (B) Extracellular
bioluminescence signals of transformants carrying vector pglLUC. (C) Extracellular bioluminescence signals of
transformants carrying vector pcCAgLLUC. (D-F) Relative bioluminescence assessment for selected transformants
from plates (A-C), respectively.

When wt or UVM4 cells were transformed with vector pNSgLUC, bioluminescence was detected
within the cells. Since the native secretion signal from the Gaussia luciferase was removed in this
vector, this result indicates that the luciferase is expressed within the positive transformants, but
not secreted and therefore resides within the cell. When instead vectors pglLUC or peCAgLUC
(including the secretion signal from the G. princeps luciferase or the C. reinbardtii carbonic
anhydrase, respectively) were used for transformation, bioluminescence could be detected within
the medium surrounding the transformants. These qualitative results indicated that all three
vectors were functional and caused RP expression. Furthermore, the addition of either secretion

signal within the amino acid sequence led to effective secretion of the reporter protein into the

medium.

Semi-quantitative bioluminescence assay of liquid medinm

The bioluminescence plate assays offer the advantage to rapidly screen large numbers of
transformants, however, quantification of the individual signal intensities proved to be difficult.
To compare the efficiencies of protein secretion mediated by the vectors pglLUC or pdCAgLUC, a
semi-quantitative assay with liquid medium was applied. Transformants of both Chlamydononas
CC1883 and UVM4 were analyzed. As shown in Figure 3-3, replacing the predicted secretion

signal of the Gaussia luciferase with the «(CA N-terminal targeting sequence strongly increased the
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detected bioluminescence in the liquid media in both strains by ca. 84% (Figure 3-3), indicating
consistently higher protein secretion into the culture medium when the «CA secretion signal was

used.

Figure 3-3  Semi-quantitative biolumi-
nescence assays of cell-free supernatant
from liquid culture of wt or UVM4
transformants.

Individual cell lines were cultivated, samples
harvested from stationary phase cultures, cells

removed by  centrifugation and  the
& bioluminescence assessed after addition of 0.01
” mM coelenterazine.
* (A) Dilution assays (1x - 1:20 dilutions) of
jz liquid media of wt and UVM4 transformants
. are depicted. (B) Graphic representation of the

Luminescence (%)

relative luminescence signals, a commercial
gluc protein standard (0.01 mg mL-') was set

o | — as 100%. (-) Medium from parental strain; (gl.)
9L WT cCA gL UVM 4CCA + Medium from pglLUC transformants; (cCA)
Medium from psCAgLUC transformants. (M)

% | a4 | 28 | 14 | s | 100

TAP media (+) gluc protein standard.

Recombinant protein quantification

The luciferase-mediated bioluminescence signal can be influenced by many factors, therefore
accurate protein quantification via luminescence signal comparison from a standard may be
inaccurate. For RP quantification, SDS-PAGE and dot blot Western analyses were applied using
an anti-gluc antibody (Figure 3-4). Media samples of logarithmic phase cultures demonstrate
total protein contents between 0.5 and 0.8 mg mL"' by Lowry analysis (not shown). A gluc
specific signal could be detected slightly below 55 kDa for both parental strains for the
peCAgLUC transformants in SDS-PAGE Western blots (Figure 3-4A,B). Again, the signal for
pel.UC appeared to be weaker, especially when wt CC1883 was used as the parental strain (Figure
3-4A).

Dot-blot quantification demonstrated that wt cells expressing the «CA fusion protein produced
up to ~1.5 mg of RP per liter, whereas UVM#4 strains reached values of up to 10 mg L. without
further optimization (Figure 3-4B). UVM4 for both constructs expressed RPs 70% greater than
CC1883 (Figures 3-3B and 3-4B). RP accumulation is partially dependent on cell
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Figure 3-4 Detection (A) and quantification (B) of extracellular RPs in the culture media of individual wt
or UVM4 transformant cell lines.

(A) Secreted RPs detected with an anti-gluc antibody after SDS-PAGE and Western Blots (top panel). Signals
specific for gluc were detected at an apparent molecular weight just below 55 kDa. (CBB) Coomassie Brilliant Blue
loading control. (B) Quantification of protein signals (triplicates) by dot blot analysis to assess production and
secretion efficiency of wt and UVM4 transformants. Quantification from 1 ul culture medium relative to gluc
standard (+, ng recombinant protein). (-) Represents sample from the respective parental strain; (gl) Represents
sample from pglLUC transformants; (cCA) Represents sample from pcCAgLUC transformants.

density (cells mL") due to the constitutive HSP70-RBCS2 promoter, however, the greater cell
density of UVM4 compared to CC1883 does not entirely account for the observed increased
protein accumulation, in agreement with results of previous studies (Neupert et al., 2009). For
biotechnological interest, UVM4 far outperformed CC1883 in batch production per unit time

accumulating both more cells and RP per liter culture.

Elfficiency of the recombinant protein export

Intracellular accumulation of RP within the cells can lead to severe problems for the production
host. Therefore, it was important to determine the relative protein export efficiencies for the two
vector systems capable of RP secretion (pgl.UC and pcCAgLLUC). The recombinant gl.uc protein
used in this study (tagged with IpIBP and hexa-his) is predicted to be 31.25 kDa. When cell
extracts of wt and UVM4 pNSgLUC-transformants were investigated via Western blotting with a
commercial anti-gluc antibody, a clear signal at ~39 kDa was detected, representing intracellular

accumulation of the RPs in this cell line (Figure 3-5, NS, black arrows).

The shift of the apparent size detected in the SDS-PAGE compared to the theoretical size could
indicate some form of post-translational modification or simply be the consequence of
incomplete protein denaturation. In contrast to the pNSgLUC-transformants, no signal specific

for the RP was detected in cell extracts of pgl,LUC and p«CAgLUC transformants, indicating
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Figure 3-5 Assessment of intracellular accumulation of RPs.

SDS-PAGE and anti-gluc Western blots were performed with isolated cell extracts from wt and UVM4
transformants of vectors pNSgLLUC (NS), pglLUC (gL), pcCAgLLUC (cCA). (-) Represents cell extracts of the
parental strain (wt or UVM4). Black arrows indicate gluc specific intracellular signal in pNSgLLUC transformants at
an apparent molecular weight of ~40 kDa, open arrows indicate unspecific antibody binding detected in all cell
extracts. (CBB) Coomassie Brilliant Blue loading control.

efficient targeting and secretion and thus comparably low amounts of residual intracellular RPs

(Figure 3-5, gL, «(CA).

Recombinant protein purification by nickel affinity chromatography

For most downstream applications it is desirable to purify the RP of interest after secretion into
the culture medium. In this study, the insertion of a hexa-histidine tag at the C-terminus of the
secreted protein allowed us to assess the feasibility of nickel affinity chromatography as an initial
protein purification step. For this test, a UVM4 transformant of vector pdCAgLLUC was chosen as
the highest bioluminescence signals had been detected in the semi-quantitative analyses of the
supernatant and the highest quantity of RP was detected for this transformant (Figure 3-3 and 3-
4). Interestingly, SDS-PAGE and subsequent Western blotting with the anti-gl.uc antibody
revealed a gluc-specific signal slightly below 55 kDa (Figure 3-0A), therefore significantly higher
than the theoretical 31.25 kDa and the 39 kDa signal detected for the intracellular RP in the
pNSgLUC transformants (Figure 3-5, NS, black arrows). Since it is well established that proteins
often can undergo a variety of post-translational modifications (Liu and Howell, 2010), especially
glycosylation (Gomord et al., 2010), while traveling through the secretory pathway, this shift in
SDS-PAGE mobility of the RP suggest that such a modification did indeed occur, the nature of

which currently is not known.

A number of secreted proteins were detectable in the supernatant represented by bands after the
SDS-PAGE was stained with Coomassie Brilliant Blue (Figure 3-6B, lane S). The amount of RP
was not sufficient to be detected as a single band, but could clearly be detected via Western
blotting (Figure 3-6A, lane S). When nickel affinity chromatography was performed with the
supernatant, unspecific secreted proteins were lost after elution (Figure 3-6B, E1-E7) and the RP

was specifically enriched (Figure 3-6A, E4-E06). Presence of residual RPs in the flow-through
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fraction indicates that the amount of RPs in the supernatant was above the binding capacity of

the Ni- resin used (Figure 3-6, lane F).

Bioluminescence was used as a control and the patterns in general matched the Western blotting
signal intensities (Figure 3-6C). Interestingly, a stronger bioluminescence signal was detected for
the flow-through fraction compared to the supernatant fraction, although less RP was present
(Figure 3-6A,C, S vs. F), most likely because inhibitory components from the original
concentrated media sample in the supernatant were diluted by the elution buffer in the flow-

through fraction.

kbDaM S F W1 W2 E1 E2 E3 E4 E5 E6 E7 +
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Figure 3-6 Purification of secreted RPs via nickel affinity chromatography.

Medium from a UVM4 p/CAgLUC transformant culture was subjected to Ni-affinity purification and the fractions
were analyzed via SDS-PAGE and Western blots.

(A) RPs detected by anti-glLuc Western Blot signals at an apparent molecular weight just below 55 kDa. (B)
Visualization of unspecific proteins by SDS-PAGE and Coomassie Brilliant Blue (CBB) staining. (C) Relative
bioluminescence signal (Lum) after addition of 0.01 mM coelenterazine. (M) Protein molecular weight marker; (S)
supernatant of the transformant culture; (F) flow-through; (W1-2) wash fractions one and two; (E1-7) elution
fractions one to seven; (+) recombinant gl.uc protein standard (runs at an apparent molecular weight of ~25 kDa).

Discussion

A complementary vector system for recombinant protein production, accumulation and secretion

The creation of vector pgLUC and its counterparts pdCAgLUC and pNSgLUC, was achieved
through the strategy of zn silico design, oligo annealing DNA synthesis, and subsequent cloning
steps. The vector pJR38 (Neupert et al., 2009) was chosen as the donor of both the
pBluescript II KS(+) backbone and the APHVIII antibiotic resistance against paromomycin. In
these three vectors, unique restriction sites between each regulatory element were designed to
promote flexibility of future applications such as promoter characterization, both N- and C-
terminal fusion protein strategies, and 3’UTR manipulation. In this work, one successful example
for recombinant protein expression, secretion, detection and purification is presented. Although
it is possible that the expression of certain target proteins with this new vector system could be
prevented by intrinsic inhibitory effects, we suggest that many protein expression studies could
benefit from the flexibility of these vectors. pNSgLUC is a valuable vector that allows
identification of robust protein expression within the cell. In addition, the same cloning flexibility
is applicable to the secretion vector peiCAgLLUC. As shown in this work, the combinatory use of

both systems can give rise to two sets of transformants, one set efficiently secreting the RP of
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interest into the medium, the other efficiently accumulating the RP within the cell, therefore
allowing assessment of any potential negative effects of RP production on the host cell. This did
not seem to be the case here, as no significant growth deficit was detected for the pNSgLUC

transformants.

Fast, easy and semi-quantitative initial assessment of expression efficiencies via the Gaussia luciferase reporter

The codon optimized gl.uc marker has shown its value as a reporter of transgene expression both
from intra and extra-cellular targeted constructs before (Ruecker et al., 2008; Shao and Bock,
2008) and has also demonstrated strong bioluminescence in the positive transformants in this
work (Figure 3-2). In addition, we added amino acids derived from IpIBP and hexa-histidine
residues at the C-terminus for future protein activity studies. The presence of strong
bioluminescence is a further proof that gluc is well amenable for fusion constructs. The semi-
quantitative luminescence signal produced from the reaction of gl.uc with coelenterazine allows
plate-level screening of transformants for robust protein expression. Bioluminescence assays of
replicate plates indicated similar patterning of luminescence signals, allowing identification of
robust RP producers without liquid culture scale up (Figure 3-2). Analysis of secreted proteins is
simple and can be conducted with dilute amounts of coelenterazine and short exposure times,
whereas intracellular expression required higher concentration of this substrate and longer
exposure times (Figure 3-2). gluc appeared to be stable in TAP media, the Tris content of this
media is likely stabilizing for proteins as we observed no loss of signal or RP degradation during
cultivations. The pattern of luminescence seen in plate dilution assay (Figure 3-3) is consistent
with RP quantification (Figure 3-4). It should be noted, however, that luciferase activity should
not be used as a means of absolute quantification as we observed luminescence activity from
gluc can be effected by multiple factors, including production host, buffer composition, and the

sensitivity of coelenterazine to light.

Applicability of the vector system in different expression strains and transgene stability

Strain selection is an important aspect of C. reznhardtii recombinant gene expression. The new
vector constructs were tested in two expression strains. CC1883 was chosen for analysis as this
wt strain maintains nitrate reductase capacity and lacks a cell wall, therefore, allows a range of
media flexibility. Originally, CC1883 was derived from CC 1690 gr mt+ x CC 1615 cw15 nit2 mt-
. In contrast, the heavily mutated UVM4 (Neupert et al., 2009) has been previously described to
accumulate higher amounts of intracellular RPs (to 0.2% TSP) and was chosen to determine if
this also applied to the extracellular production of RPs with the new vector system. From
transformants expressing both intracellular and extracellular targeted gl.uc, UVM4 demonstrated

more positive colony signals in luminescence screening. Bioluminescence signals were generally
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more robust from this strain, especially for intracellular protein signals. Compared to wt CC1883,
UVM4 demonstrated a shorter time to stationary phase and was more easily cleared from media
by centrifugation (not shown). For RP production on an industrial scale it is important that
transgene expression is stable for long periods of time. In this respect, all transformants, both
from wt and UVM4 parental strains, have been stable for over eight months and continuous
cultivation of cells in liquid culture has been performed for four months with no loss of RP
secretion activity. Our results indicate that RP production is stable and that UVM4 could be a
valuable chassis for secretion based production strategies on larger scale due to its

generally increased RP production levels.

Recombinant protein purification

Secretion of RPs is a common strategy in heterologous production concepts (Kukuruzinska and
Lennon, 1998; Porro et al., 2005). However, the purification of small amount of proteins from
large volumes of media is challenging and a critical step in secretion strategies for laboratory and
industrial-scale applications (Ikonomou et al., 2003; Porro et al.,, 2005). As C. reinhardtii can be
cultured in water-like media, it has been suggested that purification of RPs from this media may
be simplified compared to other systems (Eichler-Stahlberg et al., 2009). Here, Nickel affinity
chromatography was conducted with concentrated, soluble fraction and found it possible to
isolate the RP of interest from culture media (Figure 3-6). This is a similar finding to that
previously described (Eichler-Stahlberg et al., 2009) and demonstrates the potential of this system

for other protein targets.

Post translational modifications

Of great importance in the potential use of transgenic microalgae for the production of RPs will
be the glycosylation signature of the host species. We observe a shift in gel migration between
intra- vs. extracellular targeted RPs indicating PTM, a finding which is not unexpected given the
eukaryotic machinery inherent to C. reinhardtii (Figure 3-4A, 3-5, and 3-6A). Although two reports
currently discuss the potential glycosylation motifs of C. reznbardtii proteins (Gomord et al., 2010;
Mamedov and Yusibov, 2011), no conclusive study of the PTM signature for this organism has
been conducted. Both N- and O- linked glycosylation states can affect bioactivity of RPs and may
also be responsible for immunogenicity (Gomord et al., 2010). Given that many therapeutic
proteins require specific glyco-signatures for bioactivity, understanding this mechanism holds
great implications for viability of this expression platform. The nuclear genome of C. reinbardtii
usually does not integrate exogenous DNA via homologous recombination, so is not amenable to
the humanization of glycan structures through targeted knockout as in the moss Physcomitrella

patens (Koprivova et al., 2003; Weise et al., 2007). However, it is not yet clear which glycan
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processing capacity is possessed by C. reinbardtii as studies of this nature have been limited.
Indeed, it will be important to determine the glycosylation potential of RP produced from C.
reinhardtiz, as B1,2 xylose-, a1,3 fucose-, and the Lewis a (Le) epitopes typical of plant RPs are
characterized as immunogenic (Gomotd et al., 2010). The characterization of C. reznhardsii PTM
signatures is a challenge that will require thorough investigation and was not conducted as part of
this study. Understanding these motifs will be aided by the future expression and characterization

of multiple RP targets, strategies for which the pdCAgLLUC vector described here will be of value.

The value of microalgal expression platforms and potential applications

Up to 10 mg L' RP was produced from UVM4 transformed with vector peCAgLUC in this work
(without further optimization). This is a significantly lower amount of RP protein compared to
common fundamental production platforms such as E. ¢/ or yeast based expression systems.
However, the unique characteristics which apply to microalgae can be of great interest for large-
scale RP production concepts as an alternative for other eukaryotic systems. Compared to
Agrobacterium  tumefaciens mediated transformation of plant cells (Yu and Langridge, 2003),
transformation and regeneration in C. reznbardtii is comparably simple and rapid (Kindle, 1990)
with regeneration of transformants occurring in several days. In comparison to mammalian
systems, microalgae like C. reznbardtii grow well in inexpensive media requiring no serum derived
growth factors, use light as an energy source, are generally easy to handle with multiple growth

regime possibilities, demonstrate stable nuclear mutations, and are largely amenable to scalability.

Expression and secretion of a RP from a microalgal host presents the possibility of many unique
applications given the flexibility of the water-like composition of algal media. It may be possible
to secret proteins into this media for direct use if the target RP can function in dilute solutions. A
theoretical example of this is the secretion of a monoclonal antibody from C. reznbardtii into the
culture medium, which then could be used for direct application such as Western blotting.
Alternatively, bioremediation strategies could become feasible wherein the secretion of a
recombinant, toxin degrading enzyme into effluent water could be conducted in a perfusion-style
reactor. Similar studies have demonstrated fungal enzyme expression in microalgae for
remediation (Chiaiese et al., 2011) and C. reinhardtii has been shown cultivable in effluent water

(Kong et al., 2010).

Given the flexibility of optimized vectors generated in this study and the ease of DNA synthesis
today, a broad range of target RPs can be envisaged. For proteins, where function is not
impacted by glycosylation state, C. reinbardtii presents a eukaryotic host which demonstrates
robust and stable transformants. Secretion is a means to increase yields and reduce RP

degradation while permitting chromatographic purification strategies. Therapeutic protein
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production from this system will require further analysis of glycosylation states and thorough
investigation of bioactivity from each target as it is developed. The development of an efficient
nuclear gene expression system, including ease of transformant identification, and relatively
robust RP abundances for C. reznbardtii, holds great promise for future large-scale RP expression

strategies.

Conclusions

This study presents the design, construction and application of a new, complementary vector
system for the expression of recombinant constructs from the nuclear DNA of C. reznbardtii.
These vectors demonstrate the ability for stable nuclear gene expression of a marker protein both
inside the cell and targeted for secretion. Localization into culture media is enhanced by use of
the C. reinhardtii carbonic anhydrase secretion signal in exchange of the secretion signal found in
the native gluc marker protein. The gluc reporter allows fast and easy assessments of the
efficiency of RP production, greatly aiding in the identification of robust expression
transformants. Our work demonstrates that RP secretion increases with the «CA secretion signal
consistently by 84% compared to the secretion signal of the Gaussia luciferase marker protein
alone. In addition, evidence is presented that C. reinbardtii strain UVM4 is the preferred host
organism for the new vector expression and RP secretion strategy since here, consistently higher
amounts of RP were detected. We conclude that the results and new set of vectors generated in

this study will benefit future applications of high value RP production from C. reinhardtii.

Acknowledgements

The authors would like to acknowledge the CLIB Graduate Cluster Industrial Biotechnology for
funding and wish to express their sincere gratitude to Ted Cull of Avidity for providing gl.uc
standard and thoughtful assistance. The authors would also like to thank Prof. R. Bock for

providing C. reinhardtii strain UVMA4.



44 |




| 45

4 Light-harvesting control under varying carbon supply

4.1 Significance

The results presented in this chapter demonstrate the coordination of a multi-level regulation of
light-harvesting with carbon assimilation and the orchestration of short- and long-term responses
in a regulatory circuit based on interorganellar communication. Plastid retrograde signals control
nuclear promoter activity of photosynthesis associated genes, and control of N.AB7 promoter
activity is essential for the adjustment of PSII antenna size upon fluctuating carbon supply. The
results of section 4.2 were obtained in collaboration as outlined below, and published in Berger et
al. (2014). Section 4.3 compiles unpublished results that complement findings on carbon

dependent light-harvesting regulation.
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Abstract

The unicellular green alga Chlanydomonas reinhardtii is capable of using organic and inorganic
carbon sources simultaneously, which requires the adjustment of photosynthetic activity to the
prevailing mode of carbon assimilation. We obtained novel insights into the regulation of light-
harvesting at photosystem II (PSII) following altered carbon source availability. In C. reinbardtii
synthesis of PSII-associated light-harvesting proteins (LHCBMs) is controlled by the cytosolic
RNA binding protein NAB1, which represses translation of particular LHCBM isoform
transcripts. This mechanism is fine-tuned via regulation of the nuclear N.4AB7 promoter, which is
activated when linear photosynthetic electron flow is restricted by CO, limitation in a
photoheterotrophic context. In the wild-type, accumulation of NAB1 reduces the functional PSII
antenna size, thus preventing a harmful overexcited state of PSII, as observed in a NAB1-less
mutant. We further demonstrate that translation control as a newly identified long-term response
to prolonged CO, limitation replaces LHCII state transitions as a fast response to PSII over-
excitation. Intriguingly, activation of the long-term response is perturbed in state transition
mutant s#7, suggesting a regulatory link between the long- and short-term response. We depict a
regulatory circuit operating on distinct timescales and in different cellular compartments to fine-

tune light-harvesting in photoheterotrophic eukaryotes.
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Introduction

Photosynthetic acclimation ensures unaffected photosynthetic performance in a constantly
changing environment. Light-harvesting is one of its prime targets being modulated on multiple
levels with implicated mechanisms operating on different timescales. A sudden rise in light
intensity or a drop in CO, availability increases excitation pressure at PSII, which has deleterious
effects, if not immediately relieved by short-term acclimation mechanisms. Seconds to minutes
after the onset of high excitation pressure non-photochemical quenching (NPQ) mechanisms are
activated (Allorent et al., 2013). The fast, energy-dependent part of NPQ relies on a reversible
switch of light-harvesting complexes from a harvesting into a photoprotective state that is
required to dissipate excess excitation energy as heat. This process is regarded as the major
photoprotective mechanism in high light (Iwai et al., 2007; Ruban et al., 2007), whereas state
transitions represent the predominant fast mechanism that reduces PSII excitation pressure
under low light conditions (Rintamiki et al., 1997). An over-reduced plastoquinone pool triggers
STT7/STN7-dependent LHCII phosphorylation (Lemeille and Rochaix, 2010; Lemeille et al.,
2010) and the subsequent migration of extra or loosely bound trimers (Wientjes et al., 2013a; Drop
et al., 2014a) to PSI. Since an enhanced photon absorption capacity at PSI following the state I -
state Il transition increases cyclic electron flow, this process not only relieves PSII excitation
pressure (Bonaventura and Myers, 1969; Murata, 1969), but also adjusts the ATP/NADPH ratio
to meet the demands of the Calvin cycle (Bulté et al., 1990; Lemeille and Rochaix, 2010).

State transitions are of particular relevance during the acclimation to varying inorganic and
organic carbon supply (Bulté et al., 1990; Johnson and Alric, 2012; Johnson and Alric, 2013;
Lucker and Kramer, 2013). Microalgae like C. reinbardtii grow photoautotrophically using CO, as
a carbon and light as an energy source, but in addition reduced carbon sources can be assimilated
(Harris, 2009). Being ATP-demanding processes, acetate assimilation and the induction of carbon
concentrating mechanisms triggered by inorganic carbon limitation were both shown to induce a
transition to state II thereby enhancing ATP-generating cyclic electron flow (Iwai et al., 2007;
Lucker and Kramer, 2013). CO, limitation reduces the consumption of ATP and NADPH
formed within the photosynthetic light reaction leading to an over-reduced photosynthetic
electron transport (PET) chain. Previous studies attributed the initial fast reduction in excitation
pressure immediately after the onset of CO, limitation to state transitions as the underlying
mechanism (Palmqvist et al., 1990; Falk and Palmqvist, 1992; Iwai et al., 2007). Reversal of the
state II transition during prolonged low CO, supply (Iwai et al., 2007), however, indicated that
excitation pressure relieve based on state transitions is replaced by alternative mechanisms
operating on longer timescales. In accordance with this notion the functional antenna size was

shown to be reduced as part of the long-term response to CO, limitation in C. reinhardtii



48 | Chapter 4 Light-harvesting control under varying carbon supply

(Spalding et al, 1984). Photosynthetic long-term acclimation processes are based on
stoichiometric adjustments within the photosynthetic machinery, which require a modulated
expression of genes encoding individual subunits. Previous studies analyzing transcriptome
changes following CO, limitation under low light conditions revealed that the abundance of
LHCII (LHCBM) transcripts did not change significantly (Yamano et al., 2008). Under such
conditions expression of antenna proteins might therefore be regulated post-transcriptionally
involving translation control (Wobbe et al., 2008) and this type of control was found in
evolutionary diverse photosynthetic organisms (Durnford et al., 2003; Floris et al., 2013; Gutu et
al., 2013). In C. reinhardtii, the cytosolic RNA binding protein NAB1 represents a key factor
controlling the translation of light-harvesting protein encoding transcripts (Mussgnug et al.,
2005), that selectively binds to the mRNA of particular LHCBM isoforms with a preference for
the LHCBMG transcript. By sequestrating LHCBM mRNA in sub-polysomal ribonucleoprotein
complexes, it represses its translation, thereby adjusting the synthesis of LHCII proteins. Given
that the demand for light-harvesting proteins in the thylakoid membrane constantly changes in
response to environmental cues, cytosolic LHCII translation repression has to be fine-tuned.
Two distinct molecular switches in NAB1 were shown to determine its activity and include redox
based modification of cysteine residues (Wobbe et al, 2009) besides arginine methylation
(Blifernez et al., 2011). Considered that NAB1 represents a key element of the regulatory circuit
fine-tuning the PSII light capture, a multi-layer regulation of NAB1-mediated translation control
seems reasonable. We investigated the complex regulation of light-harvesting in the
photoheterotroph C. reinhardtii that follows a switch between carbon assimilation modes and
which implicates processes in the nucleus, chloroplast and cytosol. As a key finding, NAB1 was
identified as a regulatory hub connecting short- and long-term photoacclimatory responses that

control PSII excitation pressure.

Materials and methods

Strains and culture conditions

The wild-types CC849 (cw10; mt-) and CC124 ([137c] mt; Chlamydomonas resource center, St.
Paul, MN, USA) were used along with the N.AB7 knock out mutant s##3 derived from CC849
(Mussgnug et al., 2005). For the generation of the NAB7 overexpressing strain, the N.AB7 gene
under control of PS.AD promoter was introduced into szz3 (Wobbe et al., 2009). 77 lacking a
state transition kinase and the complemented strain s727-H.A (Fleischmann et al., 1999; Depege et

al., 2003) were obtained from J.D. Rochaix (Geneva, Switzerland).

Media for photoheterotrophic (tris acetate phosphate (TAP) media) and photoautotrophic
growth (high salt media, HSM) were prepared as described (Harris, 2009). For phototrophic
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short-term induction experiments, TAP medium without acetate was used. For cellulose-
dependent photoheterotrophic growth, 0.1% (w/v) carboxy-methyl cellulose (CMC, Carl Roth,
3333.1) was added to HSM and cultures grown under 100 umol m? s continuous white light
without gassing (Blifernez-Klassen et al., 2012). Otherwise, liquid cultures of C. reznbardtii were
grown in continuous white light at 250 umol m”s™ and bubbled with air or CO,-entiched air
(3% (v/v) CO,). Cultures were always acclimated to the respective starting situation and kept at
low cell densities by dilution for at least 48 h prior to the beginning of an experiment. Culture
growth was determined as cell density (Z2, Beckman Coulter, Krefeld, Germany) and dry
biomass (Bogen et al., 2013). Acetate consumption during growth was determined using an
acetate quantification assay (R-Biopharm AG, Darmstadt, Germany) as described (Blifernez-

Klassen et al., 2012).

RNA preparation and Quantitative real-time RT-PCR
Total RNA was isolated (Chomczynski and Sacchi, 1987) and quantitative real-time RT-PCR
(qRT-PCR) performed as described (Wobbe et al., 2009).

Immunoblotting and densitometrical scanning

Immunoblotting was performed as described (Blifernez et al.,, 2011) and total cellular protein
amount was determined by Lowry assay (Bio-Rad, CA, USA). Immunodetection was performed
using enhanced chemiluminescence (ECL; GE Healthcare). Anti-NAB1 antiserum was generated
as described (Mussgnug et al., 2005) and anti-LHCBMG6/8 (formerly LHCBM4/6) was a kind gift
of M. Hippler (Minster, Germany). This antibody recognizes two distinct LHCBM isoforms,
namely LHCBM6 and LHCBMS8. The LHCII antiserum recognizing all LHCBM isoforms was
generated as described (Ferrante et al., 2012). The antibody against PsbA (D1) was obtained from
AgriSera (Stockholm, Sweden). For densitometric quantification the software GelAnalyzer 2010a

(Lazarsoftware, Hungary) was applied.

Chlorophyll determination and flnorescence analysis

Chlorophyll quantification was carried out as described previously (Wobbe et al., 2009). Room
temperature chl # fluorescence was measured using Mini-PAM (Walz, Germany). Effective PSII
yield (®PSII) was determined under growth light conditions and calculated as (F° -F’)/F_,
maximum PSII yield (F,/F ) was recorded after acrobic datk incubation and calculated as (F -
F,)/F, Excitation pressute 1-qP was calculated as described (Maxwell and Johnson, 2000).
Fluotrescence spectra at 77 K were monitored to determine the relative PSI/PSII emission of
cells at a chlorophyll concentration of 10 pg/mL with a Perkin Elmer LS50 spectrometer as

described (Kruse et al.,, 1999) and spectra normalized to the PSII emission maximum at 685 nm.
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Relative PSII antenna size was estimated from F, saturation kinetics (1/1,,5) in the presence of
10°M DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea; Ferrante et al. (2012) and kinetics
measured with a home-built apparatus. Fluorescence was excited using green LED (peak

emission at 520 nm intensity 20 umol m™ s™) and detected in the near infrared.

Vector Construction

A 1.55 kb element upstream of the NAB7 translation start was amplified from C. reznbardtii
genomic DNA using the sense primer 5-GGATCCAGTGGCTCAGGGAACCCTAC-3’ and
anti-sense primer 5-CATATGTCCCGCGACCCTCCTCGCT-3. Vector p-CAgLUC (Lauersen
et al., 2013) contains a paromomycine resistance cassette and a codon optimized version of the
Gaussia princeps luciferase (gl.uc) combined with a native C. reinhardtii secretion signal. To place
gluc expression under control of the NAB7 promoter, the amplified 5 element as well as
peCAgLUC were digested using Xbal and Ndel FastDigest® restriction endonucleases (Thermo
Scientific), purified and ligated as described (Lauersen et al., 2013). The resulting vector contains
the NAB7 promoter element in front of the secretion signal followed by gl.uc, as confirmed by

sequencing (MPIZ DNA core facility on Applied Biosystems; Weiterstadt, Germany).

Transformation and Screening

CC1883 (Chlamydomonas resource center, St. Paul, MN, USA) was used for transformation and
reporter assays to allow comparison to strains created previously expressing luciferase under the
control of a HSP70/RBCS2 promoter (Lauetsen et al., 2013). Transformation by the glass bead
method and agar plate based bioluminescence screening using 0.01 mM coelenterazine was

performed as published before (Lauersen et al., 2013).

Luminescence Assay

For luminescence quantification, cultures were centrifuged at 1,000 x g for 1 min and resulting
supernatants centrifuged again at high speed (10,000 x g) to obtain cell free supernatants.
Luminescence was detected by adding 20 pul. coelenterazine solution (0.01 mM) to 180 uL

supernatant (Lauersen et al,, 2013) and recorded for 5sec in a Sirius-L tube luminometer

(Berthold-DS, Pforzheim, Germany)

Statistics
Student’s two-tailed t-test for independent samples was applied to statistically evaluate results and

significance threshold was set to p<0.05. Error bars always represent standard deviations (SD).
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Results

The cellular NABT level is determined by the prevailing carbon assimilation node

Green algae like C. reinbardtii are photoheterotrophs assimilating organic in addition to inorganic
carbon (Harris, 2009). Acetate supply was previously shown to have a repressive effect on
photosynthesis including LHCBM expression (Kindle, 1987; Heifetz et al., 2000; Kovacs et al.,
2000; Humby et al., 2009). The light-harvesting antenna is a prime target of photosynthetic
acclimation (Kindle, 1987; Teramoto et al., 2002; Durnford et al., 2003; Rochaix, 2013) and in
C. reinhardtii translation control of LHCII mRNAs requires the cytosolic translation repressor
NAB1 (Mussgnug et al., 2005). Besides its repressor activity, the cellular NAB1 amount is
modulated in response to changes in the carbon acquisition mode Blifernez et al., 2011.
Immunoblot studies (Figure 4-1A) showed that photoheterotrophic cultivation using air-levels
(=0.04% (v/v)) of CO, (-CO, throughout the manuscript) and actetate (+Ac) was accompanied
by an increased cellular NAB1 amount as compared to photoautotrophic growth with CO,-

enriched air (3% (v/v); +CO, throughout the manuscript).

A -+ CO, B - - CO,
I;;? + - Ac + - CMC
05 | w———  oNAB1 |- s
os—o =| CBB L o

Figure 4-1 The availability and type of carbon source trigger NAB1 accumulation.

(A) Immunodetection of NAB1 in whole cell protein extracts derived from cultures grown in the presence (+) or
absence (-) of acetate (Ac). Cultures wete either bubbled with air (-CO2) or COs-entiched (3% (v/v)) air (+COy). (B)
Immunodetection of NAB1 after growth in the presence (+) or absence (-) of carboxymethyl cellulose (CMC) and
air-levels of CO; (-COy). Lower panels (A+B): Coomassie-Brilliant Blue-stain (CBB) serving as a loading control.

C. reinhardtii was recently shown to utilize cellulose as a carbon source (Blifernez-Klassen et al.,
2012) and availability of carboxymethyl cellulose (Figure 4-1B, +CMC) in cultures grown under
conditions of limiting CO, supply (-CO,) led to a NAB1 accumulation similar to that observed
under acetate supply. Although these results do not allow to distinguish between the individual
effects of acetate and inorganic carbon supply on NAB1 expression, they indicated that NAB1-
mediated translation repression of LHCII mRNAs might be regulated through the overall

repressor availability in the cell, which is in turn modulated by the supply of carbon.

CO, limitation activates the nuclear NABT promoter

Since immunoblot studies (Figure 4-1) showed that carbon source supply strongly impacts NAB1
accumulation, more detailed analyses were conducted to disentangle the individual effects of
acetate addition and inorganic carbon availability on NABI1 expression (Figure 4-2). We

systematically investigated changes in the transcript level (Figure 4-2A), the modulation of N.AB7
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promoter activity (Figure 4-2B) and protein amounts (Figure 4-2C,D) after adding acetate
(Figure 4-2, +Ac) or removing CO, (Figure 4-2, -CO,, white bars) from cultures grown
phototrophically and acclimated to CO, high levels. Since NAB1 represses LHCBMG6G
mRNA translation (Mussgnug et al., 2005), we also monitored both the amount of mRNA
and the protein level of LHCBM6 (Figure 4-2A,C.D). CO, limitation increased N.AB7
mRNA levels irrespective of acetate supply (Figure 4-2A, qRT-PCR, NABY) with a twofold
(2.2 £0.4) higher level in cells subjected to acetate and low CO, (Figure 4-2A, +Ac, -CO,)
compared to the CO,-enriched reference culture in minimal medium (Figure 4-2A, -Ac,
+CO,). In contrast LHCBM6 mRNA levels did not change significantly (Figure 4-2A,
ILHCBMG6) when acetate-containing cultures were subjected to inorganic carbon limitation

(1.36 £0.29 /-CO, compared to 1.00 £0.30 /+CO,).

A gRT-PCR B luciferase assay
NAB1 LHCBM6 NAB1.gLuc
% 8 %] m-+co,
£2 2 § 2 0 -co, Figure 4-2 Limited CO; supply activates the
'g .g NABI promoter resulting in protein
g 1 1 £ 1 accumulation.
« 2 Photoautotrophically cultured cells (3% (v/v)
T‘_,' E' COz in air) expressing the NAB7:gluc reporter
0 0 0 — construct were resuspended in media with (+Ac)
-Ac +Ac +Ac -Ac +AC ot without acetate (-Ac) and bubbled with air
C densitometry (Of D) D immunoblot }(;COz) or COz—enriched air (30/0 COz) fOI‘ four
ours.
NABT L6/8 aNAB1 ol 6/8 (A) NABT7 and LHCBM6 mRNA level assessed
2 .i-[‘ kD - Ac| +Ac|f +Ac by gRT-PCR. (B) Reporter activity in culture
a 35 *ol* it - 1CO; supernatants  determined by  luminescence
31 prapp—— B quantification. (C) Densitometric scanning of
2 25+ (e NAB1 (aNAB1) and LHCBMG/8 (al.6/8)
3 55 immunoblot  signals (D).  Phototrophic
3 40+ cultivation (-Ac/+COy) served as the reference
L0 35 CBB condition (set to 1). Error bars represent SD
Ac | +Ac 257 (n=3 for A and B / n=6 for C).

To answer, if the increased mRNA level of NAB1 following CO, limitation is based on nuclear
promoter activation, reporter constructs (Figure 4-2B) were employed. In these constructs the
NABT promoter is fused to a Gaussia luciferase (gl.uc) reporter containing a secretion signal
(Lauersen et al., 2013). A wild-type strain was transformed with the nuclear expression vector
(Figure S1A) and transformants screened for gluc secretion (Figure S1B), as previously reported
(Lauersen et al., 2013). When one of the cell lines showing robust gl.uc secretion was exposed to
CO, limitation in the presence or absence of acetate, luciferase activity in culture supernatants
(Figure 4-2B and 4-S1D) mirrored mRNA levels (Figure 4-2A), indicating that transcript

accumulation following CO, limitation is caused by an activation of the N.AB7 promoter.
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Comparison of N.AB7 mRNA amounts (Figure 4-2A, N.ABT) and promoter activities (Figure 4-
2B) between cells grown in the presence or absence of acetate when CO, supply was high (Figure
4-2, +CO,, £Ac) indicated that inorganic carbon availability is the major regulator of transcript
abundance. Immunoblot studies (Figure 4-2C,D, aNAB1) demonstrated that changes in
promoter activity and transcript levels are translated into a modulated protein level. Cells exposed
to CO, limitation in the presence of acetate showed a 1.5 (£0.1) fold higher level of NABI1

(Figure 4-2C,D, aNAB1, +Ac, -CO,) in comparison to cells grown without acetate but supplied
with CO, (-Ac, +CO,). The strongest impact of inorganic carbon availability on NAB1 levels,
however, was seen when cultures were supplemented with acetate, causing a twofold higher
NAB1 amount under low CO, conditions (+Ac, -CO, vs. +Ac, +CO,). As NAB1 was shown to
be regulated posttranslationally (Wobbe et al., 2009; Blifernez et al., 2011), a high protein content

alone does not necessarily elevate translation repression. Therefore transcript (Figure 4-2A,

LLHCBMG6) and protein levels of LHCBM6/8 (Figure 4-2C, D, al.6/8), were analyzed under

conditions associated with the lowest and highest NAB1 content (Figure 4-2C,D, +Ac, £CO,).
Indeed, the accumulation of NAB1 following CO, limitation was accompanied by a decline in the
LHCBMG6/8 protein amount by 34% (Figure 4-2C,D, al.6/8). Together with an unchanged
LLHCBM6 mRNA level (Figure 4-2A, LHCBMO) this suggests that NAB1-mediated control of
ILLHCBM6 mRNA translation is activated in response to CO, limitation under
photoheterotrophic conditions. The results further demonstrate that LHCBMG translation

repression is triggered by an increased NAB1 availability resulting from promoter activation.

The functional antenna size at PS1I is adjusted to the availability of CO,

To examine the modulation of LHC translation repression in further detail, the effect of CO,
limitation on antenna protein and NAB1 levels was analyzed during photoheterotrophic growth
(Figure 4-3). To this end, the parental (Figure 4-3A) and the N.AB7-free strain (Figure 4-3B) were
cultivated in acetate-containing media with continuous low/high or fluctuating CO, supply.
Cultures were first acclimated to mixotrophic condiditions at low cell density with acetate and
high CO, provision for 48 h. Then the parental strain and mutant culture were each split into
three and grown under high CO, concentrations for another twelve hours (Figure 4-3, t,/+CO,)
before bubbling with CO,-enriched air was either continued (+CO,, black bar) or changed to
bubbling with air (-CO,, white bar) besides fluctuating conditions (6 h air, white bar, followed by
6 h of CO,-enriched air, black bat, -/+CO,). Samples for immunodetection were taken at t, and

six as well as twelve hours after changing inorganic carbon supply (Figure 4-3A, B, t(h)).
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In wild-type cells a reduced availability of CO,increased the level of NAB1 already six hours after
the onset of limitation (Figure 4-3A, aNAB1, 6 h /-/+CO,, white bar) and repletion of
inorganic carbon fully reversed NAB1 accumulation after six hours (12 h / -/+CO,, black bar).
High NABI1 levels were maintained in cultures provided with air levels of CO, for additional six
hours (Figure 4-3A, 12 h /-CO,, white bar), whereas cultures continuously exposed to high CO,
concentrations showed a low amount of NAB1 (Figure 4-3A, 12h /+CO,, black bar). These
results are in agreement with the short-term induction pattern (Figure 4-2), where the protein
level is lower under mixotrophic conditions with high CO, supply than under photoheterotrophy
with air levels of CO,. To test whether the strong difference in NAB1 levels caused a distinct
accumulation of the antenna proteins encoded by its main mRNA targets, the LHCBM6/8
amount was analyzed (Figure 4-3A, al.6/8). A low NABI1 level correlated well with a high
LHCBMO6/8 accumulation after twelve hours of cultivation under high CO, conditions (Figure 4-
3A, al6/8, 0 vs. 12h /+CO,). The observed LHCII accumulation is not suptising, if it is
considered that culture density increases (see below, Figure 4-4) while light availability inside the

culture decreases. The inverse correlation of light availability and cellular LHCII amounts is well-

described for green algae (Webb and Melis, 1995; Durnford et al., 2003).

In contrast, continuous low CO, supply, which increased the level of NAB1, did not cause
LHCBMO6/8 accumulation (Figure 4-3A, al.6/8, 0 vs. 12h /-CO,). As demonstrated previously,
the absence of NAB1 (Mussgnug et al., 2005) or a deregulation of its activity (Wobbe et al., 2009;
Blifernez et al., 2011) affects the total cellular amount of LHCBM proteins and the accumulation
of at least one other LHCBM isoform in addition to LHCBMG6. Analysis of the total cellular
LHCBM amount (Figure 4-3A, aLHCII) after changing the CO, supply revealed that exposure
to high CO, concentrations causes LHCBM accumulation in wild-type cells (12h /+CO,),
whereas CO, limitation prevents it (12 h /-CO,). While LHCBM levels increased significantly
twelve hours after growth in a CO,-enriched medium, the protein level of PSII reaction center
subunit D1 was unaffected by altered CO, availability (Figure 4-3A, aD1). This indicates that the
number of PSII reaction centers per cell is modulated to a lower extent than the number of

LHCBM proteins, suggesting that CO, limitation is accompanied by PSII antenna remodeling.

The strong difference in LHCBMG6/8 levels between wild-type cultures continuously provided

with either high or low CO, levels was not observed for the mutant. Here, LHCBMG6/8 and total
cellular LHCBM accumulated irrespective of the CO, concentration (Figure 4-3B, al.6/8,
oLHCII, 12h /+CO, vs. 12h /-CO,) demonstrating that the modulation of light-harvesting
protein expression in response to CO, limitation requires NAB1. The D1 level was relatively

unaffected by an altered CO, supply in the NAB1-free mutant as well (Figure 4-3A,B, aD1). To
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exclude that the increase in LHCBMG protein levels seen after twelve hours of growth in CO,-
enriched medium for the wild-type is simply based on elevated mRNA amounts, qRT-PCR
experiments were performed (Figure 4-3C). Only subtle changes (92 (£6)% /+CO, vs. 85 (4)%
/-CO,) in the LHCBM6 mRNA level were obsetved in wild-type cultures following altered CO,
availability, indicating that translation control rather than LHCBMG6 promoter activity determines
protein levels under these conditions. The decrease in LHCBM6 mRNA levels was stronger in
the mutant (Figute 4-3C, grey bars, 81 (£11)% /+CO, and 51 (£7)% /-CO,) which has been
reported before (Mussgnug et al., 2005), and explained by a stabilization of LHCBM6 mRNA in
NAB1-containing sub-polysomal complexes that are absent in the mutant. The strong differences
in the total cellular LHCBM amount together with an almost unchanged D1 level in both strains
following altered CO, supply already indicate that the stoichiometry between the PSII core

complex and its LHCII antenna is modulated under the conditions examined.
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Figure 4-3 Antenna size adjustment during the transition from mixotrophy to photoheterotrophy requires
NAB1-mediated translation control.

(A+B) Immunoblot detection of NAB1 (aNAB1), LHCBM isoforms 6 and 8 (aL6/8), all LHCBMs (aLHCII) and
D1 protein (@D1) in whole cell samples derived from cultures of the parental strain (wt; A) and the NAB7 k.o.
mutant (B). Cultures acclimated to high CO, (3% (v/v)) concentrations (+, t)) were further exposed to high CO»
supply (black bar), air levels of CO; (-, white bar) ot fluctuating CO; levels in 6 h intervals (-/+). (C) gRT-PCR
quantification of LHCBMG transcript levels in parental strain (wt) and N.AB7 k.o. mutant at to and after 12 h of
mixotrophic (+COy) or photoheterotrophic (-COs) growth with level at 0 h set to 1. Indicated are mean values with
standard deviations (n=3). (D) Mean chlorophyll /5 ratios at ti2n (n=3). (E-G) Chlorophyll 4 fluotescence analyses
performed 12 h after changing the CO; supply to either low (-COz) or high (+CO2) concentrations. (E) Fluorescence
induction kinetics in the presence of DCMU (left panel) and the calculated functional PSII antenna size (1/7; right
panel). (F) Effective PSII quantum yield ®PSII and (G) excitation pressure. Mean values are shown together with
standard deviations (n=9 for E and F; n=3 for G).
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To investigate further if the altered NAB1 expression in the wild-type impacts antenna size, the
ratio of cellular chlorophyll (Chl) z and 4 levels was determined, which exploits the fact that LHC
proteins in contrast to other subunits of the photosynthetic apparatus bind Chl 4 besides Chl «
(Ferrante et al., 2012). In agreement with previous studies (Spalding et al., 1984; Renberg et al.,
2010) small differences in Chl a/b ratios were observed in wild-type cultures grown with distinct
CO, supply (Figute 4-3D, wt, 2.47 (£0.04) /+CO, vs. 2.53 (£0.02) /-CO,), which indicated that
the availability of CO, had effects on the antenna protein/reaction centet-ratio at both
photosystems. It should be noted that in the mutant devoid of NAB1 Chl a// ratios remained
unchanged in response to altered CO, supply (Figure 4-3D, N.ABT7 k.o.). This finding indicates
that the, albeit small, changes in Chl 2/ seen in wild-type cultures are indeed caused by NAB1-

mediated repression of LHCBMG translation.

Immunoblot and Chl a// data demonstrated that the stoichiometry of LHCBM proteins per
reaction center changes in response to inorganic carbon availability. To confirm that these
changes indeed alter photon capture capacity at PSII, the functional antenna size was determined
in wild-type and mutant after changing the inorganic carbon supply (Figure 4-3E). A strong
decrease in the PSII functional antenna size of about 53% (0.4710.04 for 1/t and -CO, with
+CO, set to 1) was observed in wt cells upon CO, limitation (Figure 4-3E). The same treatment
was followed by a more subtle antenna size decrease of 16% in the N.AB7 k.o. mutant (Figure 4-
3E, NABT k.o., 1/1: 0.79 (£0.05) /-CO, and 0.95 (0.11) /+CO,). The inability to adjust the
functional antenna size of PSII correlated well with a reduction in the effective PSII yield
observed for the NAB1-free mutant upon CO, limitation, which indicates an over-reduction of
the photosynthetic electron transport chain (Figure 4-3F, ®PSII, NABT7 k.o., 0.63 (£0.03) /-CO,
vs. 0.72 (£0.01) /+CO,). In contrast to the mutant, the effective PSII yield was relatively
unaffected by the availability of CO, in wt cultures (Figure 4-3F, wt). Consequently, the increase

in excitation pressure (Figure 4-3G, 1-qP) following inorganic carbon limitation was much higher

in NABT k.o. cells (2.5 fold) than in cells of the parental strain (1.4 fold).

Acclimation to changes in CO, availability in C. reinhardtii requires functional LHC translation control

A functional analysis of the PSII-associated antenna in wt and NAB7 k.o. cells grown under
either high or low CO, conditions (Figure 4-3E) demonstrated that antenna remodeling observed
after withdrawal of CO, in wild-type cells prevented an over-reduction of the photosynthetic
electron transport chain and an increased PSII excitation pressure. Our results suggest that the
LHCBMG6 amount is reduced by NABI1-mediated translation repression under CO,-limiting
conditions and that the extent of repression is fine-tuned via modulation of nuclear N.AB7

promoter activity. It can therefore be hypothesized that growth of the N.AB7 k.o. strain, which is
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unable to prevent LHCBMG6 accumulation after CO, limitation, is affected under low or
fluctuating inorganic carbon supply. To investigate the anticipated phenotypic consequences in
detail, the parental strain was cultivated along with the N.AB7 k.o. mutant as was done for
immunoblot studies (Figure 4-3). Acetate consumption (Figure S2) was determined to distinguish
between photoheterotrophic, mixotrophic and photoautotrophic growth phases. A complete
consumption was reached after 36 h (24 h after gassing change), which is comparable to
assimilation rates observed before (Zhang et al, 1999). Growth was monitored as absolute
(Figure 4-4A) and relative (Figure S3A,B) biomass accumulation along with cell density (Figure 4-
4B-D). In wild-type cultures final biomass yields were almost identical when grown under
fluctuating or constant high supply of CO, (Figure 4-4A, wt, unshaded bars, -/+CO, vs. +CO,).
In contrast, biomass yields of N.ABT7 k.o. cultures were significantly reduced to 89 (£4)% (Figure
S3B, 24h) under fluctuating compared to high CO, conditions already within the first
photoheterotrophic growth phase (Figure 4-4A, shaded bars, 24 h, 0.68 (£0.03) g/L for -/+CO,
vs. 0.76 (£0.02) g/L for +CO,). At the end of cultivation a reduction to 87 (£3)% (Figure S3B,
105 h) was noted (Figure 4-4A, 105h, 1.46 (£0.05) g/L for -/+CO, vs. 1.68 (+0.03) g/L for
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CO,). When CO, provision was constantly low both strains stopped accumulating biomass once
acetate had been fully consumed (Figure 4-4A, -CO,, 12 h and 24 h vs. 36 h-105 h). However,
after 24 h of growth under low CO, supply the mutant accumulated only 76 (£3)% (Figure S3B,
24 h) of the biomass accumulated under high supply (Figure 4-4B, 24 h, 0.58 (£0.02) g/L for -
CO, vs. 0.76 (£0.02) g/L for +CO,) while the parental strain reached 82 (+4)% (Figure S3A,
24 h) of the biomass (Figure 4-4A, 24 h, 0.62 (£0.03) g/L for -CO, vs. 0.76 (£0.04) g/L for
+CO,).

Cell densities differed more dramatically between both strains (Figure 4-4B, C). For the parental
strain, two growth phases could be distinguished. Within the first two days, acetate was
consumed (Figure S2) and cells without CO, supply (Figure 4-4B, -CO,) stopped dividing.
Cultures supplied with high CO, concentrations (Figure 4-4B, +CO, and -/+CO,) rapidly
acclimated to the lack of organic carbon after a short lag phase followed by a transition to
unperturbed photoautotrophic growth. Complete acetate consumption by the mutant caused a
transition to the stationary growth phase independent of the CO, supply (Figure 4-4C). Although
biomass yields were similar for wild-type and mutant continuously provided with high amounts
of CO, (Figure 4-4A, +CO,), final cell densities were strongly decreased in the photoautotrophic
phase reaching only 1.90 (£0.11) x 10" cells/mL compared to 3.20 (£0.09) x 10 cells/mL. found
in wild-type cultures (Figure 4-4B,C). A stalled cell division together with continued biomass
accumulation in the stationary growth phase of the mutant led to morphological changes with
mutant cells being larger than their wild-type counterparts (Figure S4, 54 h and 60 h, wt vs.
NABT k.o.).

Most importantly, growth of wild-type cultures was insensitive to fluctuating supply of CO,-
enriched air (Figure 4-4B, +CO, vs. -/+CO,), whereas growth of the mutant was clearly impaired
under condition (Figure 4-4C, 105h, 1.90 (£0.11) x10" cells/ml.  for +CO, vs.
1.46 (£0.10) x10" cells/mL for -/+CO,). A closer inspection of cell densities during the first two
days revealed differences between mutant and parental strain already in the initial phase of the
growth experiment (Figure 4-4D). Here, the similar cell morphology allows a direct comparison
of the two strains. One day after changing the CO, supply, mutant cultures accumulated only
75 (£4)% and 72 (£5)% of the cells found in wild-type cultures under fluctuating and continuous
low CO, provision, respectively (Figure 4-4D, 24 h, middle and right panel), but only a mild
reduction to 92 (£7)% was noted for the high CO, condition (Figure 4-4D, 24 h, left panel). This
perfectly reflects the NAB1 expression pattern found in wild-type cells with high amounts of
NAB1 present under CO,-limited und low levels prevailing under CO,-enriched conditions

(Figures 4-2 and 4-3) by confirming that the phenotypic difference between parental strain and



4.2 Publication Il | 59

mutant is greatest when inorganic carbon is insufficiently provided. In conclusion, a detailed
comparative growth analysis of mutant and parental strain disclosed an intriguing new
characteristic of the mutant phenotype by demonstrating that acclimation to low and fluctuating

CO, availability in C. reznhardsii requires NAB1.

Fine-tuning of NABT promoter activity is crucial for a functional acclimation to fluctuating inorganic carbon
supply in C. reinhardtii

The presence of NAB1 is clearly important for an adjustment of the photosynthetic machinery
via LHCBMG expression control under CO, limiting and fluctuating conditions. Results obtained
with strains expressing a gluc reporter driven by the NAB7 promoter demonstrated that its
activity is modulated in response to changes in CO, supply (Figure 4-2B). To confirm that
promoter based fine-tuning of NAB1 expression is a central element of the acclimation
mechanism, we employed a cell line expressing NAB1 under control of the constitutive PS.AD
promoter (Wobbe et al., 2009). This cell line (IN.AB7 oex) is a derivative of the knock out mutant
and therefore devoid of endogenous NAB1 expression. In contrast to the wild-type, strain
NAB7 oex did not accumulate NAB1 following CO, limitation (Figure 4-5A, aNABI,
6h, -/+CO,, -CO,) and an accumulation of LHCBMG/8 could not be observed twelve hours
after exposure to high CO, concentrations (Figure 4-5A, al.6/8, 12 h /+CO,). Again, the D1

level changed little within the course of the experiment (Figure 4-5A, auD1) and similar to what
could be observed for the NAB1-free mutant (Figure 4-3D), strain N.AB7 oex displayed only
small vatiations (2.65 (£0.02)/+CO,, 2.64 (£0.04)/ -/+CO, and 2.67 (£0.04)/-CO,) in the
chlorophyll a/b ratio following exposure to different regimes of CO, supply (Figure 4-5B). It
should, however, be noted that Chl /b ratios in this strain were significantly higher than those
determined for mutant and wild-type (Figure 4-3D), indicating that the constitutive availability of

high NAB1 levels reduces the number of LHC proteins per reaction center.

Constitutive expression of NAB1 was, however, not sufficient to enable unperturbed growth of
NABT oex und fluctuating CO, conditions (Figures 4-5C and 4-S3C). Compared to yields under
continuous high CO, supply, the strain accumulated only 80 (£3)% (Figure S3C) of the
biomass (Figure 4-5C, 24 h, 0.47 (£0.02) g/L for -/+CO, vs. 0.59 (£0.06) g/L for +CO,)
after 24 h of growth under fluctuating supply and 87 (£2)% (Figure S3C, 105 h) at the
end of cultivation (Figure 4-5C, 105 h, 1.60 (+0.03) g/L for -/+CO, vs. 1.83 (£0.13) g/L for
+CO,). This impaired biomass accumulation was reflected by cell number reductions. After
changing CO, supply for 24 h, the culture challenged by fluctuating supply grew to a density of
1.45 (£0.04) x 10" cells/mL compared to 1.86 (£0.13) x 10" cells/mL found for continuous high
supply (Figure 4-5D, 24 h, -/+CO, vs. +CO,).
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At the end of the cultivation a final cell density reduction by about 22% was noted (Figure 4-5D,
105 h, 3.19 (£0.23) x 10" cells/mL for -/+CO, vs. 4.09 (£0.10) x10” cells/mL for +CO,).

Overall, fluctuating CO, provision, which demands for a fine-tuned NAB1 expression via
dynamic promoter modulation, caused a reduced biomass accumulation and cell density in N.AB7
oex cultures (Figure 4-5C,D and 4-S3C, -/+CO, vs. +CO,), whereas growth of the wild-type was
relatively unaffected when CO, was provided in a fluctuating manner instead of continous
provision (Figure 4-4A,B and Figure S3A, -/+CO, vs. +CO,). Thus the introduction of a
constitutively expressed NAB1 into the knock out mutant did not restore a wild-type phenotype
in regard to flexible antenna size adjustment and growth under conditions of fluctuating CO,
supply. Faster biomass accumulation and cell division in NAB1 oex compared to wt and NAB1-
free mutant might depend on its reduced antenna protein level consistent with the high Chl /5
ratio. An increased productivity of strains with reduced antenna size has been reported (Polle et
al., 2002; Kirst et al., 2012). A direct comparison between N.AB7 oex, mutant and wild-type is of
restricted interpretability, considering that only one over-expression line was analysed.
Nevertheless, together with NAB7 transcript and repoter assay data (Figure 4-2) the results
suggest that the acclimation to a changing CO, environment requires an activity modulation of

the N.ABT promoter in C. reznhardtii.



4.2 Publication Il | 61

Evidence for a regulatory link between state transitions and post-transcriptional antenna control

A series of experiments clearly demonstrated that the presence of NABI is crucial for antenna
adjustment in response to CO, limitation. This situation is known to cause an over-reduction of
the photosynthetic electron transport (PET) chain including the intersystem electron carrier
plastoquinone (PQ) and a high excitation pressure at PSII, triggering both state transitions and
cyclic electron flow (Iwai et al., 2007; Lucker and Kramer, 2013). To test whether a reduced CO,
supply combined with acetate addition causes state transitions under the experimental conditions
applied throughout the present study, 77K chlorophyll fluorescence measurements were
conducted with wild-type cells and the knock out mutant s#7, which lacks the STT7 kinase and is
hence unable to undergo state transitions (Fleischmann et al., 1999). As a third strain the ST7T7-

complemented strain (Depege et al., 2003) was examined.

Low temperature chlorophyll fluorescence measurements were either done in the absence (Figure
4-6A,B, no inh.) or presence (Figure 4-6A,B, +DCMU) of the PET inhibitor DCMU, which
prevents a state I - state II transition via oxidation of the PQ-pool (Wollman and Delepelaire,
1984). In the absence of DCMU a strong transition to state II accompanied the switch from

inorganic to organic carbon source utilization in wild-type cultures (Figure 4-6A,B upper panels,
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Figure 4-6 NAB1 accumulates under conditions that induce a state II transition and accumulation requires
photosynthetic electron transport and the LHCII kinase STT7.

Wild-type cells (upper panels), the state transition kinase deficient mutant s#7 (lower panels) and the STT7-
complemented strain (§717 comp., second row) wete cultivated phototrophically in minimal medium and 3% (v/v)
COg; prior to acetate addition and COz limitation (air bubbling).

(A) Representative 77 K fluorescence spectra of the time-course experiment performed in the presence (right panels,
+DCMU) or absence (left panels, no inh.) of the PET inhibitor DCMU (20 uM). (B) PSI/PSII fluotrescence ratios at
77 K determined as F712/F685 in the absence (datk bars, no inh.) ot presence of DCMU (light bats, +DCMU).
Data represent means and SD of at least two biological replicates. C) Immunodetection of NAB1 in cell lysates of
wild-type cells (wt), s##7 and complemented strain (§717 comp) before (0 h, +CO») and two to six hours after CO>
limitation and acetate supply (+Ac), in the presence (+DCMU) or absence of inhibitor (no inh.).
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no inh.) was treflected by an increased PSI/PSII fluorescence ratio (Figure 4-6B, wt). This ratio
was maintained at a high level within the first two hours before it gradually declined, indicating a
transition back to state I despite the presence of acetate and absence of sufficient inorganic
carbon. The STT7-complemented strain exhibited a reaction similar to the wild-type, though less

distinct (Figure 4-6A,B, second row, $TT7 comp.).

In contrast mutant s#7 did not undergo a transition to state II at all (Figure 4-6A,B lower panels,
stt7). The slow transition of wt cells back to state I after two hours suggested that state
transitions, which are commonly viewed as a short-term acclimation mechanism (Lemeille and
Rochaix, 2010) must be replaced by another type of excitation pressure control operating within

mid to long timescales.

To get further insights into the potential implication of NAB1-mediated antenna control in the
long-term response substituting state transitions only acting on a short timescale, the NAB1
expression pattern was analyzed in strains either containing or lacking kinase STT7 (Figure 4-6C).
Similar to what was observed in wild-type cultures (Figures 4-2 and 4-6C, upper panel, wt, no
inh.), acetate addition and simultaneous CO, limitation triggered an increase in the amount of
NABI1 in the STT7-complemented strain (Figure 4-6C, second row, STT7 comp., no inh.). When
electron transfer from PSII to plastoquinone was inhibited (Figure 4-6C, wt and STT7 comp.,
+DCMU) this treatment not only prevented NAB1 accumulation, but rather caused a decrease of
NABI1 levels. DCMU addition had a similar effect on NAB1 expression in the STT7 k.o. strain
(Figure 4-6C, lower panel, s##7, +DCMU), which can be anticipated since oxidation of the PQ-
pool renders STT7 inactive (Horton and Black, 1980).

Interestingly, the profile of NAB1 accumulation completely differed between s#7 and the
complemented strain or wild-type in the absence of PET inhibitors, when the kinase can be
expected to be active (Figure 4-6C, no inh.). Under such conditions s#7 failed to accumulate
NABL1 in response to CO, limitation and high organic carbon supply. In summary these
observations suggest that a functional state Il transition and/or pertutbation of PET is a

prerequisite for NAB1 accumulation in response to altered carbon availability.
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Discussion

Multi-level control of NABT mediated 1.HCII translation repression

The repressor activity of NAB1 was shown to be regulated by two distinct posttranslational
modifications (PTMs), including cysteine modification (Wobbe et al, 2009) and arginine
methylation (Blifernez et al., 2011). A detailed analysis of NAB1 expression changes following
altered organic and inorganic carbon availability (Figures 4-1 and 4-2) demonstrated that the
cellular amount of NABI1 is adjusted to the prevailing carbon supply. Inclusion of reporter
constructs (Figure 4-2B) and a cell line constitutively expressing high amounts of NAB1 (IN.AB7
oex; Figure 4-5) showed that activity modulation of the nuclear NAB7 promoter is a key
mechanism required to fine-tune translation control via NAB1 expression. NAB1 expressed in
this strain (Figure 4-5) still contains the cysteine and arginine residues crucial for activity
regulation based on PTMs. Because constitutive expression of NAB1, amenable to PTMs, cannot
fully complement the knock out growth phenotype seen under conditions of fluctuating CO,
supply (Figures 4-4 and 4-5), it can be concluded that NAB1 promoter control represents a novel

layer of regulation, vital for the precise adjustment of LHCII translation repression.

Translation repression of individual LHCBM isoforms is part of the long-term response to CO, limitation

A detailed examination revealed that NAB1 accumulation is enhanced primarily by CO,
limitation, most prominent along with the addition of acetate as a reduced carbon source. (Figure
4-2). In agreement with previous studies (Teramoto et al., 2002; Yamano et al., 2008), which
analyzed the effect of CO, limitation on LHCBM transcript levels, the removal of CO, had only
negligible effects on the mRNA level of LHCBMé6 (Figure 4-3C). The amount of LHCBMG6/8
protein, however, increased significantly when high CO, concentrations were continuously
provided in wild-type cultures (Figure 4-3A). Under these conditions cellular NAB1 levels are low
(Figure 4-3A), whereas CO, limitation triggers NAB1 accumulation accompanied by an
unchanged expression of LHCBMG6/8 protein. In the NAB7 k.o. mutant, LHCBMG6/8 protein
accumulates irrespective of the available CO, amount, indicating that the presence of NAB1 is
required to prevent an accumulation of LHCBMG6/8 under low CO, conditions (Figure 4-3B).
The effects of NABI-mediated translation control on LHCBM isoforms 8 (4 in the previous
nomenclature; Elrad and Grossman, 2004) and 6 were disentangled in a previous study
(Mussgnug et al., 2005), which demonstrated that NAB1 strongly prefers isoform 6 mRNA over
that encoding isoform 8, so that the observed NAB1-related changes in LHCBMG/8 expression
should mainly reflect a changed amount of LHCBMG6 (Figure 4-2A,C,D and Figure 4-3A,C).
Analysis of LHCBM accumulation in the NAB1-free mutant (Mussgnug et al., 2005), in cysteine

mutants expressing a permanently active version of NAB1 (Wobbe et al, 2009) and after
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inhibition of arginine methylation as a PTM maintaining NAB1 in an active state (Blifernez et al.,
2011) collectively showed that an altered activity of NAB1-mediated translation repression affects
at least one additional isoform besides LHCBMO0. Results of the present study further confirm
that NAB1, despite of its selectivity, does not exclusively control expression of LHCBMO, nicely
explaining why the total cellular amount of distinct LHCBM isoforms is affected by the

availability of NABI, as seen by electrophoretic separation of LHCII-types prior to
immunodetection (Figure 4-3A,B, o LHCII).

NABT is a regulatory bub connecting short-term and long-term mechanisms of photosynthetic acclimation in
C. reinhardtii

The major light-harvesting antenna is a prime target of short- (STR) as well as long-term
responses (LTR) to environmental changes increasing PSII excitation pressure and STRs include
different types of non-photochemical quenching such as energy-dependent quenching (qE) or
state transitions (qT), both reducing PSII excitation pressure, but via distinct mechanisms. LHCII
aggregates, similar to those found during qE in plants (Betterle et al., 2009), were observed as an
intermediate upon antenna protein detachment during state transitions in green alga (Iwai et al.,
2010; Minagawa, 2011) and only a fraction of detached LHCII subsequently bind to PSI (Unlii et
al., 2014). It was therefore suggested, that the main role of state transitions is to decrease the
absorption cross-section at PSII rather than maximizing absorption at PSI, which seems to be
especially valid for C. reinhardtii, since the permanent peripheral antenna of PSI is already much
larger than in plant PSI (Minagawa, 2011; Kouril et al., 2012; Unlii et al., 2014). Among the L'TRs
are stoichiometric adjustments within the PSII-LHCII complex that reduce excitation pressure by
decreasing the absorption cross-section of PSII. This is achieved by a modulated gene expression
and, in particular, the regulation of LHCII mRNA translation has been recently demonstrated to
represent a crucial mechanism in green alga (Durnford et al., 2003; Mussgnug et al., 2005; Wobbe
et al.,, 2009; Blifernez et al., 2011) and higher plants (Frigerio et al., 2007; Floris et al., 2013).
Short- and long-term responses, although operating on different timescales, rely on common
plastidic sensors, which indicate photosynthetic imbalances such as the redox-state of intersystem
electron carriers or the stroma (Horton and Black, 1980; Pursiheimo et al., 2001; Frigerio et al.,

2007; Lemeille et al., 2009).

In the present study the long-term response of C. reinbardtii to changes in the availability of
organic and inorganic carbon was analyzed with emphasis on the implication of NAB1-mediated
translation control. The addition of acetate to C. reinhardtii cultures along with CO, limitation
caused an accumulation of NAB1 (Figures 4-2, 4-3 and 4-6). CO, limitation slows down carbon

fixation in the Calvin cycle, which attenuates the re-oxidation of NADPH eventually leading to
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an over-reduction of the photosynthetic electron transport chain (Lucker and Kramer, 2013) and

hence increased PSII excitation pressure (Figure 4-3F,G).

Several previous studies reported that CO, limitation triggers a transition from state I to state II
in C. reinhardtii (Bulté et al., 1990; Iwai et al., 2007; Lucker and Kramer, 2013; Takahashi et al.,
2013) and a similar effect was noted after adding acetate to cultures of C. reznbardtii (Gans and
Rebeille, 1990) or Chlamydobotrys stellata (Kovacs et al., 2000), which also reduces Calvin cycle
activity based on the depletion of plastidic ATP pools via increased cytosolic ATP consumption

during the entry of acetate into the glyoxylate cycle.

In agreement with these findings the switch from phototrophic carbon fixation to
photoheterotrophic acetate assimilation was accompanied by a state II transition under the
experimental conditions used in the present study (Figure 4-6). Despite of the still prevailing low
CO, supply, the mobile LHCII fraction re-associated with PSII after about two hours, which has
also been reported in a previous study (Iwai et al., 2007). In C. reznbardtii a low inorganic carbon
supply induces a carbon concentrating mechanism (CCM), which is activated within the first
three hours after the onset of CO, limitation (Renberg et al., 2010). This mechanism effectively
increases CO, concentrations in the pyrenoid, thus alleviating Calvin cycle inhibition. Within the
first hours following inorganic carbon limitation, when the CCM is not fully operational,
C. reinhardtii cells can be expected to be particular susceptible to photoinhibition. The observed
strong state II transition could therefore represent an effective means to prevent photoinhibiton
via fast reduction of the PSII absorption cross-section. Although a fully induced CCM effectively
concentrates CO, at the site of carbon fixation, this mechanism cannot completely compensate
the lack of inorganic carbon in air-bubbled cultures, which were provided with CO,-enriched air
before (Falk and Palmqvist, 1992). Consequently, C. reznhardtii cells must be equipped with
additional acclimation mechanisms that replace state transitions after long-term exposure to

insufficient inorganic carbon-supply.

Within four to six hours after changing the supply of carbon NAB1 accumulates in C. reznbardtii
cells (Figures 4-2, 4-3A and 4-6C) and this elevated expression of NABI coincides with a
reduction in the level of LHCBMG6/8 (Figure 4-2D). A longer exposure of wild-type C. reinhardtii
cells to a changed carbon supply leads to stoichiometric adjustments within PSII-LHCII
complexes (Figure 4-3D) and eventually to an altered functional antenna size (Figure 4-3E), as
has been reported before (Spalding et al., 1984). A reduced functional PSII antenna size in wild-
type cells under low CO,, which was less distinct in the NAB7 k.o. mutant (Figure 4-3E), is a
consequence of the elevated NAB1 expression and provides a means to control PSII excitation

pressure (Figure 4-3G), when STRs such as state transitions are replaced by LTRs (Figure 4-6).
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The A. thaliana state transition mutant s##7, devoid of a kinase phosphorylating the mobile LHCII
faction, was shown to be affected in the LTR to changes in light quality, which were seen as the
complete absence of Chl @/b ratio adjustments typically displayed by wild-type plants under such
conditions (Pesaresi et al., 2009). Information on the effects of a STT7 knock out on LTRs in
C. reinhardtii 1s scarce, but results of the present study indicate that an activation of the NAB1-
mediated long-term response in this mutant is perturbed (Figure 4-6). During the first two hours,
when the transition to state II is most prominent, s#/ accumulates small amounts of NABI
(Figure 4-6C), but then fails to increase NAB1 amounts further. This expression course indicates
that the physical association of LHCII proteins to PSI, not occurring in the mutant but being of
great extent within the first two hours in the wild-type, might not be required to mount the
NAB1-mediated LTR. Although s#7 initially accumulated NAB1, the mutant displayed a NAB1
level significantly below the pre-stress level at the end of the time course, cleatly contrasting the

expression pattern found in the §TT7-complemented strain and wild-type (Figure 4-6C).

It is inherently difficult to deduce a direct implication of state transition kinases in the signaling
mechanisms underlying the induction of LTRs, since the absence of functional state transitions
disrupts redox homeostasis in the chloroplasts, which can be expected to have a great impact on
intracellular signaling, that is practically indistinguishable from effects directly caused by the lack
of phosphorylating activities. After inhibition of photosynthetic electron transport by DCMU,
which creates a leveled, strongly oxidized, redox state in the chloroplast of mutant,
complemented strain and wild-type, differences in the NAB1 expression pattern cannot be
observed anymore (Figure 4-6C, +DCMU). Therefore observed differences between NABI1
expression patterns in §727 and the complemented strain or wild-type, respectively, are only visible
when photosynthetic electron flow is active and direct or indirect effects of STT7-inactivation are

of relevance.

The following working model can be proposed based on the findings of the present work
(Figure 4-7). Under conditions associated to a high carbon-fixing activity of the Calvin cycle, the
demand for NADPH produced by linear photosynthetic electron transport is high (Figure 4-7A).
A low availability of NAB1 (Figures 4-2C, D, 4-3A and 4-6C) resulting from a decreased nuclear
promoter activity (Figure 4-2B) leads to a relaxed LHCII translation control (Figures 4-2A,C,D
and 4-3A-C) enabling the assembly of a large PSII-associated antenna (Figure 4-3E) required to
provide sufficient energy for PSII photochemistry. Within the long-term response to CO,
limitation (Figure 4-7B), that increases PSII excitation pressure (Figure 4-3G) by limiting
NADPH consumption in the Calvin cycle, the NAB1 promoter is activated (Figure 4-2B) by a
plastid retrograde signal that requires photosynthetic electron transport (Figure 4-6C). An

increase in the cellular NAB1 amount elevates LHCII translation repression (Figures 4-2C,D and
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4-3A-C) thereby reducing the functional PSII antenna size (Figure 4-3E) and relieving PSII
excitation pressure (Figure 4-3G). NAB1 accumulates while the transition to state II is being
reversed (Figure 4-6) ensuring that short-term acclimation mechanisms reducing PSII excitation
pressure are replaced by long-term mechanisms (Figure 4-7C) reducing antenna size based on the
stoichiometric adjustment of LHCBM-to-reaction center ratios (Figure 4-3A,B,E). The perturbed
induction of NAB1 expression in mutant s##7, which lacks the kinase vital for an intact state
transition mechanism, suggests a regulatory link between state transitions and LHCII translation

control.
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Figure 4-7 NAB1 mediated PSII antenna size control is a long-term response to CO; limitation.

(A) A Chlamydomonas cell exposed to organic carbon and saturating CO> concentrations. The Calvin cycle (C3-cycle,
C3C) consumes high amounts of NADPH provided by linear electron transport that requires a large absorption at
PSII (yellow flash). Activity of the N.AB7 promoter in the nucleus (grey) is low (red cross) resulting in a reduced
availability of the LHCII translation repressor. (B) Limiting CO> supply reduces NADPH consumption in the C3-
cycle causing increased PSII excitation pressure that has to be relieved by lowering PSII light capture. A retrograde
signal (dashed arrow) activates the nuclear NAB7 promoter to increase the extent of LHCII translation repression in
the cytosol. (C) NAB1-mediated translation repression as a long-term response replaces state transitions as a fast
mechanism of excitation pressure control.

Overall our data provide important further insights into the multi-level regulation of light-
harvesting in lower phototrophic eukaryotes by demonstrating how short- and long-term
responses are orchestrated within a sophisticated regulatory circuit based on the intracellular
communication between chloroplast, nucleus and cytosol. NAB1 represents an important tool
for the future investigation of mechanistic details underlying photosynthetic acclimation in the
context of retrograde signaling, especially under consideration of its dual regulation by post-
translational modifications (Wobbe et al., 2009; Blifernez et al., 2011) and promoter control as

revealed in the present study.
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4.3.1 Interrelation of state transitions and LHCBM translation control

Introduction

Photosynthesis directly depends on the availability of carbon sources (1.1). Limitation of
inorganic carbon and the assimilation of the organic carbon source acetate increase the demand
for ATP and lead to an over-reduction of the photosynthetic electron transport chain (Lucker
and Kramer, 2013). The interplay of state transitions on short and LHCBM translation control
on longer time scales was shown in the present work to adjust photosystem II excitation pressure
upon carbon dioxide limitation, most prominently when acetate as organic carbon source was
supplied simultaneously (4.2). Intriguingly, besides the observed temporal course of antenna
adjustment mechanisms, the regulation of short- and long-term responses appeared to be
interdependent, as accumulation of the LHCBM translation repressor NAB1 was impaired in the
state transition mutant 527 (4.2). Moreover, the N.AB7 knock out mutant was originally described
as state transition mutant (s#73), unable to reduce photosystem II fluorescence in state II
conditions (Kruse et al., 1999; Mussgnug et al., 2005). In this section, the ability of the N.AB7
knock out mutant to perform state transitions and to increase ATP-generating cyclic electron
flow was investigated in response to changes in the supply of inorganic and organic carbon.
Furthermore, growth of the state transition mutant s#7, which is locked in state I, under high,
low or fluctuating carbon dioxide supply was determined. The results are interpreted briefly in
this section and discussed thoroughly against the background of current knowledge as well as

other findings within this work in chapter 6.

Materials and methods

Strains and culture conditions

The wild-type C. reinhardtii strain cc849 (cw10; mt-; Chlamydomonas resource center, St. Paul,
MN, USA) is the parental strain of the N.AB7 knock out mutant (Mussgnug et al., 2005). §727

lacking a state transition kinase and the complemented strain s#7-H.A (Fleischmann et al., 1999;
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Depege et al., 2003) were kindly provided by J.D. Rochaix (Geneva, Switzerland). Cultures were
grown under light intensities of 250 umol photons m™”s” with (tris acetate phosphate media;
Harris, 2009) or without acetate (high salt media; Sueoka, 1960), and aerated with or without
additional 3% (v/v) carbon dioxide. Culture growth was determined as cell density (22, Beckman

Coulter, Krefeld, Germany) and dry biomass as described in section 4.2.

Fluorescence and electrochromic shift measurements

Measurements were undertaken with or without the addition of DCMU (3-(3,4-dichlorophenyl)-
1,1-dimethylurea). Fluorescence studies were performed at 77 K with a Perkin Elmer LS50
spectrometer to determine the relative PSI/PSII emission of cell cultures with a chlorophyll
concentration of 10 ug/mL (Kruse et al., 1999), and spectra were normalized to PSII emission
maximum at 685 nm (4.2). Electrochromic shift (ECS) measurements were kindly provided by
Matteo Ballottari (University of Verona) using a JTS-10 spectrophotometer with actinic light at

940 umol m? s™'. Samples were pre-illuminated at 82 umol photons m™ s for seven minutes.

Results and Discussion

State transitions and cyclic electron flow in the NABT knock out mutant under carbon dioxide limitation

The C. reinhardtii mutant which lacks the LHCBM translation repressor NAB1 was originally
characterized as state transition mutant exhibiting high chlorophyll fluorescence after illumination
with PSII light in contrast to wild-type algae (Kruse et al., 1999; Mussgnug et al., 2005). As
state II transitions were shown to be a major mechanisms adjusting light-harvesting in the short-
term under varying carbon supply in previous (Spalding et al. 1984; Iwai et al. 2007; Lucker and
Kramer 2013) and this (4.2) work, the ability of the N.AB7 knock out mutant to perform state
transitions upon a switch from inorganic to organic carbon supply, as applied before (4.2), was
determined (Figure 4-8). Under these conditions, wild-type cells underwent state transitions,
visible as relative increase of PSI fluorescence at 715 nm (Figure 4-8A, wt, no inh.). After two to
four hours, state transitions relaxed, consistent with previous observations in this work
(Figure 4-6). The PET inhibitor DCMU blocks electron transfer to plastoquinone and in
consequence oxidizes the PQ pool, leading to a relaxation of state II. DCMU addition not only
prevented a state II transition but led to a decrease of PSI fluorescence (Figure 4-8A, upper
panels; +DCMU), indicating that the cells were not in a complete state I under the growth
conditions examined, in agreement with previous results presented here (Figure 4-6). Intriguingly,
the NAB7 knock out mutant underwent state transitions as well (Figure 4-8A, NAB7 k.o.), but
initial PSI fluorescence was relatively higher (Figure 4-8, Oh) and the amplitude of PSI

fluorescence change was lower. Also in the mutant strain, DCMU triggered a transition towards
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state I, indicating that the mutant is generally able to perform state transitions and is rather in

state IT under the growth conditions investigated (6.3.3).
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Figure 4-8 State transitions and cyclic electron flow in the NAB7knock out mutant.

(A) State transitions of wild-type cells (wt) and the NAB7 knock out mutant (NAB7 k.o.) upon a switch from
inorganic (3% CO») to organic carbon (acetate) supply, measured as time course of 77 K fluorescence spectra in the
presence (tight panels, +DCMU) or absence (left panels, no inh.) of the PET inhibitor DCMU (20 umol/L) (4.2).

(B) Cyclic electron flow around PSI determined as electrochromic shift (ECS) (courtesy of Matteo Ballottari). Wild-
type and NABT k.o. mutant were grown under 3% (v/v) CO; and kept undet high carbon dioxide supply (+CO») ot
air levels of carbon dioxide (-CO») for twelve hours, either in acetate containing (+acetate) or minimal media
(-acetate).

Both carbon dioxide limitation and acetate assimilation raise the demand for ATP (1.1.2). Cyclic
electron flow around photosystem I is supposed to increase ATP supply through enhanced
photo-phosphorylation under these conditions, and binding of LHCII to PSI in the course of a
state II transition could amplify CEF (Lucker and Kramer, 2013; Takahashi et al., 2013; 1.2.2). In
order to determine whether cyclic electron flow is increased under the conditions examined in
this study and whether the amplitude differs between wild-type alga and the N.AB7 knock out
mutant, electrochromic shift (ECS), indirectly reflecting CEF, was measured after twelve hours of

high or low carbon dioxide supply, both in the presence and absence of acetate (Figure 4-8B).

Indeed, cyclic electron flow was enhanced in wild-type cells under CO, limitation in
photoautotrophic and photoheterotrophic growth regimes, and both the relative increase under
low CO, as well as the overall level was higher when acetate was supplied (Figure 4-8B, wt, - vs.
+ CO, and - vs. + acetate). This indicates that wild-type cells meet the high demand for ATP
during carbon dioxide limitation and acetate assimilation through increased photo-
phosphorylation. Contrarily, the N.AB7 knock out mutant was unable to enhance cyclic electron
flow under low carbon dioxide supply when acetate was present (Figure 4-8B, N.AB7 k.o.,
+ acetate, - vs. + CO,), while a small increase in CEF could be observed in minimal media

(- acetate).
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These results obtained in this section are consistent with the depicted importance of NAB1
mediated LHCBM translation repression under carbon dioxide limitation and acetate supply (4.2).
While there is little difference between mutant and wild-type under photoautotrophy and high
carbon dioxide availability, the observed disability of N.AB7 knock out cells to enhance cyclic
electron flow under low CO, supply in a photoheterotrophic growth regime could further explain
the impaired growth of this strain under these conditions (Figure 4-4), as acetate might be
assimilated more slowly due to insufficient ATP generation. Indeed, acetate concentration in the
media decreased slightly slower in N.AB7 knock out cell culture (4.2; Figure S2), supporting the

considerations about retarded acetate assimilation of this strain.

Growth of the STT7 knock out mutant under fluctuating carbon dioxide supply

The thylakoid kinase STT7 is crucial for LHCII state transitions. While knock out of the
homologous kinase in _A. thaliana impacts long-term regulation of photosynthesis, the
C. reinhardtii mutant 727 has not exhibited significant impairments of photosynthetic acclimation
responses on longer time scales and of growth under various physiological conditions, yet
(Fleischmann et al., 1999; Depége et al., 2003; Cardol et al., 2009; 1.3.1). In section 4.2 it could be
shown that the mutant is impaired in the accumulation of NAB1 upon varying carbon
availability. The question arises, whether fluctuating inorganic carbon supply affects the growth
of s7#7. To investigate this, the mutant as well as the complemented strain (§T17 comp.) were

grown in acetate containing media and 3% (v/v) CO, before culture gassing was either continued
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Figure 4-9 Growth performance of s¢t7
under varying carbon dioxide supply.
The knock out mutant s#7 (right panels)
and the complemented strain (§T17 comp.
left panels) were acclimated to high CO,
(3% (v/v)) concentrations and further
exposed to high CO» supply (+COy), air
levels of CO; (—COy), or fluctuating CO,
levels in 6 h intervals (—/+COy). Growth
was determined as dry biomass (upper
panels) and cell density (lower panels).
Significant differences (p<0.01) for s#7
between + and -/+CO; (*¥) from 48 h and
(**) from 24 h onwards.
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(Figure 4-9; +CO,) or changed to bubbling with air (-CO,) or fluctuating carbon dioxide in six

hours intervals (-/+CO,).

Indeed, differences between s#7 and the control strain emerged. Growth of the complemented
strain resembled the wild-type performance (Figure 4-9, STT7 comp.; compared to Figure 4-4,
wt). STT7 comp. grew equally fast under high and fluctuating carbon dioxide supply. Only in
stationary phase a slight reduction of biomass was observed (Figure 4-9, STT7 comp., 105 h). In
contrast, s##7 showed a slightly decreased growth under fluctuating compared to high carbon
dioxide supply (Figure 4-9, s#7). This difference was statistically significant (p<<0.01) after 48 h
regarding biomass accumulation (*) and after 24 h regarding cell density (**). Intriguingly, the
knock out mutant outperformed the control strain under continuously high CO, with a higher
cell density and slightly increased biomass (Figure 4-9, +CO,, s##7 vs. ST17 comp.), while under
fluctuating carbon dioxide levels biomass accumulation was decreased at similar cell densities
(Figure 4-9, -/+CO,, stt7 vs. STT7 comp.), indicating that the mutant cells are smaller under
these conditions. There was no significant difference in growth comparing s#7 and the
complemented strain under continuous carbon dioxide limitation, consistent with previous

growth experiments (Fleischmann et al., 1999; Depége et al., 2003).

Overall, the results presented in this section confirm the importance of unperturbed light-
harvesting regulation under fluctuating carbon availability and the interrelation of short- and
long-term regulatory responses (4.2; 6.3.3). The N.AB7 knock out mutant, impaired in LHCBM
translation control, was in a permanent state II under growth conditions and was perturbed in
enhancing cyclic electron flow under CO, limited conditions (Figure 4-8), which likely
contributes to the observed growth impairment (Figure 4-4). The state transition mutant s##/
showed small but significant differences between growth performances under fluctuating
compared to high carbon dioxide supply (Figure 4-9), indicating that the mutant cannot

completely compensate its deficiency if the environment changes frequently.

4.3.2 Regulation of NAB1 expression

Introduction

A reduction in functional antenna size via LHCBM translation repression efficiently relieved
excitation pressure on photosystem II under carbon dioxide limitation (4.2). The increased
accumulation of the translation repressor NAB1 emerged as a key component within this
response, and the application of a PET inhibitor indicated that signals emerging from the
chloroplast control nuclear N.AB7 promoter activity. Consequently, regulatory elements are

presumably encoded in the promoter sequence, which allow induction or de-repression of N.AB7
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transcription under carbon dioxide limitation. In order to narrow down DNA sequences essential
for this regulation, the N.AB7 promoter:gluc reporter (3.2; 4.2) was employed and truncated
promoter elements were tested regarding the ability to confer CO, responsiveness. I silico

analyses were used to identify putative ¢is-regulatory elements (CREs) on the promoter.

Furthermore, high light stress was shown to cause a transient decrease of LHCBM mRNA
abundance (Durnford et al., 2003; Elrad and Grossman, 2004; 1.2.3). Although transcripts reach
pre-stress levels after six two eight hours, LHCII protein levels continuously decrease. It was
therefore concluded that post-transcriptional means regulate LHCBM expression under
prolonged high light intensities (Durnford et al.,, 2003). NAB1 mediated translation repression
could be part of this control (Erickson et al., 2015). Therefore, NAB1 protein and transcript
levels under high light stress were investigated here in order to determine expression of this
protein in this condition and to evaluate the role of LHCBM protein synthesis control mediated

by NAB1 under high light stress.

Materials and methods

Strains and culture conditions

Strains cc3491 and cc1883 (both cwl15; mt-; Chlamydomonas resource center, St. Paul, MN,
USA) were used as wild-type C. reinhardti. Cultures were grown photoautotrophically in high salt
media (Sueoka, 1960) or with acetate (tris acetate phosphate media; Harris, 2009), bubbled with
air or carbon dioxide enriched (3% (v/v)) aitr. For high light experiments, cells were kept at an
optical density of 0.1 at 735 nm (0.D.-5;,.,, turbidostat) and light intensity was switched from 100

to 1000 umol photons m?s”, mimicking conditions applied in the study of Durnford et al.

(2003). Promoter induction experiments with reporter strains (see below) were performed as
before (4.2) by incubating the cells in acetate containing media under high or air levels of CO,

and incident light intensities of 250 umol photons m™”s™.

Determination of NABT transcription start site

A 5RACE was performed with modifications according to Scotto-Lavino et al. (2007) to identify
the length of the 5’UTR in the NAB7 gene. RNA was purified from cc1883 cells harvested
during late-logarithmic photoheterotrophic growth phase (Chomczynski and Sacchi, 1987).
Uncapped RNA was excluded from adapter ligation either by using alkaline phosphatase and
tobacco acid pyrophosphatase. The residual RNA, regarded as complete transcripts, was
converted into cDNA and amplified using two nested primer pairs (Table 4-1; 5’RACE). PCR
products were sequenced (MPIZ DNA core facility on Applied Biosystems; Weiterstadt,
Germany). The results of the 5’RACE were validated by performing PCRs (Table 4-1; mapping
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of TSS) on gDNA and cDNA of strain cc1883. Products appearing for both templates were
considered to be formed within the transcribed region of NAB1 in contrast to those only formed

with gDNA as template.

Experimental promoter analysis - 1V ector construction, strain generation and reporter assay

Three strategies were applied to obtain vectors with truncated N.AB7 promoters (Figure 4-12A).
For the 817 and 521 bp fragments, the gl.uc expression vector containing a 1.55bp N.AB7
promoter fragment (4.2) was cut with the FastDigest® (Thermo Scientific) restriction
endonuclease Spel (cutting two times) or Xbal and Avrll (cutting one time each). This removed
a S’upstream region, whereas an 817 bp or 521 bp fragment, respectively, relative to translation
start remained. After purification, subsequent self-ligation let to the construction of
pNabCAgluc_817 and pNabCAgluc_521. Fragments containing 398, 283 or 152 bp upstream
of translation start were amplified (primers purchased from Sigma Aldrich; Table 4-1), cut with
Xbal and Ndel and ligated into the cut and purified vector backbone (4.2). Third, an oligo
sequence obtained from annealing Pnab_del fw and _rv (Table 4-1) was inserted instead of a
promoter fragment as a negative control. All vectors were checked by sequencing (MPIZ DNA

core facility on Applied Biosystems; Weiterstadt, Germany).

Table 4-1 DNA oligonucleotide sequences.

Name Sequence 5" 2 3’ Comment

Pnab_398 Xbal AATTTCTAGAGGTTTCCATTGCTC NAB1 promoter fragment 398 bp 5’ of start-codon

Pnab_283_ Xbal AATTTCTAGAAGGGCTCTGCGT NAB1 promoter fragment 285 bp 5’ of start-codon

Pnab_152_Xbal AATTTCTAGAATCGGGGCAATC NAB1 promoter fragment 152 bp 5’ of start-codon

CAsig_rv AGGAGTAGAGCGCCAGTACG reverse primer for Pnab_ forward primers
Pnab_del_fw CTAGAACTAGTGGATCCCA deletion of NAB1 promoter, insert of oligo
Pnab_del_rv TATGGGATCCACTAGTT deletion of NAB1 promoter, insert of oligo

GSP4 RT TGATGTTGGTCTGGTGCACAAAG NAB1 coding sequence, rv, 5’RACE
GSP5 GTCTGGTGCACAAAGAGGTC NAB1 coding sequence, rv, 5’'RACE
GSP6 ACTTTACGGTTCCCTGTTGC NAB1 coding sequence, rv, 5’RACE
N1/A3 1l fw GATATGCGCGAATTCCTGTAG Adapter specific, 5’RACE

N2/A3 11 fw TCCTGTAGAACGAACACTAGAAGAAA  Adapter specific, 5’RACE

PSP1 rv CGACCCTCCTCGCTCAGT NAB1 promoter -8 bp, mapping 5’'UTR
PSP2 fw CGCCGACCTCGTTACATCT NAB1 promoter -100 bp, mapping 5’'UTR
PSP3 fw AATCTCCCGAAGCACACCTT NAB1 promoter -147 bp, mapping 5’'UTR
PSP4 fw CAAGCTACGGCACAAATTCA NAB1 promoter -265 bp, mapping 5’'UTR

Transformation of cc1883, screening and luminescence assay was performed as described in

section 4.2. Truncation studies were undertaken with the help of two students, Louise
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Brachtvogel and Tatjana Buchholz (Bielefeld University). Three independent cell lines per
construct were investigated in three biological and three technical replicates. For all strains

analyzed, the insertion of the N.AB7::gl.uc fragment was verified by PCR (3.2).

In silico promoter analysis

The databases PLACE (http://www.dna.affrc.go.jp/PLACE; Higo et al., 1999) and PlantCARE
(http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html; Lescot et al., 2002) were used to
search for known cis-regulatory element within the 1548 bp fragment upstream of the NABI
translation start site. Furthermore, motifs which are connected to CO,-responsiveness as

identified in a transcriptome study (Winck et al., 2013a), were taken into account.

Quantitative real-time RT-PCR and immunoblotting

Isolation of total cellular RNA (Chomczynski and Sacchi, 1987) and quantitative real-time RT-
PCR (qRT-PCR) using NABT7 specific primers was performed as described (Wobbe et al., 2009;
4.2). Immunoblot detection of NAB1 protein levels was performed after separation of total
cellular protein via 12% tris-glycine SDS-PAGE applying NAB1-specific antiserum (Mussgnug et
al., 2005) and enhanced chemiluminescence (GE Healthcare) as before (4.2). Coomassie brilliant

blue staining served as loading control.

Results and Discussion

NABT expression under high light stress

Post-transcriptional regulation of LHCBM expression was described upon high light treatment in
minimal media and low carbon dioxide supply (Durnford et al, 2003; 1.2.3). In order to
investigate how NAB1 expression is regulated under this condition and whether NAB1 mediated
translation repression could be involved in the decrease of LHCII protein levels, wild-type cells
were grown under conditions that mimic those of the study mentioned above, and transcript as

well as protein abundance of NAB1 were determined (Figure 4-10). Upon a tenfold increase of

A gRT-PCR B immunoblot
1.0 NAB1 mRNA
0.8 35—
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Figure 4-10 High light stress reduces cellular NAB1 mRNA and protein levels.

Wild-type cells were cultured in minimal media with air gassing and were kept at an 0.D.7350m of 0.1. Light intensity
was increased from 100 to 1000 pmol m2 s

(A) NABT transcript levels determined by gRT-PCR with levels at 0 h set to 1. (B) Immunoblot detection of NAB1

protein levels (aNAB1) and coomassie staining (CBB) as loading control.
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light intensity to 1000 umol m”s™, N.AB7 mRNA levels decreased to 40% after six hours and
below 20% after 24 hours (Figure 4-10A). With a delay, NAB1 protein levels decreased between

six and 24 hours and stayed low for at least two more days (Figure 4-10B).

The low NAB1 protein abundance indicates that NAB1 mediated LHCBM translation repression
is not the major mechanism reducing light-harvesting proteins levels under prolonged high light.
Instead, overall translation could be low due to a global polysome disassembly triggered by
reactive oxygen species, as observed under similar conditions (McKim and Durnford, 2006). This
study points towards oxidative stress as main determinant of LHCII expression upon high light
stress under carbon dioxide limiting conditions. In conclusion, NAB1 mediated translation
control operates under more physiological conditions in the absence of severe photoinhibition

and oxidative stress.

Identification of the 5°UTR of the NABT gene

Activity control of the nuclear NAB7 promoter is crucial for the regulation of LHCBM
translation repression under varying carbon supply (4.2). To characterize the promoter elements
in more detail, the transcription start site needs to be determined. To this end, a modified ‘new
5RACE’ (Scotto-Lavino et al., 2007) was performed. RNA was harvested from cells in late
growth phase. Total RNA samples were treated with alkaline phosphatase and/or tobacco acid
pyrophosphatase, allowing discrimination between full-length and broken RNA in subsequent
reverse transcription and amplification steps. Fragments obtained specifically in both alkaline
phosphatase and tobacco acid pyrophosphatase treated samples were sequenced. Sequencing
revealed a 100% identity with a 102 bp fragment of the N.AB7 promoter, merging into N.AB7
coding sequence and flanked by the primers used for amplification No fragment larger than
102 bp could be detected, strongly suggesting that this marks the end of the 5’UTR of the N.AB7

gene.

As a second approach, the approximate length of the 5’UTR was mapped by PCR taking reverse
transcribed RNA (cDNA) and genomic DNA (gDNA) as templates. The reverse primer was set
to the translation start site, while three forward primers (Table 4-1; mapping 5’UTR) were chosen

to bind 100, 147 and 265 bp before translation start (Figure 4-11, ATG).

Amplification of gDNA vyielded in visible products for all three forward primers chosen (Figure
4-11, ¢DNA). In the contrary, cDNA was only amplified using the primer binding 100 bp
before translation start (Figure 4-11, cDNA). As apparently primers at position -147 and -265
bp could not bind, this indicates that the end of the 5’UTR of NAB1 is between -100 to -147
bp (Figure 4-11, TSS). This is consistent with the 102 bp fragment found using 5RACE, as

described above.
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NAB1 promoter
TSS ATG

cDNA

Figure 4-11 Mapping of the 5’UTR of the NABI gene.

Sequences were amplified using gDNA or cDNA as template and N.AB7
promoter specific primers, with forward primers binding 100, 147 and
265 bp before translation start (ATG).

gDNA

Overall, the results of both approaches are in agreement with a N.AB7 transcription start 102 bp
upstream of the translation start codon. The analyses do however not rule out the existence of
another transcription start site under different conditions. Transcription from two alternative
start sites, one of which representing a TATA-box, was reported for other nuclear C. reinhardtii
genes before (von Gromoff et al., 2000; Fischer et al., 2009; 1.3.3) Interestingly, a TATA-box and
AT-rich region are present in the N.AB7 promoter between -483 to -478 bp and -377 to -358 bp,

respectively (Table 4-2), and both could represent sequences of an alternative core promoter.

Regulatory elements on the NABT promoter

NABI1 expression is clearly increased under CO, limiting conditions, most notably when acetate
is present in the culture media, and expression is based on promoter activity (Figure 4-2). In
order to narrow down sequences involved in the control of NABT7 transcription, reporter
constructs were created that drive gl.uc expression from shortened NAB7 promoter fragments
(Figure 4-12). As a negative control, reporter constructs harboring no promoter were introduced
into wild-type cells as well (Figure 4-12; 0 bp). For each construct, cells showing luminescence
were found amongst 196 transformant colonies screened (Figure 4-12A; luciferase expression: +),
and three independent cell lines were analyzed regarding the differential luciferase expression

under high (3% (v/v)) and low carbon dioxide supply in acetate containing media.

All cell lines expressing luciferase from a NAB7 promoter fragment exhibited a higher
luminescence under air levels of CO, compared to carbon dioxide enriched air (Figure 4-12A;
response to CO, limitation: +), indicating that the smallest, 152 bp sequence used encodes
regulatory elements that confer responsiveness to CO, limitation. Importantly, none of the
strains with an oligonucleotide (Table 4-1) instead of a N.4AB7 promoter sequence showed this
response (Figure 4-12A; response to CO, limitation: -), confirming that transcriptional and not

post-transcriptional regulation is responsible for the observed changes in luminescence.

A time course of luminescence of representative cell lines containing the reporter with the 152 bp

NABT promoter fragment and without N.AB7 promoter (0 bp) under low relative to high carbon
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dioxide supply is shown in Figure 4-12B. While the relative difference of luciferase expression
under CO, limitation increased over time for the strain with the 152 bp NAB7 promoter
fragment, the control strain showed similar luminescence under both conditions resulting in a

ratio close to 1 between two to eight hours of incubation.

A promoter::reporter constructs luciferase  response to B luminescence (rel. to +CQ,)
expression CO, limitation
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Figure 4-12 Activity of truncated NABI promoter fragments under carbon dioxide limitation.

(A) Luciferase expression and responsiveness to carbon dioxide limitation of truncated N.AB7 promoter::gluc
reporter constructs. (B) Luminescence in supernatants of cultures under CO> limitation, relative to luminescence
under 3% (v/v) CO». A representative cell line harboring the repotter with the 152 bp N.AB7 promoter and without
NABT promoter (0 bp) is shown; error bars are SD of three biological and three technical replicates (n=9).
Interestingly, the absolute luminescence detected was rather similar in between cell lines
harboring a N.AB7 promoter::reporter construct, while this value differed much more for the
0 bp control strains. After eight hours, between 419 and 482 luminescence units per 10° cells
were detected for the three strains with a 152 bp fragment under CO, limitation, while this value
ranged from 307 to 1195 luminescence units in the three control strains. This might be explained

by a random insertion of the promoter-less luciferase gene behind promoters in the genome

(‘promoter trap’), which are more or less active under the conditions examined.

Overall, a significant difference (p<0.01) was observed in CO, responsiveness between cells
harboring a 152 bp N.AB7 promoter fragment in front of the gluc gene and those without
promoter on the construct. After four hours, the incubation time applied in previous experiments
(4.2), the mean ratio of luminescence in air versus +CO, of all cell lines and replicates (n=27) was
1.19 (£0.31) for strains without promoter and 3.65 (£1.45) for those with the 152 bp N.AB7

promoter.

To gain further insight into the location of cs-regulatory elements on the promoter, the 1.55 kb
element was analyzed iz silico regarding the presence of known cs-regulatory elements applying
the databases PLACE and PlantCARE as well as information from a recent transcriptome study
(Winck et al., 2013a). In the latter publication, transcription factors and regulators which are

controlled by the availability of carbon dioxide were identified. The authors could narrow down
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ten sequence motifs and respective motif combinations in promoter regions regulated by low
carbon dioxide. Intriguingly, six of these motifs are present on the N.AB7 promoter (Table 4-2),
however none of them within 152 bp upstream the translation start site. Nevertheless, this study
confirms the induction of N.ABT7 transcription under CO, limitation. NAB1 grouped into a

cluster of early responding genes, and mRNA levels were increased by factor 6.9 after one hour,

11.1 after two hours and 3.2 after three hours (Table S3 of Winck et al., 2013a).

Table 4-2 Motifs and putative CREs in the NABI promoter sequence.
COg, copper and oxygen, low temp. (temperature): element confers responsiveness to respective factor
put. alt. TSS: core promoter sequence of putative alternative transcription start

Name Sequence 5’ > 3’ Position (bp) Comment Source
motif 6 GTTTGCTCAT -1186 to -1176 CO; Winck et al. (2013a)
motif 7 GCCGTTTGCGCAGGTCCTT  -624 to -606 CO; Winck et al. (2013a)
motif 4 CGTCTTTGACGTGG -497 to -484 CO, Winck et al. (2013a)
motif 2 TATTAATAAATT -373 to -362 CO, Winck et al. (2013a)
motif 3 AGCAAATAAAGACA -358 to -345 CO; Winck et al. (2013a)
motif 1 AGCATTTGCAGCCGG -300 to -286 CO, Winck et al. (2013a)
-1486; -1373; -1343; copper and
curecore GTAC PLACE
-1123; -172; -160 oxygen
Itre CCGAAA or CCGAC -580; -515; -93; -26 low temp. PLACE, PlantCARE
TATA-box TATAAA -483 to -478 put. alt. TSS -
AT-rich TATTTATTAATAAATTAAAA -377 to -358 put. alt. TSS -
5'UTR see appendix, Figure S5 -102to O TSS at -102 bp this work (4.3.2)

The databases PLACE and PlantCARE focus on regulatory elements identified in vascular plants,
but also motifs of C. reznbardtii were added. Using these tools, numerous elements can be found
on the NAB7 promoter, and the most relevant, as they were originally detected in C. reinbardtii

and/or are associated to carbon metabolisms or light-harvesting regulation, are described here.

Four elements responding to low temperatures, but which are also involved in light signaling, are
present on the N.AB7 promoter (Table 4-2, Itre); the sequence CCGAAA originally described in
in barley (Dunn et al, 1998) at position -580 bp and -515bp, and CCGAC identified in
A. thaliana (Kim et al., 2002) and winter Brassica napus (Jiang et al., 1996) within the N.AB7 5’UTR
at -93bp and -26 bp before translation start site. Furthermore, an element that confers
responsiveness to copper and oxygen deficiency in C. reznbardtii (Quinn et al., 2002; Kropat et al.,

2005) is encoded six times on N.AB7 promoter (Table 4-2, curecore).

An enhanced expression of NAB1 during cold periods and hypoxia seems to be reasonable. Low
temperatures slow down metabolic reactions such as the Calvin cycle, and oxygen limitation

decreases the consumption of reducing equivalents in the mitochondrial electron transport chain
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(1.1.1). Both causes an over-reduction of the photosynthetic electron transport chain and
increases photosystem II excitation pressure. NAB1 mediated repression of LHCBM protein
synthesis could lower the PSII antenna size under cold or hypoxic conditions and relieve the

pressure (6.2.1).

Two enhancer elements with the consensus motif GANTTNC, the binding sites site of the
transcription factor LCR1 to the CAHT promoter, are crucial for expression induction of the
carbonic anhydrase 1 under carbon dioxide limitation (Kucho et al., 2003; Yoshioka et al., 2004).
The consensus sequence is found five times on the NAB7 promoter, but exclusively on reverse
strand, indicating that NAB1 is might not be regulated via the same pathway as the factors
involved in the carbon concentrating mechanism. This conclusion is further discussed in section

6.2.1.

Also light responsive elements can be detected on the N.AB7 promoter; for instance the GATA-
box, which is conserved in LHCII genes of vascular plants, starting at position -415 bp, and the
GT1 consensus GRWAAW from -529 bp on, which is found in several light responsive genes of
vascular plants (Zhou, 1999). These sequences are however not encoded in the 255 bp fragment
of the LHCBM6 promoter, which was shown to be sufficient to drive light-dependent
transcription (Hahn and Kuck, 1999). It might therefore be questionable whether these elements
are conserved in C. reznhardtii. More important, empirical data suggest that under low and medium
light, NAB1 expression does not alter much (Figure 5-5). Under high light however, NAB1
mRNA and protein levels are low (Figure 4-10), but it is not clear whether promoter activity is

altered and/or transcripts are degraded.

To summarize, NAB1 mediated translation repression is crucial for PSII antenna size
adjustments under varying carbon supply (4.2), and independent analyses by other authors
confirm the increased NAB1 expression under CO, limitation (Winck et al., 2013a). A 152 bp
sequence upstream of the NAB1 translation start site is sufficient to drive expression of the
reporter gene gluc in a carbon dioxide dependent manner (4.3.2). This promoter fragment can
now be used as a probe to study the binding of transcription factors that are involved in the
increased NABT promoter activity and that are therefore part of the signaling cascade under
carbon dioxide limitation (7). Furthermore hypoxia, low temperatures and high light stress could
be additional factors influencing N.AB7 promoter activity. The cell lines harboring the reporter
constructs created in this thesis can be used in future work to test the responsiveness to these
abiotic factors, and signaling studies using specific inhibitors could be applied to elucidate the

interorganellar communication pathways involved (7).



82 |




| 83

5 Light dependent redox control of photon capture capacity

5.1 Significance

Light availability is a main factor determining photosynthetic performances and altering cellular
redox states (Anderson et al. 1995). Plants and algae therefore constantly adapt their
photosynthetic apparatus to ensure balanced photon capture (1.2). However, understanding the
regulatory network behind the adjustment of light-harvesting under fluctuating light is, despite
extensive research, still in its infancies (Leister et al 2012; Dietz et al., 2015; 1.3). In this chapter,
details of a light dependent redox based control of LHCBM protein synthesis were elucidated,
providing insights into retrograde signaling pathways between chloroplast and cytosol. The

results presented in section 5.2 were obtained in collaboration as described below.

5.2 Unpublished results |11

A light switch based on protein S-nitrosylation fine-tunes photosynthetic

light-harvesting in the microalga Chlamydomonas reinhardtii
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thioredoxin mediated denitrosylation (Figure 5-6), using the biotin-switch technique in
combination with affinity chromatography and immunoblot detection. Christophe Marchand

performed mass spectrometry analyses (Figure 5-2A).
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Abstract

Photosynthetic eukaryotes are constantly challenged with a fluctuating supply of light in their
natural environment. Key components of the photosynthetic apparatus are encoded by the
nuclear instead of the chloroplast genome, adding another layer of complexity to long-term
photoacclimation processes which adjust the stoichiometry of the photosynthetic machinery.
Here, we provide clear evidence for a regulatory circuit that modulates the cytosolic synthesis of
photosystem II associated major light-harvesting proteins (LHCII) in response to light quantity
changes. In Chlamydomonas reinbardtii, the RNA binding protein NAB1 resides in the cytosol and
represses translation of certain LLHCII isoform mRNAs. Specific nitrosylation of cysteine 226
reduces the repressor activity and could be demonstrated 7 vitro and 7n vive. Our data indicate that
the extent of NABI nitrosylation found 7z vivo is fine-tuned in a light-dependent fashion by
recruiting cytosolic thioredoxin hl and NADPH dependent thioredoxin reductase to activate
NABI1 via denitrosylation in response to an increased light supply. This redox control of cytosolic
protein synthesis in concert with nuclear transcription allows adjusting the amount of LHCII to

the cellular energy demand under fluctuating light.
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Introduction

Photosynthetic organisms constantly adapt their light harvesting machinery to a changing
environment to ensure optimal photosynthetic efficiency (Anderson et al., 1995). Expression
control of the major light harvesting proteins at photosystem II (LHCII) provides an efficient

means to regulate the initial step of photosynthesis.

In unicellular green algae, including the model organism Chlamydomonas reinhardtii, exposure to
high light causes a precipitous drop in LHCII transcript levels, while a reduced light availability
has an opposite effect (Escoubas et al., 1995; Durnford et al., 2003; Chen et al., 2004). This
strong modulation of transcript levels is mainly achieved by controlling nuclear transcription
initiation rates (Escoubas et al., 1995), which is in agreement with an unchanged stability of
LHCII transcripts in high light grown C. reinhardtii cells (Durnford et al., 2003). In this alga, also
translation of LHCII encoding mRNAs is controlled by light and its repression occurs after

elevating light intensity (Durnford et al., 2003; Mussgnug et al., 2005).

This organism contains the cytosolic RNA binding protein NAB1, which acts as a translation
repressor by sequestrating LHCBM mRNAs into translationally silent messenger
ribonucleoprotein complexes, thus preventing their translation (Mussgnug et al., 2005). NAB1
shows a preference for certain LHCBM isoform transcripts and in accordance with its function
as a LHCII translation repressor, the N.AB7 knock out mutant over-accumulates light-harvesting
proteins, displayed by a dark green phenotype (Mussgnug et al., 2005). The extent of NABI
mediated translation repression is controlled on multiple levels, which perfectly reflects the vital
role that light-harvesting plays in a phototrophic organisms (Wobbe et al., 2009; Blifernez et al.,
2011; Berger et al., 2014).

For instance carbon dioxide limiting conditions trigger the accumulation of NAB1 via nuclear
promoter activation, which in turn reduces the synthesis of LHCII proteins when antenna size
reduction is required to maintain a normal PSII excitation pressure, while the reductant sink
capacity of the Calvin cycle is restricted (Berger et al., 2014). Promoter activation can be
abolished by blocking photosynthetic electron transport, which indicates that NAB1 expression is
modulated by chloroplast retrograde signals and several lines of evidence suggest that NAB1 can
be regarded as a regulatory hub connecting short- and long-term photosynthetic acclimation

mechanisms.

RNA binding activity of NABI is regulated by two types of post-translational modification with
arginine methylation acting as a master switch that adjusts activity to the prevailing metabolic
situation (Blifernez et al., 2011). In addition, NAB1 activity is redox controlled via modification

two cysteines at amino acid position 181 and 220, located in the RNA recognition motif (RRM)
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(Wobbe et al., 2009). Oxidative modification of these cysteines reduces the RNA binding and
translation repressor activity of NAB1. Replacement of either amino acid with serine impairs
NAB1 deactivation, causing a pale green, small antenna phenotype (Beckmann et al., 2009;
Wobbe et al., 2009), but single mutation of C226 causes a stronger phenotype than the respective
exchange of C181 (Wobbe et al., 2009). Together with biochemical data, the phenotypic
difference between both cysteine single mutants demonstrated that single cysteine modification
and not the formation of intramolecular disulfide bonds must be the mechanisms of NAB1
deactivation (Wobbe et al., 2009). Distinct types of single cysteine modification are known and
glutathionylation as well as nitrosylation represent prominent examples. Protein glutathionylation
consists of the formation of mixed disulfides between glutathione (GSH; c-L-glutamyl-L-
cysteinylglycine) and a protein thiol. This modification can protect protein thiols from over-
oxidation, but can also have a regulative function (Zaffagnini et al., 2012). Protein S-nitrosylation,
results from the covalent binding of nitric oxide (NO) to a cysteine thiol moiety and plays a
major role in numerous cellular processes in mammals (Benhar et al., 2009). NO production has
also been reported in plants where it has been detected in different tissues or subcellular
compartments, such as plastids, peroxisomes or mitochondria (Baudouin, 2011; Frohlich and
Durner, 2011). In animals, the main source of NO is a reaction catalyzed by NO synthases
(NOS), but the relevance of this synthesis pathway for plant NO metabolism is still a matter of
debate (Frohlich and Durner, 2011). Although a NOS homologue could be characterized in the
microalga Ostreococcus tauri (Foresi et al., 2010), nitrite and nitrate reductase seem to be the main
NO-producing systems in the plant kingdom (Baudouin, 2011; Frohlich and Durner, 2011),
where a multitude of physiological processes have been shown to rely on NO signaling (Astier et
al., 2011). Nitric oxide cannot only react with protein thiols directly to form protein S-
nitrosothiols, but can also form adducts with the most abundant intracellular cysteine-containing
tripeptide glutathione. S-nitrosoglutathione (GSNO) is regarded as the main mobile NO reservoir
of the cell and a major trans-nitrosylating agent. Its concentration is controlled by GSNO
reductase (GSNOR), which catalyzes the reduction of GSNO to oxidized glutathione (GSSG)
and ammonia, thereby modulating indirectly the level of nitrosylated proteins (Liu et al., 2001).
Recently, a proteomic study conducted with C. reznbardtii demonstrated that S-nitrosylation could
constitute a major regulatory mechanism, when this organism is exposed to nitrosative stress and
large number of identified S-nitrosylation targets are implicated in photosynthesis (Morisse et al.,
2014). In the present study we set out to determine the physiological role and type of single
cysteine modification occurring on NAB1 7z wivo. Overall our data clearly demonstrate that
reversible nitrosylation of a specific cysteine residue in the RRM domain of NAB1 modulates

translation of light-harvesting protein-encoding mRNAs in the cytosol of C. reinbardtii cells. The
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fact that denitrosylation of NAB1, which results in its activation, requires a cytosolic thioredoxin
system provides important insights into the cross-talk between chloroplast and cytosol, which is
needed for a stoichiometric fine-tuning of photosynthetic apparatus components, encoded by the

nuclear genome.

Methods

Chemicals and engymes

Reduced glutathione (GSH), dithiothreitol (DTT), ascorbate (ASC), nicotinamide adenine
dinucleotide phosphate (NADPH), 1,1-Diethyl-2-hydroxy-2-nitroso-hydrazine sodium salt
(DEA-NONOate), 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO),
and nitrosogluthatione (GSNO) were purchased from Sigma. GSNO and NADPH
concentrations were determined spectrophotometrically using molar extinction coefficients of
920 M cm™ at 335 nm for the former and 6230 M cm™ at 340 nm for the latter. N-[6-
(Biotinamido)hexyl]-3’-(2*-pyridyldithio)proprionamide (HPDP-biotin) was purchased from
Pierce. Recombinant proteins were prepared as previously described for TRX hl from
C. reinhardtii (Goyer et al, 1999), NADPH-dependent thioredoxin reductase (NTR) from
Saccharomyces cerevisiae (Pérez-Pérez et al., 2014) and cytoplasmic glyceraldehyde-3-phosphate
dehydrogenase (GAPC1) from Arabidopsis thaliana (Bedhomme et al., 2012).

Strains and Culture Conditions

The Chlamydomonas reinhardtii strain CC849 (cw10; mt-; Chlamydomonas resource center, St. Paul,
MN, USA) served as wild-type and is the parental strain of the N.AB7 knock out mutant sz3
(Mussgnug et al., 2005). The cysteine mutants, carrying NAB1 with either C181 or C226 replaced
by serine, as well as the respective control strain with a wild-type NAB1, were created by
introducing the N.AB7 gene under the control of PS.4AD promotor into szz3 (Wobbe et al., 2009),
thereby obviating endogenous expression regulation. To distinguish between LHC transcription
and translation control, HA-tagged LHCBMG6 under the control of PSAD promotor was
introduced into the wild-type strain, N.AB7 k.o. and the cysteine mutants (Mussgnug et al., 2005;

Wobbe et al., 2009).

The strains were cultured in tris-acetate-phosphate (TAP) media under low (40 umol
photons m?s™) or elevated (200 umol phototns m™® s') fluorescent white light. Cell density was
monitored by determining the optical density at 750 nm as well as cell count (Beckmann coulter).
For artificial nitrosative stress, 2 mM GSNO or 1 mM DEA-NONOate was added to the
cultures. Concentration was checked photometrically using the extinction coefficients at 355 and

250 nm, respectively. To prevent nitrosylation, 1 mM cPTIO was added as NO scavenger.
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In vitro glutathionylation of NABT and GAPCT

Reduced recombinant proteins (Mussgnug et al., 2005; Bedhomme et al., 2012; 40 puM) were
incubated in 30 mM Tris-HCI (pH 7.9), 1 mM EDTA in the presence of 0.1 mM H:0: and
0.5 mM GSH for 30 min at 25 °C. For each protein a control was performed by replacing H.O:
and GSH with Tris-HCI buffer and the reversibility of the induced glutathionylation was verified
after incubation with 2.5 mM dithiotreitol for 15 min at 25 °C. After each treatment proteins

were subjected to MALDI-TOF MS analysis as described below.

MAILDI-TOF mass spectrometry

1 uL. of protein solution was mixed with 4 ul. of a saturated solution of sinapinic acid in 30%
acetonitrile containing 0.3% trifluoroacetic acid. Then, 1.5 pLL of this premix was deposited onto
the sample plate and allowed to dry under a gentle air stream at room temperature. Mass
determination of NAB1 and GAPC1 was carried out after calibration on mono-charged and di-
charged yeast enolase ions (m/z: 23336 and 46671 Da, respectively) in positive linear mode on a
Performance Axima MALDI-TOF mass spectrometer (Shimadzu, Manchester, United Kingdom)

with a pulse-extraction fixed at 28000.

Nitrosylation/ Denitrosylation treatments

Purified recombinant NAB1 (Mussgnug et al., 2005) and GAPC1 (Bedhomme et al., 2012) were
nitrosylated in sample buffer (30 mM Tris-HCI pH 7.5, EDTA 1 mM, NaCl 100 mM) in the
presence of 2 mM GSNO for 30 minutes in the dark at 25 °C. Denitrosylation of NAB1-SNO
and GAPC1-SNO were performed for 30 minutes in sample buffer supplemented with GSH
(6 mM) or DTT (20 mM) or with a mixture containing 1 pM NTR and 2 mM NADPH in the
presence or absence of 20 uM TRX h1.

Biotin switch assay

The extent of protein nitrosylation was assessed by the adapted biotin switch assay (Jaffrey and
Snyder, 2001). After nitrosylation/denitrosylation treatments, proteins (0.8-1 mg/ml) were
precipitated with 4 volumes of cold acetone at -20°C during 20 min and pelleted by
centrifugation at 4 °C for 10 min at 15,000 xg. The pellet was resuspended in TENS buffer
(30 mM Tris-HCI pH 7.9, 1 mM EDTA, 100 mM NaCl and 1% SDS) supplemented with a
cocktail of alkylating reagents (10 mM iodoacetamide, 10 mM N-ethylmaleimide), to allow
blocking of free thiols. After 30 minutes incubation at 25 °C under shaking, the samples were
acetone precipitated, as described above, to remove unreacted alkylating reagents. After
resuspension in TENS buffer, proteins were incubated in the presence of 40 mM ascorbate and

1 mM HPDP-biotin for 30 min. This step allows reduction of S-nitrosylated cysteines and their
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derivatization with biotin. Proteins were then acetone precipitated to remove unreacted labeling
compounds, pelleted by centrifugation as above and resuspended in TENS buffer. All steps were
performed in the dark. After the final precipitation, proteins were analyzed by gel electrophoresis

and immunoblotting.

All BST assays included a negative control where ascorbate was omitted to prevent reduction of
S-nitrosothiols and subsequent biotinylation. This control without ascorbate allows assessing the

efficiency of the initial thiol-blocking step.

Gel electrophoresis and Imnmnoblotting

Whole cell lysates were subjected to immunoblotting as described (Wobbe et al., 2009; Blifernez
et al., 2011). Tris-glycine polyacryamid gels (Laemmli, 1970) were used for coomassie stains and
blots against NAB1 and LHCBMG/8, tris-tricine polyactyamid gels (Schigger and von Jagow,
1987) were used for detection of HA-tagged LHCBMO. Antiserum raised against NAB1 was
generated as described (Mussgnug et al., 2005) and anti-LHCBMG/8 antibody was a gift of
M. Hippler (Minster, Germany). The antibody detecting the HA-tag was purchased (Roche).

For nitrosylation/denitrosylation assays, proteins were quantified using the bicinchoninic acid
assay, separated by non-reducing SDS-PAGE and transferred onto nitrocellulose membranes.
Protein loading and transfer were assessed by Ponceau staining of the membrane. Proteins were
then analyzed by western blotting using a primary anti-biotin antibody (1:5,000 dilution; Sigma-
Aldrich) and an anti-mouse secondary antibody coupled to peroxidase (1:10,000 dilution; Sigma-
Aldrich). Signals were visualized by enhanced chemiluminescence, as described previously

(Bedhomme et al., 2012).

Coomassie brilliant blue staining of gels or Ponceau staining of membranes served as loading

control.

In silico protein analysis

ExPASy tools were used for protein 7 sz/ico analysis. The predicted structure of the NAB1 RRM
domain was visualized with Swiss pdb viewer (Guex and Peitsch, 1997) available at
http://www.expasy.org/spdbv/ .  Grantham  polarity — plot was  obtained  from
http://web.expasy.org/protscale/ with a window size of nine amino acids (Gasteiger et al.,

2005).
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Results

Cysteine 226 is located in a protein microenvironment frequently found surrounding S-nitrosylation sites

In a previous study, we showed that the cytosolic protein NAB1 has a central role as a control
hub in the complex regulatory network responsible for adjusting the light-harvesting antenna
system to changing environmental conditions. In particular the redox state of two cysteines at
amino acid positions 181 and 226 was shown to be critical for the LHCII translation repressor
activity of NAB1 (Wobbe et al., 2009). Expression of three distinct NAB1 cysteine mutants
C181S, C226S and C181/226S in a mutant lacking endogenous NAB1 revealed a pale green
phenotype in case of the double mutant and single mutant C226S (Figure 5-1A). The serine
residues replacing cysteines in these NAB1 variants mimic the free SH-state, which was shown to
be the more active state in RNA binding studies (Wobbe et al., 2009). In contrast to their SH-
containing counterparts, the serines are not amenable to oxidative modifications typically seen for
cysteines. The low chlorophyll content displayed by mutants C226S and C181/226S is the result
of a reduced light-harvesting protein (LHCBM) accumulation which can in turn be explained by
the disruption of a crucial deactivation mechanism and translation repression being locked in the
‘on’ state (Wobbe et al., 2009). The phenotype of single cysteine mutant C226S clearly shows that

this residue alone is sufficient for a redox control of NAB1 activity.

SX SX OH OH
SX OH SX OH
wild-type NAB1k.o. C181S C226S C181/226S

c181

el'llllrfiillll
170 190 210 230

amino acid position

Figure 5-1 Essentiality of C226 for NAB1 redox control and in silico indication for its nitrosylation.

(A) Pale green phenotype displayed by cell lines expressing NAB1 variants that lack C226, which is essential for
cysteine based redox control of its repressor activity. In these variants, cysteines amenable to redox based
modifications (-SX) are replaced with non-reative serines (-OH) that mimic the free thiol state (-SH). (B) In silico
model of the NAB1-RRM domain created with swiss pdb-viewer. Polar and charged amino acids in the surrounding
of cysteines 181 and 226 ate shown in red and unchatrged/non-polar amino acids are depicted in blue. The protein
backbone is shown in a ribbon presentation. (C) Polarity plot of the RRM domain. The relative polarity is shown on
the y-axis, while the amino acid position is given on the x-axis. Alpha-helices, 3-sheets and loop regions are indicated
by a green, blue and black color, respectively.
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Previous i silico analyses based on homology modelling of the C-terminal RRM domain of
NABI1, which harbors both cysteines, demonstrated a distinct surface exposure of C181 and
C226. In line with its more crucial function for NAB1 redox control, C226 turned out to be the
more accessible cysteine (Wobbe et al., 2009). Apart from the higher reactivity predicted for
C2206, the great spatial distance between C181 and C226 indicated that intramolecular disulfide
formation cannot occur and this view was further supported by iz vitro experiments conducted
with recombinant NAB1 (Wobbe et al, 2009). Glutathionylation of NAB1 could be
demonstrated after treatment of recombinant NAB1 with glutathione disulfide, but if this type of
modification is relevant for NAB1 redox control 7z vivo remained unclear (Wobbe et al., 2009). As
a starting point for further investigations regarding the precise chemical nature of C226
modifications controlling NAB1 activity 7z vivo, we extended previous zz silico analyses by
inspecting the microenvironment of both cysteines more closely (Figure 5-1B). C181 is
surrounded by non-polar amino acids (Figure 5-1C; blue residues in Figure 5-1B) in an
environment with a low electrostatic potential, whereas the environment of C226 is characterized
by a high electrostatic potential (Figure 5-1C). Out of fourteen neighboring residues (-7 to +7),

seven are charged and two are polar (red residues Figure 5-1B) in the case of C226. This cysteine

is part of an a-helix (a,, Figure 5-1B) in a rather surface exposed area, overall an environment
with characteristics of S-nitrosylation sites (Gould et al., 2013). Futhermore, lysines are found
overrepresented in proximity to cysteines amenable to nitrosylation (Lindermayr et al., 2000;
Morisse et al., 2014), and relative to C226 in NABI1, two lysines are located at positions -7 (K219)
and +2 (K228), respectively. These position-specific characteristics support that C226 rather than
C181 is the main target for thiol-based NAB1 activity control, as assumed before (Wobbe et al.,

2009), and in addition that C226 is potentially amenable to nitrosylation.

NABT is deactivated under nitrosative stress conditions by nitrosylation of C226

Earlier results indicated that NAB1 could be glutathionylated 7z vitro (Wobbe et al., 2009).
However, we wanted to reconfirm that C226 of NAB1 can indeed be glutathionylated, since
recent in siico analyses (Figure 5-1B,C) pointed at nitrosylation as a candidate cysteine
modification. For zz witro studies, recombinant NAB1 carrying the wild-type sequence was
purified (Mussgnug et al., 2005) and treated with glutathione together with hydrogen peroxide
(Figure 5-2A, GSH+H,0,), allowing efficient glutathionylation of amenable cysteine residues.
The recombinant A. thaliana protein GAPC1 was used as control since this enzyme undergoes
glutathionylation (Bedhomme et al., 2012) in addition to nitrosylation (Zaffagnini et al., 2013).
Mass spectrometric showed that GAPC1 is shifted by 305 Dalton after glutathionylation

treatment, while this is not the case for NAB1 (Figure 5-2A). This shift is consistent with the
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presence of one glutathione adduct per GAPC1 monomer. The missing shift of NAB1 after
glutathionylation treatment indicates that this protein is probably amenable to glutathionylation,

in contrast to previous results (Wobbe et al., 2009).

To test whether cysteine 226 can be nitrosylated iz vitro, we applied the NO donor DEA-
NONOate in combination with a comparative biotin switch assay (Figure 5-2B). Specific
detection of nitrosylated cysteines by the biotin switch technique is based on the specificity of the
reaction between ascorbate and nitrosylated thiols (S-NO). After nitrosylation of protein
cysteines all remaining free thiols (-SH) are blocked with alkylating agents, before S-NOs are
converted back into SH-groups in a transnitrosation reaction with ascorbate. Concomitantly,
nascent free thiol groups are quickly tagged with biotin via intermolecular disulfide formation (-S-
S-biotin) (Jaffrey and Snyder, 2001). The tag can then be further used to pull-down biotinylated

proteins with streptavidin resins.

A Glutathionylation in vitro B Nitrosylation in vitro
GAPC1 NAB1 WT C226S WT C226S
100 27765.9 DEA-
75 NONQate  + + + o+ - + o+ -
50 (matrix adduct) ASC + + + - + + - +
25 27981.1 DTT + o+ oL L
0
+305 Da || 39279.9 100 ~27768.4 -
GSH 5 394535 75 ) ubtetin -
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Figure 5-2 NABI can be nitrosylated in vitro.

(A) Analysis of NAB1 and GAPC1 i vitro glutathionylation following treatment with hydrogen peroxide and
glutathione via MALDI-TOF mass spectrometry. Left panel: Mass spectrum of GAPCI obtained after treatment
with GSH+H;O; and subsequent re-reduction using dithiotreitol (control). A mass increase of 305 Da corresponds
to one glutathione molecule covalently bound per molecule of protein. The peaks labelled ‘matrix adducts’
correspond to proteins with a sinapinic acid adduct. Differences between mass peaks of unmodified NAB1 and
GAPC1 are within the experimental error of the instrument. Right panel: Mass spectrometric analysis of
recombinant NAB1 under identical conditions. (B) Treatment of recombinant NAB1 (WT) and NABlcags
(C226S) with the NO-donor DEA-NONOate followed by the biotin switch assay. Addition (+) or omission
(-) of the reaction components DEA-NONOate, ascorbate (Asc) and dithiothreitol (DTT) during the assay is
indicated in the upper part. NABI1-biotinylation as an indicator for prior nitrosylation was detected by
immunoblotting with a biotin-specific antiserum (middle panel; obiotin) and NAB1 protein amounts were
assessed by coomassie staining after SDS-PAGE separation.

Application of the biotin switch technique subsequent to nitrosylation of recombinant NAB1
with DEA-NONOate allowed biotinylation of Wt-NAB1 (Figure 5-2B, middle panel, WT,
+DEA-NONOate, +Asc, «NAB1). As previous results (Wobbe et al., 2009) and 7 silico analyses
(Figure 5-1B,C) suggest that the cysteine residue 226 is the main target for redox based NAB1
activity regulation, a recombinant protein variant, in which C226 is replaced by a non-reactive
serine (C226S) (Wobbe et al., 2009), was investigated as well. Intriguingly, the NAB1,,, variant

was not biotinylation after the identical nitrosylation and biotin switch treatment as wild-type
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protein (Figure 5-2B, right panel, C226S). Omission of either NO-donor or ascorbate during the
biotin switch assay prevented tagging of NAB1 (Figure 5-2B, WT, +DEA-NONOate/-Asc
and -DEA-NONOate/+Asc), demonstrating specificity of the assay. As another control disulfide
reduction with DTT was performed to show reversibility of labeling (Figure 5-2B, left panel, WT,
C226, +DTT).

To further confirm that cysteine 226 is amenable to nitrosylation, we applied the biotin switch
assay to recombinant Wt-NAB1 and NABI1,,; following treatment with S-nitrosoglutathione
(GSNO) (Figure 5-3A). Only in the case of Wt-NABI, exposure to GSNO resulted in a
detectable nitrosylation (Figure 5-3A, Wt, C226S, +GSNO). In summary the data demonstrate

that cysteine 226 of NAB1 can be nitrosylated 7z vitro.

A NAB1 modification in vitro B LHCBMG6/8 accumulation in vivo
wt C226S wt C226S
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Figure 5-3 Nitrosylation of NAB1 at C226 reduces its translation repressor activity.

(A) In vitro nitrosylation of recombinant NAB1 with S-nitrosoglutathione (GSNO). The wild-type version of NAB1
was used along with NAB1cazss. The biotin switch assay was applied to detect S-nitrosylation via immunodetection
of the biotin label (abiotin). Omission of ascorbate (-ASC) and addition of dithiothreitol (+DTT) served as a control
to assess stringency of the assay. (B) Effects of C226 nitrosylation on the accumulation of major light harvesting
proteins LHCBMG/8. The cellular amount of LHCBMG6/8 was determined by immunodetection (x1.6/8) 5 and 8 h
following GSNO addition (+) to cultures expressing either Wt-NAB1 (wt) or NABT a6 (C226S) under control of
PSAD promoter. Negative controls (-GSNO) were included to exclude effects unrelated to nitrosative stress.

We further investigated whether nitrosylation of NAB1 7z vivo has an impact on its translation
repressor activity. Changes in the accumulation of the PSII-associated major light harvesting
protein LHCBMG6, whose mRNA represents the prime target of NAB1 (Mussgnug et al., 2005)
were chosen as a proxy for alterations in NAB1 activity induced by nitrosylation (Figure 5-3B).
S-nitrosoglutathione (GSNO) was added to liquid cultures of cells either expressing Wt-NAB1 or
the NAB1,,. variant to induce nitrosylation of C226 in Wt-NABT. In the time range of five to
eight hours, a strong accumulation of LHCBMG/8 was detected in cultures expressing Wt-NAB1
after adding GSNO (Figure 5-3B, wt, +GSNO, 5 and 8 h), whereas GSNO addition had no
effect on LHCBMG6/8 accumulation in cultures of NAB1.,, (Figure 5-3B, C2206S). This result
indicates that artificial iz vzvo nitrosylation of NAB1 at cysteine 226 leads to a decreased repressor

activity followed by an uncontrolled accumulation of light harvesting proteins.
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Light intensity modulates the degree of NABT nitrosylation

The results presented in Figures 5-2 and 5-3 demonstrate that NAB1 can be nitrosylated
artificially 7z vitro using nitrosylating agents and that nitrosative stress triggers the deactivation of
NABL1 #n vivo. To investigate if NAB1 is nitrosylated iz vzvo under physiological conditions, the
degree of nitrosylation was analyzed under different light conditions using the biotin switch assay
(Figure 5-4). Cultivation of wild-type cells under elevated light conditions (200 pmol m™ s™)
was not accompanied by a detectable nitrosylation of NAB1 (Figure 5-4, wt, EL, Out). A
reduction of the light intensity to 40 umol m?® s’ during cultivation, however, caused
nitrosylation of Wt-NAB1 (Figure 5-4, wt, LL, Out). Absence of nitrosylation in
NAB1,, under these conditions again underscored the relevance of C226 for NABI

redox control by cysteine nitrosylation (Figure 5-4, C226, LL, Out).

wt C226S

EL LL EL LL
Out In Out In OCut In Out In

aNAB1 - V™ 9

Figure 5-4 NABI is nitrosylated in vivo at C226 under low light conditions.

Chlamydomonas cells expressing Wt-NAB1 or NAB1c26s from the PSAD promoter were grown under low light (LL,
40 pmol m? sec!) or elevated light (EL, 200 umol m~ sec!) for eight hours and then subjected to the biotin switch
assay. After biotin switch, biotinylated proteins were putified by streptavidin affinity chromatography and eluted with
DTT. Eluted proteins were analyzed by western blot using anti-NAB1 antibodies (aNAB1). In: Input of the column;
Out: Eluate of the column.

The finding that NAB1 is only nitrosylated under low light conditions provided novel insights
into the physiology behind nitrosylation-dependent redox control of NAB1. From a physiological
point of view, a reduced activity of NAB1 under low light conditions enables the assembly of a
large antenna needed for efficient light harvesting when light availability is low. An absence of
nitrosylation under elevated light conditions permits translation control of light harvesting
proteins, which is required for efficient antenna size reduction as part of the acclimation
mechanisms that adjust the photosynthetic apparatus to the increased availability of light.
Reversible nitrosylation could therefore be a fast and efficient means to either permit translation
or sequester preformed LHCBM mRNAs in untranslated mRNP complexes (Mussgnug et al.,
2005).

Low light-induced deactivation of NABT requires the intracellular production of nitric oxide

The LHCBMO translation repressor NAB1 is clearly nitrosylated under low light (Figure 5-4),
primarily at C226 (Figures 5-1 to 5-4), and as an oxidative modification this lowers its RNA
binding activity (Wobbe et al.,, 2009) (Figure 5-3B). It is well known that C. reimbardtii cells

accumulate LHCBM proteins in response to light limitation and a higher transcription rate of
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LLHCBM genes contributes to the observed accumulation (Escoubas et al., 1995; Teramoto et al.,
2002). We next wanted to answer the question, if a low light-induced deactivation of translation
control via NAB1 nitrosylation is needed for antenna size enlargement in addition to LHCBM
promoter activation. To this end, algal strains devoid of NAB1 (N.AB7 k.o.), carrying the wild-
type (wt) protein or mutated versions (C181S and C226S) were subjected to a shift from elevated
to low light (Figure 5-5) Into all strains a HA-tagged LHCBMG6 version expressed under control
of the constitutive PSAD promotor was introduced to allow differentiation between LHCII
transcription and translation control. Algal cultures were grown under elevated light conditions
(200 umol m” s™) before transferring them to low light intensities (40 umol m”s™) or continuing
elevated light cultivation for five hours. The nitric oxide scavenger cPTIO was applied to inhibit

nitrosylation of NAB1 (Figure 5-5A).
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Figure 5-5 LHCBMG6 accumulation under low light is partially triggered by NAB1 nitrosylation.

Algal strains without NAB1 (NAB1 k.o.), expressing the wild-type (wt) protein or mutated versions (C181S and
C2268S) were used. A wild-type strain expressing NAB1 from the endogenous promoter was used here to determine
light-dependent NAB1 expression. All strains additionally contain a HA-tagged LHCBMG6 under control of the
constitutive PSAD promotor. (A) Experimental setup: Strains were precultivated under elevated light (EL,
200 umol m? s) and either remained in EL or were shifted to low light intensities (LL, 40 pmol m? s) for 5 h,
with (+) or without (-) the addition of 1mM ¢PTIO. (B) Immunoblot analysis of LHCBMG6/8 («1.6/8), LHCBMG-
HA (@HA), NAB1 («NAB1) and a Coomassie brilliant blue (CBB) stain serving as a loading control. To probe
specificity of HA-tag immunodetection, astrain without LHCBMG6-HA was loaded as negative control (-HA).

When cultures expressing Wt-NAB1 were subjected to the shift from elevated to low light,
LHCBMG/8 levels rose as expected (Figure 5-5B, wt, «l.6/8, EL vs. LL, -cPTIO). A strong
accumulation of the HA-tagged LHCBMG protein (xHA) under these conditions, whose
expression is decoupled from endogenous LHCBM promoter control, indicated that a de-
repression of translation could significantly contribute to the observed LHCBMG6 accumulation.
As was recently shown, cellular NAB1 levels determine the extent of LHCBM translation
repression under certain conditions (Berger et al., 2014). The shift to low light, however, did not
result in a changed NABI level (¢NAB1) and indicated that an altered repressor activity is the
main trigger for LHCBMG6 accumulation. This could be confirmed by supplementing cultures

with the NO scavenger cPTIO to inhibit NAB1 nitrosylation during low light acclimation, which
completely prevented accumulation of LHCBM6 and HA-LHCBMG6 (Figure 5-5B, LL, +cPTIO,
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alL6/8, aHA). A similar effect of cPTIO was noted for the strain expressing a NAB14¢ vatiant
(C181S, LL, + vs. —cPTIO), but could not be observed in the case of NAB1,,s (C226S,
+ vs. -cPTIO). Further supporting the NO-dependent specific nitrosylation of NABI1 at
cysteine 226, nitric oxide scavenging had no effect on LHCBMG6 accumulation in the NAB1
knock out mutant (NABT k.o., + vs. — cPTIO).

We therefore conclude that under the condition tested, the RNA binding activity of NAB1 is
reduced by modification of cysteine 226 and that this modification is indeed based on

nitrosylation.

NABT can be efficiently denitrosylated by thioredoxin h1 in vitro

Results presented in Figure 5-5 clearly indicate that NAB1 undergoes nitrosylation, when
Chlamydomonas cultures are transferred from higher to lower light intensities. The resulting
reduction in NAB1 repressor activity ensures that translation repression of light-harvesting
protein encoding mRNAs is relieved and that LHCBM proteins accumulate in C. reznbardtii cells
exposed to limiting light supply. We next wanted to address the molecular mechanisms behind
the reverse process that re-activates NAB1 by denitrosylation in response to an increased supply
of light (Figure 5-4). The best described denitrosylation mechanisms occurring in eukaryotic cells

operate via glutathione (GSH) in conjunction with the enzyme S-nitrosglutathione reductase

(GSNOR) ot the thioredoxin/thioredoxin reductase system (Benhar et al., 2009).

To gain insight into the mechanisms activating NAB1 in cells exposed to elevated light quantities,
we analyzed if glutathione or a thioredoxin reducing system are capable of denitrosylating NAB1
in vitro (Figure 5-6). Recombinant NAB1 was nitrosylated at cysteine 226 by adding
S-nitrosoglutathione (Figure 5-6, +GSNO) and directly subjected to the biotin switch assay
(Figure 5-6, lanes 1-3) or treated with either glutathione (lane 4, +GSH) or cytosolic thioredoxin
h1 in combination with a thioredoxin re-reduction system (lane 5, +TRX hl, + NTR-NADPH)

prior to the detection of protein nitrosylation.

Nitrosylated NAB1 could be efficiently denitrosylated only when thioredoxin h1 was provided
together with a NADPH-dependent thioredoxin reductase (NTR) and NADPH (Figure 5-6,
lane 5). In contrast, addition of glutathione had no significant effect on NAB1 nitrosylation,
whereas nitrosylation of a cytosolic glyceraldehyde-3-phosphate dehydrogenase from A. thaliana
(Figure 5-6, GAPC1) was reduced to undetectable levels only following glutathione treatment
(lane 4), but not when the thioredoxin system was used (lane 5). The specific denitrosylation of
GAPC1 by glutathione has been demonstrated before (Zaffagnini et al., 2013), and confirms
reliability of the zz vitro assay. As additional specificity controls for the assay, the absence of

biotin-label on NAB1 or GAPCI cysteines was demonstrated after omitting ascorbate
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Figure 5-6 Thioredoxin hl denitrosylates NAB1 in vitro.

The purified recombinant proteins NAB1 and GAPC1 were nitrosylated with S-nitrosoglutathione 7 vitro (+GSNO,
lanes 1 to 6) and subjected to the biotin switch assay (+GSNO,+ASC) for tagging of S-nitrosylation sites with biotin
prior to immunodetection (abiotin). Specificity of the assay was confirmed by omitting ascorbate (-ASC, lane 2) or
including dithiothreitol (+DTT, lane 3) and protein amounts on the blotting membrane were visualized by Ponceau
staining. Reduced glutathione (GSH), recombinant thioredoxin hl (TRX hl) alone or in combination with a
complete thioredoxin reducing system (NTR-NADPH) were tested for their denitrosylation capacity with NAB1-
SNO and GAPC1-SNO prior to application of the biotin switch assay (lanes 4 to 6).

(Figure 5-6, lane 2, -ASC) or adding dithiothreitol (lane 3, -DTT). NAB1 denitrosylation could
only be observed when both thioredoxin hl and a re-reduction system were present (Figure 5-6,
lane 5 vs. lane 6). The finding that NAB1 is efficiently denitrosylated by the cytosolic thioredoxin
h1/NADPH:thioredoxin reductase system 7z vitro provides new insights into the chloroplast-to-
cytosol cross-talk which fine-tunes cytosolic translation of nucleus encoded light-harvesting

proteins.

Discussion

In photosynthetic organisms, long-term acclimation to changes in the availability of light or other
external factors having a strong impact on photosynthetic activity, requires a modulated
expression of genes encoding components of the photosynthetic apparatus (Woodson and
Chory, 2008). The resulting stoichiometric adjustments ensure sufficient photosynthetic
performance under adverse conditions and help preventing damage to the photosynthetic
machinery induced by the formation of reactive oxygen species (Anderson et al., 1995). During
evolution many endosymbiont genes encoding essential photosynthetic proteins have been
transferred to the nucleus. A tight regulation of their expression in response to environmental
changes requires a cross-talk between different cellular compartments including nucleus,
chloroplast, cytosol and also mitochondria (Woodson and Chory, 2008). The amount of
PSII associated major light-harvesting proteins determines the light capture capacity of algal and
leaf cells and the adjustment of cellular LHCBM levels represents a prime example for the
molecular complexity of long-term acclimation processes (Erickson et al., 2015). In C. reinhardtiz,

NAB1 was determined to be a central hub within the network controlling light-harvesting protein
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availability in the thylakoid membrane (Mussgnug et al., 2005; Wobbe et al., 2009; Blifernez et al.,
2011; Berger et al., 2014). In accordance with its vital function, NAB1 mediated translation
control of LHCBM proteins was shown to be itself regulated on multiple levels (Wobbe et al.,
2009; Blifernez et al., 2011; Berger et al., 2014). Apart from a modulation of cellular NAB1 levels
during the acclimation to an altered carbon availability (Berger et al., 2014), the activity state of
NABI1, regulated via post-translational modifications, was demonstrated to determine the
translational status of LHCBM mRNAs (Wobbe et al., 2009; Blifernez et al., 2011). Two types of
post-translational modifications (PTMs) with distinct physiological functions were identified.
Arginine methylation is a costly PTM, as measured by the ATP input required, and has a rather
low turnover rate (Fackelmayer, 2005). Methylation and demethylation of NABI1 arginine
residues can therefore be considered a less dynamic process, which supports the view that this
type of modification acts as a master control switch (Blifernez et al., 2011). Indeed, the degree of
NAB1 methylation was found to be low when C. reinbardtii cells were cultivated under strictly
heterotrophic conditions, whereas photoautotrophic growth was accompanied by a high extent
of arginine methylation (Blifernez et al., 2011). High methylation levels under photoautotrophic
conditions ensure that the slowly responding activity switch is in the ‘on’ state, when a fine-

tuning of light-harvesting plays a vital role for the algal cell.

Unperturbed photoautotrophic growth in a natural environment, however, requires a continuous
and fast re-adjustment of LHCBM translation rates in the cytosol to perfectly meet the current
demand for light-harvesting proteins in the chloroplast, which is defined by factors such as light
availability. Redox control via cysteine modification is a typical example for a dynamic type of
protein activity control (Spadaro et al., 2010). In addition to arginine methylation, a second
activity control switch has been identified in NAB1 and is based on the reversible modification of
cysteine residues present in its RRM domain, as was shown in a previous study (Wobbe et al.,
2009). In this study, the general significance of cysteine modification for NAB1 activity control
and the more critical role of cysteine 226 could be revealed, but the precise chemical nature of
cysteine modifications occurring on NAB1 77 vivo and their function in a physiological context
remained to be elucidated (Wobbe et al., 2009). Inspection of a structural model of the NAB1-
RRM domain generated iz silico together with an analysis of the protein microenvironment
surrounding Cys226 suggested that S-nitrosylation could preferentially occur at this site
(Figure 5-1). This was confirmed by demonstrating specific nitrosylation of cysteine 226 zn vitro
using nitrosylating agents (Figures 5-2B and 5-3A). Nitrosative stress resulted in a strong
accumulation of LHCBMG6/8 proteins, which is the prime target of NAB1-mediated translation
control, clearly indicating that nitrosylation reduces the repressor activity of NAB1 (Figure 5-3B).

This is in line with previous results (Wobbe et al., 2009) demonstrating that cysteine modification
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of recombinant NAB1 either by oxidation or by alkylation 7z vitro was accompanied by a decrease
in RNA binding affinity for the target mRNA sequence. Importantly, NAB1 nitrosylation could
also be detected under physiological conditions, in the absence of nitrosylating agents and the
degree of C226 nitrosylation was found to be negatively correlated with the light intensity used
for cultivation (Figure 5-4). This could be further confirmed by analyzing the effect of an
elevated to low light shift on the accumulation of a LHCBMG6 protein, whose expression is driven
by a constitutive promoter instead of the low light-inducible endogenous promoter. LHCBMG6
accumulation following a shift to low light could be suppressed by adding a nitric oxide scavenger
(Figure 5-5). While nitrosylation of NAB1 clearly requires intracellular nitric oxide production,
removal of the nitroso group is coupled to cytosolic NADPH levels via a system comprising
thioredoxin hl and the NADPH-dependent thioredoxin reductase, as indicated by 7z vitro data
(Figure 5-0).

In summary, our obtained results suggest the following nitrosylation based activity regulation of
NAB1 in response to light quantity changes (Figure 5-7). Under low light conditions
(Figure 5-7A) C. reinhardtii cells accumulate LHCBM proteins (Bonente et al., 2012), which is
achieved by an induction of the nuclear LHCBM promoter (Teramoto et al., 2002; Durnford et

al., 2003). NAB1 is expressed under these conditions and a significant part of the NABI1
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Figure 5-7 Light modulation of light-harvesting protein synthesis by nitrosylation and thioredoxin
dependent denitrosylation.

Working model of the concerted LHCBM transcription and translation control under fluctuating light.

(A) Under low light the demand for light-harvesting proteins is high, which is met by high rates of nuclear LHCBM
transcription (Teramoto et al., 2002). NAB1 is arginine methylated (Me), but a high nitrosylation level (SNO) results
in a low LHCBM RNA binding activity, allowing accumulation of light-harvesting apoproteins (LHCP).

(B) Elevation of light intensity leads to the accumulation of reducing power NADPH), and shuttle systems (such as
the malate valve) export reducing equivalents to the cytosol. Via a system of NADPH dependent thioredoxin
reductase (NTR) and thioredoxin h1 (TRX h1) this reducing power is used to denitrosylate NAB1, which activates
cytosolic LHCBM translation repression. Together with a low LHCBM transcription (Teramoto et al., 2002), the
concerted cytosolic and nuclear LHCII expression control ensures a low abundance of light-harvesting proteins
when light is in excess.
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population is methylated (Blifernez et al., 2011), meaning that the ‘master switch’ is set to the ‘on’
position. Nitrosylation of cysteine 226, which reduces the activity of NAB1 in low light
acclimated cells, ensures that induction of the LLHCBM promoter is not counteracted by
translation repression, thus permitting the required increase in cellular LHCBM levels. Although
the requirement of intracellular NO formation for NAB1 nitrosylation under low light conditions
could be demonstrated in the present study (Figure 5-5B), it is currently difficult to depict the
whole nitric oxide metabolism in C. reinbardtii (Wei et al., 2014). For the NO dependent
nitrosylation in response to light limitation (Figure 5-5B), we can only rule out an implication of
the reactions catalyzed by nitrate and nitrate reductase as a source of NO (Sakihama et al., 2002),
since the strain used in the present study lacks a functional nitrate reductase (Hyams and Davies,

1972; Harris, 2009).

When C. reinbardtii cells are exposed to elevated light supply (Figure 5-7B) a bulk part of the
NABI1 population is in its active state, due to the low level of nitrosylation (Figure 5-5B). In this
situation, nuclear LHCBM promoter control and translation control work in concert to efficiently
reduce the rate of LHCBM protein synthesis in cytosol. Efficient denitrosylation of NAB1 by the
cytosolic thioredoxin system 7 vitro (Figure 5-6) gives an idea how the NABI1 activity state could

be quickly adjusted to the prevailing light situation z vivo.

Light-activation of photosynthetic gene translation via cysteine based redox control is a well
described process in the chloroplast of C. reznbardtii. An involvement of distinct thioredoxin
systems, coupled either directly to the photosynthetic electron transport chain through the
reduction of thioredoxin by ferredoxin-dependent enzymes (Trebitsh et al., 2000) or enzymes
using NADPH as a reducing equivalent (Schwarz et al., 2012), has been proposed. Our data
highlight a novel type of redox control mechanism regulating the abundance of nucleus encoded
components constituting the photosynthetic apparatus in the chloroplast. A light dependent
modulation of nuclear photosynthetic gene translation in the cytosol of higher plants has been
demonstrated for PSI subunits (Sherameti et al., 2002), ferredoxin (Petracek et al., 1997; Petracek
et al., 1998) and PSII associated light-harvesting proteins (Petracek et al., 1997) along with a
requirement of photosynthetic electron transport for translational activation. These studies,
however, could not provide insights into the underlying mechanisms enabling the redox cross-

talk between chloroplast and cytosol.

Efficient denitrosylation of NAB1 by thioredoxin hl is an important finding, because it
exemplifies how translation of plastid targeted photosynthetic proteins is coupled to the cytosolic
redox state via NADPH dependent thioredoxin reductase (Huppe et al., 1991). This thioredoxin

is one two isoforms residing in the cytosol of C. reinbardtii cells (Lemaire and Miginiac-Maslow,



5.2 Unpublished results 11 | 101

2004) and was shown to play an essential role within the alkylation induced response to DNA
damage (Sarkar et al, 2005). The question arises, how alterations in the cytosolic
NADPH/NADP" ratio might be connected to photosynthetic activity in the chloroplast, which
is itself intimately linked to the light capture capacity at PSII. The malate oxaloacetate shuttle
seems to be a reasonable candidate for such an interorganellar cross-talk (Scheibe, 2004). Under
elevated light conditions, part of the NADPH produced by an increased linear electron transport
activity could be used to convert oxaloacetate into malate, a form of reducing power that can
shuttle between chloroplast and cytosol. A higher amount of NADPH would in turn increase the

availability of reduced thioredoxin h1 required for the denitrosylation of NABI.

Overall the proposed mechanism could quickly adjust the translation rate of an existing LHCBM
mRNA pool to the chloroplast redox state. Perturbations of photosynthesis leading to the
accumulation of reducing equivalents would transiently activate the translation repressor NABI,
while in the absence of bottlenecks downstream of photosystem I, translation of light-harvesting
proteins would be permitted. NAB1 represents a key regulatory hub for the long-term adjustment
of photosynthetic light harvesting capacities in the cytosol of C. reznbardtii cells. Details regarding
the precise adjustment of NAB1 mediated translation control on various levels and in response to
distinct physiological cues have been elucidated (Wobbe et al., 2009; Blifernez et al., 2011; Berger
et al.,, 2014). Our new finding that this repressor protein is regulated via reversible nitrosylation in
the cytosol opens up additional opportunities to study the molecular mechanisms underlying the
intense interorganellar communication required for long-term photosynthetic acclimation in an

eukaryotic cell.
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6 Discussion

Plants and algae constantly adapt their photosynthetic apparatus to environmental changes
(Anderson et al. 1995). Therefore, the adjustment of light-harvesting capacity is crucial to balance
energy uptake (1.2). In the work presented here, control of light-harvesting at photosystem II
upon varying light and carbon supply, as well as the interplay of short- and long-term responses

were investigated, with focus on cellular regulatory hubs in the nucleus, cytosol, and chloroplast.

In the model green alga Chlamydomonas reinhardtii, translational regulation of nuclear encoded
light-harvesting proteins (LHCBMs) is essential for unperturbed PSII antenna adjustment
(Mussgnug et al., 2005). In this organism, activity of the translation repressor NAB1 was
previously shown to be adjusted post-translationally by both redox based cysteine modifications

and arginine methylation (Wobbe et al., 2009; Blifernez et al., 2011).

The environmental and physiological factors influencing the rate of LHCBM protein synthesis
and the interrelation with short-term protective mechanisms, however, had yet to be elucidated,
and these issues were addressed in this work. Here, it could be shown that NAB1 activity is fine-
tuned upon moderate changes in light intensity by a mechanism implicating specific cysteine
nitrosylation and thioredoxin mediated re-reduction (5). This represents a novel type of redox
control that modulates protein synthesis of nuclear encoded photosynthesis associated genes in
the cytosol of a photosynthetic cell. In addition to post-translational modifications, the regulation
of NAB1 abundance was identified as a crucial element within the regulatory circuit adjusting
PSII antenna size under fluctuating carbon dioxide supply, and control of NAB1 protein levels

was based on nuclear NAB7 promoter activity (4.2).

It was shown in this work that translational control was responsible for adjusting the level of
light-harvesting proteins on longer time scales and replaced state transitions as a predominant
short-term protective response (4). The cellular coordination required interorganellar cross-talk.
While the light dependent regulation of NAB1 activity was based on communication between
chloroplast and cytosol (5), cellular NAB1 levels under fluctuating carbon supply were controlled
by chloroplast to nucleus retrograde signaling (4). To analyze ws-regulatory sequences on the
nuclear NAB7 promoter, a reporter system was developed which exploits efficient secretion of a
reporter protein (3). Applying this system, a short promoter sequence was identified that is
sufficient to confer responsiveness to carbon dioxide limitation and harbors hitherto unknown

transcriptional regulatory elements (4.3).
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In the following sections, novel findings are discussed with a focus on the applicability of the
reporter system developed to study nuclear encoded photosynthesis associated genes (6.1), the
signaling pathways involved in LHCBM translation control (6.2) and the interrelation of short-

and long-term mechanisms regulating light-harvesting at photosystem II (6.3).

The results obtained within this thesis are integrated into a model (6.4) depicting strategies of
C. reinhardtii to control PSII excitation pressure under different physiological conditions, and the
general relevance of this model for light-harvesting regulation in phototrophic eukaryotes is

evaluated.
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6.1 A versatile Gaussia luciferase reporter system exploiting efficient

secretion facilitates the analysis of nuclear C. reinhardtii promoters

Reporter systems greatly ease promoter analysis (1.3.3). As a prerequisite, the reporting protein
needs to release a signal that is easy to detect, linear to protein amount, and mirrors
transcriptional activity of the promoter driving expression of the reporter gene (Hallmann, 2007).
The Gaussia luciferase (gluc) used in this work exhibits all these characteristics, emitting a very
bright luminesce signal that correlates with protein concentration over five orders of magnitude
(Verhaegen and Christopoulos, 2002; Shao and Bock, 2008; 1.3.3). Furthermore it was shown
only recently that protein accumulation follows RNA levels with a delay of only thirty minutes in

Volvox: carteri (von der Heyde et al., 2015), allowing near real-time detection of promoter activity.

The gl.uc gene encodes a secretion signal that promotes protein export via the endoplasmic
reticulum and Golgi apparatus in C. reznhardti, leading to protein accumulation in the culture
supernatant of cell wall deficient strains (Ruecker et al., 2008). As the signal peptide was not
optimized for use in algae in previous studies, replacement of the native secretion signal with a
C. reinhardtii signal peptide derived from the highly expressed periplasmic carbonic anhydrase 1
was assumed to enhance protein export (3.2). Indeed, although the same promoter drove gl.uc
transcription, transformant algae using the native C. reinhardtii signal exhibited a six times higher
luminescence signal (Figures 3-3 and 3-4). As the luciferase signal clearly stood out from any
background signal, the enhanced secretion facilitated screening of transformant cell lines and

quantitative promoter analysis (Figures 4-2 and 4-12).

Expression of carbonic anhydrase 1 is dramatically increased under carbon dioxide limitation, but
information about the regulation of secretion itself is rare (Fukuzawa et al., 1990; Spalding, 2009;
0.2.1). To rule out any effect of the secretion signal applied on the subsequent promoter studies
under fluctuating carbon availability, transformant cell lines were generated in which a promoter-
less luciferase gene was integrated into the genome and expressed from randomly trapped
promoters (4.3.2). None of the strains investigated showed a differential luminescence signal
under low compared to high carbon dioxide supply (Figure 4-12), indicating that promoter
activity rather than post-transcriptional mechanisms, including secretion, determined reporter

protein accumulation in the culture supernatant.

Importantly, the luminescence signal indeed directly correlated with the amount of protein and
transcript of the gene of interest (Figures 3-4 and 4-2). The improved reporter system could
therefore be used to study carbon dependent expression of the LHCBM translation repressor

NABI1 and to identify regulatory elements on the N.AB7 promoter (6.2.1).
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6.2 LHCBM translational control is at the crossroads of retrograde

signaling pathways

Light-harvesting capacity is regulated at multiple levels with responses occurring over a range of
time, and control of LHCBM protein synthesis results in changes in antenna size at photosystem
IT in the long term (1.2.3; Figure 6-2A). The cytosolic LHCII translation repressor NAB1 is a key
component of these adjustment mechanisms in C. reznhardtii (Mussgnug et al., 2005; Wobbe et al.,
2009; Blifernez et al., 2011; 1.2.3). Post-translational modifications were shown to control the
RNA binding activity of NABI, including redox based cysteine modification and arginine
methylation (Figure 1-5). Methylation of two arginine residues in the glycine arginine rich motif I
has slow turnover rates and is costly regarding ATP input (Fackelmayer, 2005), and was therefore
regarded as a less dynamic ‘master switch’ which adjusts NAB1 activity to current growth
conditions (Blifernez et al., 2011). In contrast, cellular redox states may change rapidly, and redox
based modification of NAB1 cysteine residues, which fine-tunes repressor activity, can be
regarded as fast response dynamically regulating light-harvesting capacities (Wobbe et al., 2009).
The trigger, the signaling pathway, and the mechanism of this redox control, however, remained

to be elucidated.

In this thesis, details of the mechanism behind redox based cysteine modification of NAB1 were
elucidated (5). A system involving specific single cysteine nitrosylation (Figure 6-1, NAB1-SNO,
low light) and probably thioredoxin mediated reduction (Figure 6-1, NAB1-SH, elevated light)
adjusted NAB1 activity to the demand for light-harvesting antenna proteins in response to

moderate changes in light intensity.

The control of NAB1 expression could be shown for the first time in this work (4.2; 4.3.2).
Carbon dioxide limitation induced or de-repressed N.AB7 transcription in the nucleus, eventually
adjusting the accumulation of light-harvesting proteins in response to the current carbon
assimilation mode. Impaired NAB1 expression in a state transitions mutant and in response to
photosynthetic electron transport inhibition indicated that retrograde signals emerging from the

chloroplast control nuclear N.AB7 promoter activity (Figure 6-1, dashed arrows).

Retrograde signaling pathways regulating nuclear photosynthetic gene expression were shown to
converge (Koussevitzky et al., 2007). However regarding the different levels of NAB1 regulation
in C. reinbardtii, the signal transduction and perception mechanisms seemingly differ or diverge.
Both carbon deprivation and the elevation of light intensity cause an over-reduction of the
photosynthetic electron transport chain and raise excitation pressure on photosystem II (1.2;
Figure 6-2B). However, while CO, limitation triggered an increased NAB1 accumulation based

on nuclear promoter activity (Figures 4-2 and 4-3), this was not the case under elevated light
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intensity (Figure 5-5). In contrast, changes in light intensity modulated the activity of NAB1 in
the cytosol (Figures 5-4 and 5-5). These differences indicate that carbon and light supply are

sensed and communicated on distinct pathways within the cell.

CO, motif no. 6 2 a 23 1 152 bp (CO, responsive)
? -
CRES™ alt. TSS? (TATA-box) TSS
| hypoxia CO, cold
nucleus ‘ | transcription ——=__ —_
.« factors / NABI mRNA

_“———_____‘_h__-_-_-__ / ____‘_—ﬁ_ﬂﬁ_‘________—

NaR

! - NOS
_ co, limitation,’ 'S low light
trigger S NO
Y SH _\ SNO
SH 1 ‘_SX
signaling and S/ @,
regulatory factor ) redox cuesd \ LHCBME mRNA
inase cascade 7
metabolites . ' elevated light @
NADPH *

cytosol NADP
.

NADP*

NADPH

chloroplast

T B

H.0 P

Figure 6-1 Multi-compartmental regulation of the LHCBM translation repressor NAB1.

Working model depicting retrograde signaling pathways (dashed arrows) controlling LHCBM protein synthesis. The
communication towards the nucleus under carbon dioxide limitation is discussed in 6.2.1 and towards the cytosol
under fluctuating light in 6.2.2. (*) Putative CREs revealed via 2 silico studies, CO, motifs as previously identified
(Winck et al., 2013a; Table 4-2). (alt.) TSS: (alternative) transcription statt site; CREs: ds-regulatory elements; NaR:

nitrate reductase; NOS: nitric oxide synthase; NTR: NADPH dependent thioredoxin reductase; TRX h1: thioredoxin
h1; further abbreviations as described (1).

The regulation of NAB1 mediated LHCBM translation repression via the modulation of nuclear

NABT promoter activity (6.2.1) and redox based cysteine modification in the cytosol (6.2.2) are

discussed in the following sections in the context of signaling pathways.
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6.2.1 Regulation of the NAB1 promoter involves chloroplast to nucleus signaling

LHCBM translational repression efficiently reduced the biochemical and functional
photosystem II antenna size, thus relieving PSII excitation pressure under carbon dioxide
limitation (4.2). Accumulation of the translational repressor NAB1 emerged as key element of
this response, and analysis of the state transition mutant 5777, as well as application of an inhibitor
of photosynthetic electron transport (Figure 4-6), indicated that signals originating in the

chloroplast control nuclear N.AB7 transcription (Figure 6-1, dashed arrows).

In order to gain insight into how these signals are implemented in the nucleus, the structure of
the N.AB7 promoter was investigated and the position of regulatory sequences was systematically
narrowed down (4.3.2). The transcription start site was determined to be located 102 bp
upstream of the translation start for cells during late-logarithmic photoheterotrophic growth
(Figure 6-1, TSS), similar to the length of 5 untranslated regions of other nuclear C. reinhardtii
genes, for instance HSP70A (von Gromoff et al., 2006) and LHCBM¢6 (Hahn and Kiick, 1999).
The existence of a second transcription start under different conditions is, however, not
excluded. Transcription starting at two alternative sites, one of which encoding a TATA-box, was
reported for other nuclear genes of C. reinhardtii before (von Gromoff et al., 2006; Fischer et al.,
2009; 1.3.3). Indeed, a sequence between -483 and -478 bp upstream of the NAB1 translation
start resembles a TATA-box and the region -377 to -358 bp is adenine thymine rich (Table 4-2);

both elements might indicate an alternative transcription start (Figure 6-1, alt. TSS).

The reporter system developed (3.2; 4.2; 6.1) was used to narrow down N.AB7 promoter
elements that confer responsiveness to carbon dioxide limitation (4.3.2). Five constructs with
truncated promoter versions were introduced into wild-type C. reinbardsii cells and three
independent cell lines per construct were tested regarding carbon dioxide dependent
transcriptional activity. All strains showed an increased luminescence signal under CO, limitation,
in contrast to the control strains harboring a promoter-less luciferase construct (Figure 4-12). The
cell lines expressing luciferase from a N.AB7 promoter sequence 152 bp upstream of the
translation start, the smallest fragment tested, exhibited an on average three to four times higher
luminescence under low compared to high carbon dioxide supply (4.3.2). In conclusion, this
fragment comprises essential sequences for both basal and differential transcription, and could be
further investigated in detail to identify cs-regulatory elements and to find transcription factors

involved in CO, dependent promoter activity (7).

A transcriptome study, independent of the work presented here, confirms the increased
expression of NAB1 under carbon dioxide limitation (Winck et al., 2013a). In that study,

candidate regulatory elements were identified at genome scale and a regulatory network of
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transcription factors and regulators was constructed. NAB7 was found among the eatly
responsive genes, with a seven-fold increased mRNA amount within one hour, eleven-fold after
two and three-fold after three hours of carbon dioxide limitation in photoautotrophic conditions.
The fast response may indicate that preexisting signaling pathways are used (Dietz, 2015), which
requires further consideration in future experiments designed to identify the transcription factors

involved (7).

In the same study, ten putative regulatory motifs and motif combinations in promoter regions of
genes with enhanced expression under low carbon dioxide were identified (Winck et al., 2013a),
and six of these motifs are present in the NAB1 promoter (Table 4-2; Figure 6-1, CREs, yellow
lines, motifs 1 to 4, 6, 7). However, none of them are located in the sequence 152 bp upstream of
translation start. As this fragment is sufficient to confer CO, responsive transcription (Figure 4-
12), this indicates that additional, hitherto unknown regulatory elements are encoded in this

sequence.

The acclimation to inorganic carbon has been extensively studied in C. reinbardti, including the
response of photosynthetic reactions, dissipative pathways and the carbon concentrating
mechanism, which increases the concentration of CO, in the vicinity of RuBisCO via a system of
carbonic anhydrases and hydrogen carbonate transporters upon carbon dioxide limitation
(Spalding, 2009; Wang et al., 2015; 1.1.2). However, the signaling molecule(s) and receptor(s) are
not unambiguously identified, and a direct sensing of the concentration of inorganic carbon
species as well as indirect cues such as photosynthetic or photorespiratory metabolites and redox
poise were suggested (Spalding and Ogren, 1982; Ramazanov and Cardenas, 1992; Villarejo et al.,
1997).

Despite the uncertainty about the initial signal, some factors involved in the regulatory pathway
inducing (or de-repressing) the carbon concentrating mechanism in C. reznbardtii are known
(Wang et al., 2015), with the transcription factor CCMI1, also termed CIA5, identified as
‘master regulator’ (Fukuzawa et al., 2001; Xiang et al., 2001). This constitutively expressed protein
activates either directly or indirectly expression of further regulatory proteins such as the MYB-
like transcription factor LCR1 (Yoshioka et al., 2004). LCR1 in turn controls transcription of
genes involved in the carbon concentrating mechanism, and was particularly shown to bind to
enhancer elements of the carbonic anhydrase 1 promoter to induce or maintain CAHT
transcription under low CO, supply (Kucho et al., 1999; Kucho et al., 2003; Yoshioka et al.,
2004).

Regulation of N.AB7 transcription via CCM1 and LCR1, however, does not seem probable.

Database searches revealed that the enhancer consensus sequences of the CAH7 promoter are
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present five times on the reverse strand of the N.AB7 promoter (4.3.2), but the kinetics of N.AB7
and LCR7 transcript accumulation upon carbon dioxide limitation differ clearly (Winck et al.,
2013a). In a transcriptome study comparing gene expression between a wild-type strain and a
mutant lacking CCM1, there was no difference in NAB7 mRNA abundance under high CO,
supply in between strains, and a 1.5-fold higher level in the mutant under carbon dioxide
limitation (Fang et al., 2012). If CCM1 positively regulated N.AB7 transcription, the opposite and
a much stronger difference in between strains would be expected under low CO, conditions. For
example, the transcript level of the carbonic anhydrase 1 was more than 500-fold lower in the
knock out mutant under carbon dioxide limitation compared to wild-type cells (Fang et al., 2012).
The slightly increased N.AB7 mRNA level in the mutant cells could be due to a more severe
shortage of inorganic carbon, as the carbon concentrating mechanism is impaired. As yet another
difference, acetate availability prevents the induction of the carbon concentrating mechanisms
(Fett and Coleman, 1994), but NAB1 expression is further increased if organic carbon as acetate

is supplied (4.2).

The nearly unaltered NAB1 expression in the CCM1 knock out mutant compared to the wild-
type under carbon dioxide limitation, the different kinetics of N.AB7 and LCRT7 transcript
abundance increase, and its inducibility in acetate containing media suggest that N.AB7

transcription is not controlled via the ‘master regulator’ pathway.

The experiments performed in this work indicate that, rather than concentration of inorganic
carbon per se, symptoms of carbon dioxide deprivation, such as metabolic changes or the over-
reduction of the photosynthetic electron transport chain are involved in the regulation of N.AB7
transcription (Figure 6-1, dashed arrows). Both the inhibition of photosynthetic electron
transport as well as a lack of the state transition kinase impaired NAB1 accumulation during a
switch from inorganic to organic carbon consumption (Figure 4-6), suggesting that signals

originating in the chloroplast control the nuclear N.AB7 promoter.

Other environmental situations are known to cause similar symptoms, and 7z silico database
searches revealed further candidate cis-regulatory elements on the N.AB7 promoter (4.3.2; Table
4-2). Six sequences responsive to copper and oxygen limitation in C. remhardtii (Quinn et al.,
2002; Kropat et al,, 2005; Figure 6-1, CREs, orange lines) and four sequences involved in
acclimation responses to low temperature in vascular plants (Jiang et al., 1996; Dunn et al., 1998;
Kim et al., 2002; Figure 6-1, CREs, blue lines) are present on the N.AB7 promoter. A reduction
of photosystem II antenna size is reasonable under both hypoxic and cold conditions. A decrease
in temperature lowers the rate of enzymatic reactions. In consequence, metabolic reactions

including the Calvin cycle are slowed down, but physical processes such as harvesting of light
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energy and transfer of excitons proceed. This results in an over-excitation of the photosystems.
Oxygen limitation decreases the consumption of reducing equivalents in the mitochondrial
electron transport chain (1.1.1), which feeds back into photosynthetic electron transport due to a
slower regeneration of electron acceptors and because electrons may be transferred back to
plastoquinone (1.1.1). The resulting over-reduction of the PQ-pool triggers a state II transition
(1.2.2). Similar to observations under carbon dioxide limitation, a reduction of PSII antenna size
through NAB1 mediated LHCBM translation repression could efficiently relieve PSII excitation

pressure upon hypoxia or cold in the long term.

In contrast to the environments examined above, conditions triggering oxidative stress decreased
NAB1 expression. A ten-fold increase in light intensity to 1000 pmol thotons m’s"' under a
photoautotrophic, low carbon dioxide growth regime leads to the generation of reactive oxygen
species which trigger a global polysome assembly (McKim and Durnford, 2006). The same
condition reduced the NABI1 transcript and, with a delay, protein levels in this work
(Figure 4-10). The low abundance of NAB1 suggests that specific translation repression mediated
by NABI is not the cause of reduced light-harvesting protein levels under this condition. Rather
the general polysome disassembly reported accounts for the post-transcriptional regulation of
LHCBM expression (Durnford et al, 2003; McKim and Durnford, 20006). Furthermore,
application of the PET inhibitor DCMU led to a rapid and strong decrease of NAB1 protein
levels (Figure 4-6). This herbicide blocks the plastoquinone binding site of PSII and therefore
causes the oxidation of both intersystem and soluble stromal electron carriers, which inactivates
STT7, and under certain conditions increases the generation of reactive oxygen species (Fufezan
et al, 2002; He and Hider, 2002). PET interruption is a severe intervention and
consequent impairments are not always easy to disentangle (Trebst, 2007). However, together
with the low NAB1 abundance under high light stress, this result further points towards the

importance of reducing power and/or an active state transition kinase for NAB7 transcription.

To summarize, an increased NAB1 expression based on nuclear promoter activity results in an
efficient reduction of PSII antenna size under prolonged carbon dioxide limitation. A 152 bp
NABT promoter sequence, including the 102 bp long 5'UTR, is sufficient to drive CO,
dependent transcription, and contains hitherto unknown cis-regulatory elements in addition to

previously identified motifs further upstream.

Regulation of NABI1 likely occurs independent of the ‘master regulator’ of the carbon
concentrating mechanism, CCM1, and is controlled by signals emerging from the chloroplast. In

general, conditions favoring reduced states of electron carriers correlate with an increased NAB1
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expression, while oxidizing, ROS generating conditions, such as high light stress, are associated

with low NAB1 levels.

Similar to carbon dioxide limitation, hypoxia and low temperatures cause an over-reduction of
the photosynthetic electron transport chain, and candidate regulatory elements involved in
acclimation responses to oxygen limitation and low temperatures could be identified on the
NABT promoter. Whether NAB1 transcription actually differs under these conditions needs to
be revealed experimentally, and the NAB7:gl.uc reporter system developed in this work (3; 4;
0.1) can be used to this end (7).

6.2.2 Regulation of NAB1 activity involves chloroplast to cytosol signaling

The cellular redox poise modulates the accumulation of LHCII (1.2.3; 1.3), and activity of the
LHCBM translation repressor NAB1 is fine-tuned through redox based modification of cysteine
residues (Wobbe et al., 2009; 1.2.3). Two cysteines at amino acid position 181 and 226 in the
C-terminal RNA recognition motif are involved in this regulation (Figure 1-5). In the thiol state,
NABI1 binds to LHCBM transcripts and therewith represses translation, whereas modification of
cysteines through alkylation or oxidation leads to a low RNA binding activity (Wobbe et al.,
2009). Replacement of either cysteine residue with serine mimics a permanently active state of
NABL1. C. reinhardtii mutants expressing such modified versions of NAB1 therefore display a pale
green, small antenna phenotype, and replacement of C226 or double mutation causes a much

stronger phenotype than replacement of C181 alone (Wobbe et al., 2009; Figure 1-5).

However, the physiological trigger of this redox modification and the factors involved were
hitherto unknown. The formation of intramolecular disulphide bonds was ruled out previously
through peptide mapping analyses (Wobbe et al., 2009), indicating that reversible modification via
thiol reactive molecules could be implicated in this control. In the study presented here (5.2), a
combination of mass spectrometry, the biotin switch technique (Jaffrey and Snyder, 2001) and
monitoring of LHCBM protein levels revealed nitrosylation of NAB1 at C226 7 vivo under low
light conditions of 40 umol photons m?s” (Figures 5-2 to 5-5; Figure 6-1, NAB1-SNO, low
light). This modification lowered NAB1 activity and thus allowed translation of LHCBM proteins
to ensure efficient photosynthetic light capture when light is limiting. NAB1 denitrosylation
occurred under elevated light of 200 umol photons m” s (Figure 5-4 and 5-5; Figure 6-1, NAB1-
SH, elevated light), which increased LHCBM translation repression and therewith reduced the

surface for light absorption.

In vitro studies (Figure 5-0) strongly suggest that NAB1 reduction is catalyzed by the cytosolic
thioredoxin h1 (Figure 6-1, TRX h1) and NADPH dependent thioredoxin reductase (Figure 6-1,



6.2 LHCBM translation control is at the crossroads of retrograde signaling pathways | 113

NTR). A signaling pathway from photosynthetic electron transport in the chloroplast to LHCBM
translation repression in the cytosol via export of plastidic reducing equivalents therefore seems
plausible. Under elevated light, the increased energy absorption and transfer leads to an
accumulation of the reducing equivalent NADPH downstream of photosystem I (Figure 6-1,
NADPH). Excess reducing equivalents are exported from the chloroplast via shuttles like the
malate/oxaloacetate transport system (Hoefnagel et al., 1998; Figure 1-2, MAL/OAA). Such
“valves” therewith fulfill a dual function, as they both relieve plastidic electron pressure and
signalize over-reduction of the chloroplast to the other compartments (Foyer and Noctor, 2009).
In the cytosol, electrons are reshuffled from NADPH to NAB1 cysteines via TRX h1 and NTR,

which implements the redox signal by decreasing the synthesis of light-harvesting proteins.

The regulation of NAB1 activity via nitrosylation and thioredoxin mediated reduction is the first
detailed description of redox based translation control of nuclear encoded photosynthesis
associated genes. Translation regulation is the main mechanism regulating gene expression in the
chloroplast (Wobbe et al., 2008), and plastidic RNA binding proteins such as RB47 and the large
subunit of RuBisCO were shown to be regulated via cysteine modification (Alergand et al., 20006;
Cohen et al, 2000). In these systems, reducing equivalents from photosynthetic electron
transport are directly used to modify translation factor activity. In the case of cytosolic translation
control on LHCBM proteins, signaling molecules need to be translocated between
compartments, and the mechanism depicted here provides new insights into how retrograde

signals are transduced and exert effects on light-harvesting capacities.

Considering the moderate light intensity variations applied in this study, NADPH seems
reasonable as a signaling cue, since the redox state of NADPH/NADP" is directly affected by
photosynthetic electron transport (1.1.1, Figure 1-2), while other reductants such as glutathione
and ascorbate are generally kept in a highly reduced state under non-stress conditions (Foyer and
Noctor, 2009; 1.3.1). Intriguingly, increasing NADP" concentrations inhibit the activity of malate
dehydrogenase (Scheibe and Jacquot, 1983) which uses NADPH to reduce oxaloacetate to
malate. This allows a double control via substrate availability and product feedback inhibition,
which strengthens the importance of a strict control on redox shuttling systems between

organelles.

In low light conditions, NAB1 was clearly nitrosylated at C226 (Figure 5-4), but the source of
nitric oxide remains to be revealed (Figure 6-1). Generation of nitric oxide involving nitric oxide
synthase (NOS) similar to mammalian enzymes and nitrate reductase (NaR) were considered in
C. reinhardtii (Wet et al., 2014; 1.3.1). Sakihama et al. (2002) suggested that NO is produced as

unwanted byproduct by NaR when electron transport in inhibited, while NOS catalyzes a highly
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regulated reaction, with controlled levels of nitric oxide serving as signaling molecule. In the
study presented here, NaR deficient algal strains were used (5.2). Nevertheless, nitrosylation of
NAB1 was observed under low light intensity, indicating that the presence of NaR is not a
prerequisite for nitric oxide generation under the conditions examined. It is however possible
that nitric oxide mediated regulation of NAB1 is stronger in a NaR expressing strain, which could

be considered in subsequent studies (7).

The interplay of S-nitrosylation and thioredoxin mediated denitrosylation has been intensively
studied in animal cells, and target proteins are involved in cytoskeletal organization, cellular
metabolism, signal transduction, and redox homeostasis (Benhar et al., 2008; Benhar et al., 2010).
In plants, nitrosylation and TRX h5 mediated re-reduction are essential for plant immune
responses (Tada et al., 2008; Kneeshaw et al., 2014). The reduction of S-nitrosothiols as described
by these studies and the work presented here extends the substrate repertoire of the NTR/TRX
system from its well-known disulphide forming substrates to protein-SNO targets. In a recent
study nearly 500 S-nitrosylated proteins were found in C. reinhardtiz, many of them involved in
photosynthesis, but also carbohydrate metabolism, amino acid metabolism, translation, protein
folding or degradation, cell motility, and stress (Morisse et al, 2014). Novel targets of
thioredoxins were revealed in higher plants and animal cells using affinity chromatography and
quantitative proteomics (Yamazaki et al., 2004; Benhar et al., 2010), and similar techniques can be
applied in future research to identify nitrosylated proteins that are reduced by thioredoxins in

C. reinhardtii.

Overall, this work describes the mechanism of redox dependent control on light-harvesting
protein synthesis. Excess reducing power is sensed via NAB1 denitrosylation in the cytosol under
elevated light and adjusts the accumulation of LHCBM proteins to the demand in the
photosynthetic electron transport chain. Observations in higher plants suggests that redox
control on LHCII abundance occurs on post-transcriptional rather transcriptional level (Frigerio
et al,, 2007; 1.2.3), which is reasonable as redox signaling occurs rapidly and requires fast
responses, and translation control provides a much faster adjustment of protein levels than
transcription control (Dietz, 2015). The results presented in previous work (Wobbe et al., 2009)
and here (5) on redox based and stimulus dependent cysteine (de-)nitrosylation of the translation
repressor NAB1 support the conclusion that retrograde redox signals modulate the level of

LHCBM protein synthesis to adjust light-harvesting at photosystem II.
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6.3 Short- and long-term light-harvesting regulation — Revisited

Plants and algae continually adjust their photosynthetic apparatus to environmental conditions
(1.2). While PSII core structure and assembly is highly conserved throughout evolutionary
lineages (Nickelsen and Rengstl, 2013), the outer antenna and the regulation of light-harvesting
differ substantially (Buchel, 2015; Ruban, 2015), indicating that controlling light-harvesting

capacity is the most feasible strategy to cope with the specific environmental circumstances.

Some general mechanisms can be outlined that regulate light-harvesting on different time scales
(Figure 6-2A). Energy dependent quenching (qE) is induced and reverted quickly within seconds
to minutes and state transitions (qT) operate on time scales of minutes to hours (1.2.2). Within
long-term mechanisms, translation control shows a faster response on protein levels than
transcription control (Dietz, 2015; 1.2.3; 6.2.2). Under severe stress, reactive oxygen species
evolve, which trigger a global polysome disassembly (McKim and Durnford, 2006; Floris et al.,
2013) and cause photoinhibition (qI) due to PSII damage occurring faster than its repair (Niyogi,
2009; 1.2.2).

4 decreased LHCII translation

decreased LHCII transcripts*

low

CO, supply

state II transition
decreased LHCII translation

qE increased LHCII transcripts*

high

low medium
A PSII excitation pressure B photon flux density

Figure 6-2 Photoprotective and regulatory reponses adjust light-harvesting at PSII over a range of
envionmental triggers and time.

(A) Action time of responses regulating light-harvesting at PSII. qE: energy dependent quenching; qT: state
transitions; ql: photoinhibition. (B) PSII excitation pressure under physiological conditions without oxidative stress
(grey arrow in A and B) caused by vatying carbon dioxide and/or light supply triggers specific regulatory responses.
Transcript levels of LHCBM (*) were analyzed previously (Teramoto et al., 2002).

This general scheme is true for plants, mosses and green alga investigated so far. However, as
indicated above, every photosynthetic organism developed own strategies to cope with its

specific environment. Photo-protective responses in the green alga C. reinhardtii have been

intensively studied over decades, and ongoing research still provides new insights. This thesis
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aimed to elucidate novel aspects in the interrelation of short- and long-term regulation of light-
harvesting regulation. The findings presented in the chapters 4 and 5 are discussed here against

the background of current debates.

6.3.1 The role of state transitions in modulating light capture

State transitions were originally described as redistribution of light harvesting-complexes under
PSII and PSI specific light (Bonaventura and Myers, 1969; Murata, 1969). Since then, many
studies investigated the role of qT type quenching under numerous conditions such as high light
and carbon dioxide deprivation (Falk and Palmqvist, 1992; Iwai et al., 2007; Allorent et al., 2013)
and details of the underlying mechanism and regulation were elucidated (1.2.2). There is general
consensus that unphosphorylated LHCII stabilize the photosystem II megacomplex in state I
(1.2.2; 6.3.2). Phosphorylation of certain subunits triggers megacomplex dissociation and
detachment of antenna complexes in state II, and the remaining C,S, and C, type PSII have a

greatly reduced absorption cross-section (1.2.2; 6.3.2).

However, the extent of LHCII associated to photosystem I under state I as well as the
interrelation of state transitions and cyclic electron flow (Finazzi et al., 2002; Lucker and Kramer,
2013; Takahashi et al., 2013) are currently debated. A photo-acoustic study long dominated the
view that while in plants approximately 15 to 20% of LHCII bind to PSI (Allen, 1992), this
portion is much larger with up to 80% in C. reimhardtii (Delosme et al., 1996). Recent studies
challenged this interpretation. A combination of absorption spectroscopy and
chlorophyll z fluorescence measurements revealed that 70% of LHCII detach from PSII, while
only 20% bind to PSII (Nagy et al., 2014). Similarly, applying low temperature chlorophyll a
fluorescence emission spectra and time resolved fluorescence decay, Unlii et al. (2014)
determined that LHCII dissociation involves up to 80% of the PSII antenna, but only 10% of the
released complexes bind to PSI. These findings could be reasonable as the light-harvesting
antenna of PSI is already very large in C. reznbardsii (Kargul et al.,, 2003; Drop et al., 2011) and
highly efficient (e Quiniou et al., 2015). Higher plants have much smaller PSI antenna, with four
instead of nine LHCI monomers as in the green alga, so that the binding of LHCII trimer(s)
induces a significant change in the absorption cross-section (Minagawa, 2011; Kouril et al., 2012;

Drop et al., 2014b).

Conversely, one could reason that because of a large PSI antenna in C. reinhardtiz, binding of more
LHCII complexes are necessary to achieve a substantial increase in absorption cross section.
Intriguingly, although applying the same methods as Unlii et al. (see above), Wlodarczyk et al.
(2015) recently found that two thirds of the released light-harvesting antenna transfer energy to

PSI, while the remaining third is probably in a quenched state. The difference might be explained
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by a different sample treatment, as the latter authors locked the state of the cells chemically with
sodium fluoride, which inhibits dephosphorylation and prevents unwanted state transition

relaxation (Telfer et al., 1983).

Despite discrepancies in the postulated amount of LHCII associated with PSI under state II
conditions, all recent studies imply the existence of a pool of free LHCII that may function in
dissipating excess energy (Nagy et al., 2014; Unlii et al., 2014; Wlodarczyk et al., 2015). In fact,
aggregates of free LHCII, similar to those observed under high light stress related energy
depending quenching, have been observed under classical state II conditions (Betterle et al., 2009;

Ruban and Johnson, 2009; Tokutsu et al., 2009; Iwai et al., 2010).

The concordantly observed large portion of LHCII dissociating from PSII in state II, the
formation of aggregates and the interplay of qT and qE (Allorent et al., 2013; 1.2.2) support the
view that a major physiological function of state transition is the photo-protective reduction of
the absorption cross-section at PSII in C. reinbardtii. Indeed, high energy quenching, the major
NPQ process in plants, is generally comparatively low in C. renbardtii (Finazzi et al., 2006) and
very much depends on the growth condition (Peers et al., 2009). In plants and green algae, qE
involves the protonation of LHC-like proteins and their binding to LHCII (Tokutsu and
Minagawa, 2013; Xue et al, 2015; 1.2.2), but the mechanisms differ in A thaliana and
C. reinhardtir. The four-helix protein PSBS involved in qE in .A. #haliana does apparently not bind
pigments and is constitutively expressed (Niyogi and Truong, 2013). In contrast, expression of
the pigmented LHCSR3 of C. reinhardtii is induced under stress conditions, presumably to
prevent energy loss under limited light supply through unintended quenching by bound
xanthophylls (Peers et al., 2009; Niyogi and Truong, 2013). While expression of LHCSR3 is in
progress and qE not fully operating, other fast protective mechanisms including state transitions
are hence important in this alga. Consistently, qT is a major part of NPQ in C. reinbardtii

acclimated to low light (Finazzi et al., 2000).

In this work, CO, limitation and simultaneous acetate supply induced a state II transition in
C. reinhardtii (Figures 4-6 and 4-8), in agreement with previous studies under photoautotrophic
conditions (Palmgqvist et al., 1990; Falk and Palmqvist, 1992; Iwai et al., 2007). Carbon dioxide
deprivation leads to an over-reduced photosynthetic electron transport chain and raises the
demand for ATP, an imbalance that is further increased by acetate availability (1.1.2). A state II
transition could fulfill a dual function under this condition, to relieve of PSII excitation pressure
and to adjust the ratio of ATP to NADPH through enhancing cyclic electron flow (1.1.1).
Intriguingly, wild-type cells showed a higher electrochromic shift signal under carbon dioxide

limitation (Figure 4-8), pointing towards an increased cyclic electron flow activity. However, this
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enhanced activity was detected twelve hours after the onset of the limitation, when state
transitions were already relaxed (Figures 4-6 and 4-8), indicating that cyclic electron flow occurs
independently of T under low carbon dioxide supply in the long term, similar to the
independent regulation in response to forty minutes of dark and anoxic conditions described

before (Takahashi et al., 2013).

The dissociation of a major fraction of LHCII from PSII and the presence of a free LHCII pool
in a quenching mode in state 11, in line with an independence of qT and cyclic electron flow and
a generally low capacity for qE emphasize the dominant role of state transitions as short-term
PSII protective mechanism in C. reinhardtii. Interestingly, the expression of LHCSR3 was shown
to be induced under carbon dioxide limitation as well (Yamano et al., 2008; Peers et al., 2009),
and binding of this complex to detached LHCII is thought to enable energy dissipation under
state I conditions (Niyogi and Truong, 2013). As evidence for mechanistic similarities of qE and
qT is growing (Erickson et al., 2015; 1.2.2), the interrelation of both NP(Q) mechanisms will be an

interesting topic in future research (7).

6.3.2 Isoform specific LHCII translation control within acclimation responses

Control on light-harvesting protein biosynthesis emerged as central element of long-term
photosynthetic acclimation responses upon varying carbon and light supply (4; 5; 6.2). The
abundance of different types of LHCII appeared co-regulated and depended on the activity of
the translation repressor NAB1 in the work presented here (4.2), in agreement with previous
studies (Wobbe et al., 2009; Blifernez et al., 2011). The question arises, how the control of LHCII
protein levels is concerted, although NAB1 shows a strong preference towards the mRNA of
isoform LHCBM6 (Mussgnug et al., 2005). Co-immunoprecipitation studies revealed a binding to
the transcripts of LHCBM?Z2 and LHCBMS, but the affinity towards LHCBM6 mRNA was more
than tenfold higher (Wobbe, 2007). This indicates that the effect of a direct NAB1 mediated

translation repression of other LHCII isoforms is probably low.

The presence of LHCBMO6 might therefore be crucial for antenna assembly, allowing an indirect
control of overall PSII antenna size through regulating one isoform only. This hypothesis is
supported by studies on the remodeling of PSII during state transitions. Under state II
conditions, the phosphorylation of LHCII type I, including LHCBMGO, triggers the dissociation of
PSII megacomplexes into supercomplexes, and subsequently trimers detach from the core (Iwai
et al., 2008; Drop et al., 2014b). Interestingly, phosphorylated LHCII type I partly remain at PSII
(Drop et al., 2014b). Upon prolonged high PSII excitation pressure, NAB1 mediates the down-
regulation of LHCBMG6 abundance (4.2). Simultaneously state transitions relax, but association of

returning LHCII might be lower because of reduced LHCBMG levels. In the following, the pool
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size of these unbound, ‘extra’ trimers (Drop et al., 2014a) could be reduced by dilution in the
course of cell division (Durnford et al, 2003), as degradation of LHCII was hitherto not
observed in unicellular green algae (Fujita et al.,, 1989; Webb and Melis, 1995). This scenario
evidently requires feedback control on overall LHCII expression, and indeed transcription of
most LHCII is co-regulated (Teramoto et al., 2002; Elrad and Grossman, 2004). Notably, the
abundance of LHCBMG at PSII is rather low compared to other type I isoforms (Drop et al.,
2014a), presumably facilitating a relatively quick and strong regulation of protein levels. Against
this background, the isoform specific control of LHCBMG translation emerges as an efficient and
fast means to regulate the attachment of LHCII to PSII before slower transcriptional responses

(Dietz, 2015) come into account.

The considerations on the importance of LHCBMG6 on PSII antenna assembly appear reasonable
but lack isoform specific experimental data. The investigation of the distinct functions of
individual LHCII is therefore a major task in future investigations (7). To this end, deregulating
isoforms iz vivo is a potent means. The knock out or knock down of LHCBM1, LHCBM2/7 and
LHCBMY (Elrad et al., 2002; Ferrante et al., 2012; Grewe et al., 2014) already revealed the
respective roles of these subunits in photo-acclimation and stress responses (1.2.2). The effects of
down-regulation and over-expression of the other isoforms, in the context of this work
particularly of LHCBMO, on PSII structure and acclimation behavior will therefore provide
fundamental insights. De-regulating protein abundances is however challenging, on the one hand
because of off-target effects in RNA interference approaches and on the other hand because of
cellular responses that counterbalance the induced impairment, so that direct and indirect effects

are difficult to resolve (Ferrante et al., 2012; Pietrzykowska et al., 2014).

Furthermore, localization of isoforms within the thylakoid membrane provides new information.
The three types of trimers at PSII (S, M and N) and those found in the ‘extra’ LHCII pool (Drop
et al., 2014a) likely account for different light-harvesting and protective functions (Betterle et al.,
2009). A combination of membrane solubilization and density centrifugation with
immunodetection could be applied to this end, similar as has been performed for LHCBM9
(Grewe et al., 2014). However, specific antibodies exist only for few a isoforms. Tagging can be

used as alternative approach, and C. reinbardtii strains expressing human influenza hemagglutinin

(HA)-tagged LHCBMGO are already available (Mussgnug et al., 2005).

Experiments 7z vitro complement physiological LHCBM analyses, and the reconstitution of
LHCII (Paulsen et al., 1990) as well as their isolation from thylakoids (Peter and Thornber, 1991)
is well established. Very recently, LHCBM1, LHCBM2/7, LHCBM5, LHCBMG6 and LHCBM9

were reconstituted and characterized regarding pigmentation and spectroscopic features (Natali
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and Croce, 2015). Though differences were small and difficult to interpret, some characteristics
of LHCBMG can be outlined. Reconstituted LHCBM6 monomers had a comparatively low
chlorophyll « to 4 ratio of 1.14, but high neoxanthin and/or loroxanthin content, and therewith
resembled rather the pigmentation of the isoform involved in qE, LHCBMI, than the subunits
clearly shown to impact state transitions, LHCBM5 and LHCBM2/7. Also the average
fluorescence lifetime was very long and similar to LHCBMI, but the kinetic details of the
fluorescence decay differed. Furthermore temperature dependent denaturation was tested, and
LHCBMG6 monomers appeared to be slightly more stable than other isoforms. However, the
meaning of the data obtained is not clear and remains to be elucidated (Natali and Croce, 2015).
Overall, only minor differences between isoforms were observed in that study, indicating that the
assigned functions such as the involvement of LHCBMI1 in qE (Elrad et al., 2002; Ferrante et al.,
2012) are less due to intrinsic properties of the respective complex alone but rather result from
interaction with other factors such as LHCSR3 in the case of energy dependent quenching (1.2.2;
6.3.1).

In future investigations, the different light-harvesting antenna isoforms could be analyzed
regarding their localization at PSII (see above) as well as concerning their ability to form homo-
and heterotrimers and to interact with other components of the thylakoid membrane such as the
photosystems and the qE related LHCSR3 (7). The combination of such studies could provide
hints on the importance of the subunits for PSII antenna stability and photoprotection, and
therewith contribute to understand the role of the LHCBMG6 specific NAB1 mediated translation

repression.

6.3.3 Functional and temporal interrelation of photosynthetic acclimation responses

The regulation of photosynthetic electron transport and light-harvesting occurs on multiple levels
and time scales, and short- to long-term responses are coordinated within the cell (1.2; 1.3). In
this work, it could be shown that the interplay of state transitions on short and LHCBM
translation control on longer time scales efficiently adjust photosystem II excitation pressure
upon carbon dioxide limitation (4.2). In addition to the observed temporal course of
light-harvesting antenna adjustments, the distinct mechanisms appear functionally and regulatory
dependent, as on the one hand the accumulation of the LHCBM translation repressor is impaired
in the state transition mutant s##/ (Figure 4-6), and on the other hand the N.AB7 knock out

mutant performs only limited state transitions (Figure 4-8).

Within the first detailed description of the NAB7 knock out mutant it was reasoned that the
impaired ability to perform state transitions is an indirect effect of super-stacked grana due to

increased LHCII accumulation (Mussgnug et al., 2005). LHCII were supposed to stay within the
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grana thylakoids, bound to PSII, implying that the mutant is locked in state I because of steric

hindrances.

The 77 K fluorescence emission spectra obtained within this work (Figure 4-8), however, suggest
that the N.AB7 knock out mutant is in general fully capable of performing state transitions, as
carbon dioxide limitation increases PSI fluotrescence, and the addition of the PET inhibitor
DCMU, triggering state I in wild-type cells, also significantly decreases PSI fluorescence in the
mutant. The low amplitude of state transitions under physiological conditions (Kruse et al., 1999;
Mussgnug et al., 2005; Figure 4-8) might therefore be due to altered cellular energetics rather than
grana stacking. The N.AB7 knock out mutant is not able to sufficiently decrease PSII antenna size
under low inorganic carbon supply with the consequence of a lowered effective quantum yield
(Mussgnug et al., 2005; Figure 4-3) and a high PSII excitation pressure measured as 1-qP (Figure
4-3). Enhanced PSII excitation reflects a reduced PQ pool, and increased binding of
plastoquinole to cytochrome 4,/ complexes triggers state II (Zito et al., 1999). This might explain
the state transition phenotype of the N.AB7 knock out mutant and indicates that over-reduction
of the PET chain triggers a permanent state II rather than state I in this strain under physiological

conditions.

Interestingly, the N.AB7 knock out mutant was furthermore unable to increase cyclic electron
flow upon carbon dioxide limitation in acetate containing media, but able to in minimal media
(Figure 4-8). CO, limitation leads to the accumulation of reducing equivalents and increases the
demand for ATP (1.1.2). Under these conditions, increased cyclic electron flow around
photosystem I both regenerates electron acceptors and enhances photophosphorylation to
balance the required ratio of NADPH to ATP (Lucker and Kramer, 2013; 1.1.1). Wild-type cells
indeed showed elevated cyclic electron flow under low CO,, most prominent when acetate was
available, but also under photoautotrophic growth conditions (Figure 4-8). The inability of the
NABT7 knock out mutant to enhance cyclic electron flow during photoheterotrophy is consistent
with the importance of NAB1 mediated translation control under this condition (Figure 4-3). The
accumulation of NAB1 was much stronger under carbon dioxide limitation in acetate containing
media than in minimal media (Figure 4-2). Thus, the difference between knock out mutant and
wild-type strain can be expected to be larger when organic carbon is supplied simultaneously. The
lower extent of cyclic electron flow could further explain the impaired growth of the NAB1-less
strain under photoheterotrophy observed in this (Figure 4-4) and a previous study (Mussgnug et
al., 2005). Acetate assimilation consumes ATP (1.1.2), and premising that the mutant generates
less ATP because of a lower extent of cyclic electron flow, acetate is probably consumed more
slowly in this strain. Indeed, acetate in the growth medium decreased faster in wild-type than

NABT knock out cell cultures (Figure S2).
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Also the state transition mutant s77, which is deficient in the state transition kinase STT7
(Fleischmann et al., 1999; Depege et al.,, 2003), showed an impaired acclimation to fluctuating
carbon supply (4). Hitherto, evidences on alterations in growth or long-term photosynthetic
regulation, as observed for the respective knock out mutants in higher plants (Bonardi et al.,
2005; Pesaresi et al., 2009; Tikkanen and Aro, 2014; 1.3.1), are rare for the algal strain. The STT7
knock out mutant grows under photoautotrophic and photoheterotrophic conditions, both with
high or low carbon dioxide supply (Fleischmann et al., 1999; Depege et al., 2003; Cardol et al.,
2009). Cardol et al. (2009) revealed a growth phenotype by inhibiting mitochondrial electron
transport, indicating that respiratory ATP generation counterbalances the state transition
deficiency. Furthermore, 77 was shown to be affected by high light intensities more than wild-
type cells (Allorent et al., 2013). Interestingly, the reduced ability of the analog A. thaliana mutant
stn7 to cope with fluctuating light applies only to young, developing seeds (Tikkanen and Aro,

2014). Mature leaves apparently compensated the deficiency, similar to C. reinhardtii cells.

In the work presented here, NAB1 expression was deregulated in s##7 upon a switch from
inorganic to organic carbon supply (Figure 4-6; 6.2.1). Whether the altered NAB1 accumulation is
directly due to the lack of STT7 or an indirect effect of other disturbed signaling pathways
(Figure 6-1, dashed arrows) needs to be determined (7). Interestingly, a small, but significant
growth perturbation under fluctuating carbon dioxide was observed for s#7 (Figure 4-9),
disclosing an impaired acclimation under physiological conditions, without high light stress or
inhibition of mitorespiration (see above). This indicates that the lack of the state transition kinase
can be compensated under stable conditions in the long term, but not in a fluctuating

environment.

Opverall, both state transitions and LHCBM translation control emerged as essential mechanisms
regulating light-harvesting at photosystem II under varying carbon supply in the work presented
here. The NAB7 knock out mutant was unable to adjust photosystem II antenna size under
carbon dioxide limitation, and showed an impaired growth under these conditions (4.2). The lack
of efficient translation repression was furthermore shown to cause an over-reduced electron
transport chain, consistent with a permanent state II transition and the inability to increase cyclic
electron flow upon carbon dioxide limitation in a photoheterotrophic growth regime (4.3.1). The
state transition mutant s##7 was impaired in accumulating NAB1 under fluctuating carbon supply
and exhibited a small but significant reduction in growth rate under these conditions (4.3.1). The
findings discussed in this subsection further outline the importance of a balanced photosynthetic
performance for both inorganic and organic carbon metabolism and indicate a regulatory circuit
of state transitions and LHCBM translation. Subsequent work could disentangle further details of

the interrelations of spatially and temporally distinct light-harvesting acclimation responses (7).



6.3 Short- and long-term light-harvesting regulation - Revisited | 123

6.3.4 PSII antenna size adjustment in response to light and carbon supply

Carbon dioxide limitation induced a reduction of photosystem II antenna size via NABI
mediated LHCBM translation control in the work presented here (4.2). Interestingly, although
regarded as important acclimation strategy, only few studies point towards biochemical or
functional PSII antenna size adjustments in C. reinbardtii under physiological conditions, as

outlined below.

Optimal light to biomass conversion is a main determinant for sustainable algae mass culture, and
a small but efficient light-harvesting antenna is thought to increase light capture and penetration
(Polle et al., 2002; Melis, 2009). Several attempts were therefore undertaken to create algae with
truncated antennae, including down-regulating the synthesis of LHCII specific pigments (Polle et
al., 2001; Perrine et al., 2012), knock down of LHCII (Mussgnug et al., 2007; Oey et al., 2013),
impairing LHCBM protein import (Kirst et al., 2012; Mitra et al., 2012; Kirst et al., 2014) and
increased NAB1 mediated LHCBM translation repression (Beckmann et al., 2009).

In contrast to the engineered algal strains, there is hitherto little evidence for altered light-
harvesting antenna sizes in wild-type C. reinhardtii under varying environmental conditions. It is
reasonable that photosynthetic organisms adjust their light-harvesting apparatus to the light
availability and the cellular demand for energy in order to optimize photosynthetic performance
and minimize photooxidative damage (Erickson et al., 2015). Accordingly, higher plants were
shown to decrease PSII antenna size for instance in high light (Morosinotto et al., 2006; Ballottari
et al., 2007), with light intensities above 350 pmol photons m? s’ generally referred to as high
light in this thesis (Niyogi, 2009; 1.2.2). A similar response was reported for Skeletonema costatum,
Dunaliella salina and Dunaliella viridis, while other microalgae such as Dunaliella tertiolecta did not
reduce PSII antenna size under increased light intensities (Falkowski and Owens, 1980; Smith et
al., 1990; Melis et al., 1998; Gordillo et al., 2001), indicating that acclimation strategies are species

specific (Bonente et al., 2012).

In C. reinhardtii, the amount of LHCBM proteins clearly decreases upon increased light intensities
due to transcriptional and post-transcriptional regulations (Teramoto et al., 2002; Durnford et al.,
2003; McKim and Durnford, 2006; Bonente et al., 2012; 5; Figure 6-2, 6-3), while expression of
other LHC-like proteins with protective functions such as LHCSR3 is induced (Teramoto et al.,
2004; Peers et al., 2009; Bonente et al., 2011; 1.2.2; 6.3.1). Concordantly, the cellular chlorophyll
content declines by 50 to 60% within six hours of moderate high light (400 umol photons m”s™;
Shapira et al., 1997; Bonente et al., 2012).

However, a lowered LHCII and chlorophyll level under high light does not necessarily reflect an

altered PSII antenna size; that is the actual amount of pigments efficiently transferring excitation
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energy to a photosystem II core. The ratio of light-harvesting proteins to core subunits can be
approached directly by immunoblot detection or indirectly by measuring the chlorophyll z to 4
ratio, as the latter pigment is exclusively bound to the outer antenna. The functional antenna size
of PSII can be directly determined through the kinetics of chlorophyll @ fluorescence induction.
All these methods were combined to study the acclimation of the photosynthetic apparatus of
cells grown under low and high light (Bonente et al., 2012). In that study, the chlorophyll @ to 4
ratio ranged between 2.21 in low and 2.30 in high light acclimated cells, and a small, gradual
decrease in functional PSII antenna size was observed, but the differences were not statistically
significant. The authors therefore proposed that the PSII antenna size is not changing
substantially under the light intensities tested, and that the overall decrease in cellular chlorophyll
content is due to a reduction in photosystem number. On the other hand, applying similar light
intensities, Neale and Melis (1986) reported that the amount of chlorophylls per PSII ranged
from 620 in low to 460 in high light grown cells, accounting for a decline by 25%.

In this work, a clear reduction of photosystem II antenna size upon carbon dioxide limitation in
acetate containing media could be shown by combining biochemical and biophysical methods
(4.2). The ratio of LHCII to PSII core subunit proteins was lower and the functional PSII
antenna size was decreased by 50% after twelve hours of carbon dioxide limitation in acetate
containing media (Figure 4-3). An overall reduced fluorescence yield was observed in air adapted
cells under photoautotrophic conditions before, but this was mainly attributed to a state II
transition, although Spalding et al. (1984) also observed a slightly lower half-rise time of
fluorescence induction (Spalding et al., 1984; Palmqvist et al., 1990; Falk and Palmqvist, 1992). In
the study presented here, state transitions reversed after two to four hours (Figure 4-6), similar to
observations on photoautotrophically grown cells (Iwai et al., 2007), indicating that expression
based acclimation responses replace short-term responses on longer timer scales. Taking the
reports on an unaltered or only slightly changed PSII antenna size under varying incident light
intensities into account (Neale and Melis, 1986; Bonente et al., 2012; see above), this study (4.2)

points towards carbon sources as main determinants of PSII antenna size in C. reznbardtii.
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6.4 Regulation of light-harvesting in C. reinhardtii — A model

Light-harvesting is strictly regulated on multiple levels in several cellular compartments of
C. reinhardtii over time (1.2). This complex control underlines the importance of balanced light
energy input for the algal cell. The mechanisms adjusting light-harvesting at photosystem II
depending on light and carbon availability described in the studies presented here (4.2; 5)
integrate into a model depicting regulatory responses that occur under defined PSII excitation
pressure states (Figure 6-3). Evidently, the conditions outlined in the following represent

snapshots which in reality merge, creating intermediate situations (Brautigam et al., 2010).
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Figure 6-3 Regulation of light-harvesting dependent on the prevailing PSII excitation pressure.

A model depicting four cellular states under environments (grey boxes) causing no (A), low (C), elevated (D), and
high (B) PSII excitation pressure. Chloroplastic and retrograde communication (yellow ovals) adjust short- and long-
term responses eventually regulating light-harvesting at PSII. Signaling pathways controlling LHCBM translation
control are depicted in detail in Figure 6-1. The physiology behind the states outlined is explained in the text (6.4).
Abbreviations as described before (1; Figures 6-1 and 6-2).
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In darkness (Figure 6-3A), energy is mainly acquired via starch degradation (Johnson and Alric,
2013; 1.1.2). Photosystem II is not excited, hence no quenching processes occur. LHCII
transcript abundance is low (Teramoto et al., 2002); the translation repressor NAB1 is not

methylated and is therefore inactive (Blifernez et al., 2011).

When energy input at photosystem II is limiting, for instance under low light and/or excess
carbon dioxide, PSII excitation pressure is low and intersystem as well as soluble electron carriers
are in an oxidized state (Figure 6-3C). The state transition kinase STT7 is inactive because of an
oxidized PQ pool (Horton and Black, 1980; Zito et al., 1999), and LHCII are associated with
PSII (state I). Retrograde signals communicate the lack of energy input to the other cellular
compartments (Figure 6-3, yellow oval). In the nucleus, transcription of LHCII is increased
(Teramoto et al., 2002; Humby et al., 2009). Methylation of arginines renders NAB1 in a generally
active state (Blifernez et al., 2011), but RNA binding activity is low due to nitrosylation of
cysteine 226 (5). Furthermore, NAB1 is expressed at low rates (4). The high LLHCBM
transcription together with relaxed translation control allows efficient light-harvesting protein

synthesis under energy limited conditions.

An increase in light intensity or a lack of downstream electron acceptors under carbon dioxide
limitation causes an over-reduction of the photosynthetic electron transport chain and elevated
PSII excitation pressure (Figure 6-3D). In order to decrease pressure on photosystem II,
dissipative pathways are induced. A reduced plastoquinone pool activates STT7 (Zito et al.,
1999), and a state II transition (qT) efficiently reduces PSII absorption cross section in the short
term (Iwai et al., 2007; 4). Retrograde signals communicate the excess energy input to the other
cellular compartments. LHCII transcription is decreased in the nucleus (Teramoto et al., 2002;
Humby et al., 2009), and LHCBM protein synthesis in the cytosol is repressed, eventually

decreasing PSII excitation pressure in the long term (Mussgnug et al., 2005; 4; 5).

Both elevated light intensity and carbon dioxide limitation increase PSII excitation pressure
(Figure 6-3D), but the signaling pathways that lead to NAB1 mediated LHCBM translation
repression are distinct or diverge (6.2; Figure 6-1). Carbon dioxide limitation triggers the
promoter based increase of NAB1 expression, most prominently when an organic carbon source
is available as well (4). In contrast, elevated light is sensed via redox based post-translational
NABL1 activity regulation (Wobbe et al, 2009; 5), and most likely the cytosolic system of
thioredoxin h1 (TRX h1) and NADPH dependent thioredoxin reductase (NTR) uses excess
reducing power to denitrosylate and therewith fully activate NAB1 (5). Furthermore, while
carbon dioxide limitation and acetate supply clearly lead to a smaller PSII antenna size (4), the

decreased LHCII levels under elevated light (5) are apparently accompanied by a general
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reduction of photosystem number rather than antenna size alterations (6.3.4). Instead, a low
number of photosystems together with enhanced regeneration of electron acceptors through
acceleration of the Calvin cycle (Dietz, 2015) could relieve excitation pressure on PSII under

elevated light.

A situation causing a perilously high PSII excitation (Figure 6-3B), for instance upon sudden high
light, is characterized by the generation of reactive oxygen species (ROS), such as singlet oxygen
('O, and hydrogen peroxide (H,0,), and increased damage of the PSII core protein D1 (qI)
(Niyogi, 2009; Dietz, 2015). LHCII dissociate from PSII, and expression and protonation of
LHCSR3 fosters the dissipation of excess energy as heat (qE) (Peers et al., 2009; Bonente et al.,
2011; Tokutsu and Minagawa, 2013; 1.2.2). ROS and tetrapyrrole signals are involved in transient
repression of LHCII transcription (Teramoto et al., 2002; Durnford et al., 2003; Elrad and
Grossman, 2004; Formighieri et al., 2012; Suzuki et al., 2012). LHCBM protein synthesis is low
because of a ROS triggered global polysome disassembly (Durnford et al., 2003; McKim
and Durnford, 20006; 1.2.3; Figure 6-2A), and also NAB1 expression is strongly decreased (4).

The model describes the regulation of light-harvesting in the green alga C. reinhardtii under
aerobic, nutrient replete environments; conditions under which light and carbon availability
largely determine photosynthetic performance (1.1; 4; 5; 6.3.4). The presence of oxygen
responsive elements on the NAB7 promoter (4.3.2; 6.2.1) already indicates a putative role of
LHCBM translation repression under anaerobic, fermentative conditions. Also nutrient
deprivations dramatically impact photosynthesis, both directly because of limited regeneration of
photosynthetic proteins and pigments, and indirectly because of metabolic changes that alter the
demand for energy equivalents (Grewe et al., 2014; Schmollinger et al., 2014). Whether NAB1
mediated LHCBM translation repression is involved in the photosynthetic remodeling under

nutrient deprivation remains to be elucidated (7).

Control of light-harvesting protein synthesis is an essential mechanism of acclimation in
evolutionarily diverse photosynthetic organisms, from cyanobacteria to vascular plants (Frigerio
et al., 2007; Wobbe et al., 2008; Floris et al.,, 2013; Gutu et al., 2013). However, NAB1 like
proteins are until now found only in the close C. reinbardtii relatives C. incerta and 1Volvox carteri
(Nematollahi et al., 2006; Popescu et al., 20006), and the combination of cold shock domain and
RNA recognition motif appears to be unique for this protein (1.2.3). It will be an interesting for
future research to unravel the evolution of NAB1 mediated LHCBM translation repression in
these green algae. However, control of LHCBM protein synthesis is apparently a fundamental
response of photosynthetic organisms to efficiently regulate light-harvesting (see above),

suggesting that similar mechanisms as those investigated and discussed here probably exist in
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other algae and plants. Unraveling the factors and underlying regulatory networks could be an

intriguing topic for subsequent research (7).

In summary, the studies presented here depict regulatory circuits of short- and long-term
acclimation responses occurring in the nucleus, cytosol and chloroplast in C. reznhardsi. LHCBM
translation control was disclosed as central regulatory hub adjusting the amount of light-
harvesting proteins to the demand of the photosynthetic apparatus upon changes in PSII
excitation pressure under physiological conditions (Figure 6-3C,D). Light and carbon dioxide
availability emerged as major factors influencing light-harvesting protein synthesis, however, on
distinct signaling pathways that control the abundance and activity of NAB1 (Figure 6-1).
Evidently, a multi-level regulatory network adjusts photosynthetic light capture to optimize

photon conversion efficiencies.
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7 Conclusions and perspectives

Light and carbon availability largely determined light-harvesting at photosystem II
in  Chlamydomonas reinhardtii in the work presented here, with NAB1 mediated LHCBM
translation repression as key lement of photosynthetic acclimation responses. The studies
contained within this thesis revealed a regulatory link of short-term protective responses in the
chloroplast and nuclear as well as cytosolic expression control under fluctuating carbon supply,
and disclosed the dynamic, redox based regulation of light-harvesting protein synthesis under

varying incident light intensities.

In particular, the questions raised (2) could be answered as follows.

Under which environmental and physiological conditions does INABT mediated translation control adjust

light-harvesting antenna sizes?

Conditions that reduce chloroplastic intersystem and soluble electron carriers increase NABI
mediated LHCBM translation repression. In the work presented here, this was triggered by
carbon dioxide limitation and acetate supply as well as elevated light, but not high light. Carbon
dioxide limitation in a heterotrophic growth regime caused a reduction in functional PSII antenna

size by more than 50%.

Does NABT expression regulation influence LHCII translation control in addition to post-translational activity
switches?

Yes, an increased NAB1 expression is crucial for PSII antenna size reduction under carbon
dioxide limitation. In contrast to wild-type algae, a strain driving N.AB7 transcription from a
different promoter was impaired in growth under fluctuating carbon supply. This indicates that
post-translational modifications are not sufficient for the adjustment of LHCBM protein

synthesis under this condition, and that N.4AB7 promoter regulation is essential.

Which molecular mechanisms and signaling pathways underlie the redox based NABT activity control?

The cysteine residue at amino acid position 226 is located in the RNA recognition motif of
NABI1 and is crucial for the redox control of the protein’s RNA binding activity. Under low light,
nitrosylation of this residue decreases NAB1 activity. Denitrosylation occurs under elevated light,
and in this the thiol state, the protein actively binds LHCBM6 mRNA and represses protein
synthesis. Cysteine reduction is probably mediated by a system of cytosolic thioredoxin hl and
thioredoxin reductase which uses reducing equivalents in the form of NADPH exported from

the chloroplast.
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How do short- and long-term regulatory responses interrelate to adjust PSII light-harvesting capacity?

LHCBM translation repression replaces state transitions as initial PSII protective mechanism on
longer time scales. Besides this temporal course, the regulation of short- and long-term responses
appears to be intertwined. NAB1 accumulation was impaired in the state transitions mutant sz#7
and the NABT7 knock out mutant was in a permanent state II under the growth conditions

examined, indicating an interdependence of spatially and temporally distinct regulatory hubs.

How do chloroplast, cytosol, and nuclens communicate to coordinate light-harvesting regulation?

Cellular compartments communicate via retrograde signals towards and anterograde signals
emerging from the nucleus. Signals from the chloroplast requiring photosynthetic electron
transport and/or the state transition kinase STT7 control nuclear NAB7 transcription and
therewith PSII antenna adjustment under fluctuating carbon supply. A 152 bp element on the
nuclear NAB7 promoter is sufficient for the sensing and implementation of the signal(s) and
contains hitherto unknown cis-regulatory elements. High light intensities that cause oxidative
stress decrease NAB1 levels, and LHCBM protein abundance is likely reduced due to a ROS
triggered global polysome disassembly together with a transient decline of LHCBM transcript
levels. Nitrosative signals increase LHCBM translation by decreasing NAB1 activity in the cytosol
under low light. Upon elevated light, a reduction of nitrosylated NAB1 cysteine 226 enhances
translation repression and causes decreased LHCBM levels. Probably, accumulating stromal
reducing power is released into the cytosol via transport systems such as the malate oxaloacetate
shuttle. Overall, communication involves redox cues such as nitric oxide, NADPH and oxidative

species, and the thylakoid kinase STT7 is important for signaling under reducing conditions.

To summarize, the work presented here shows that control of light-harvesting protein synthesis
and coordination of short- and long-term responses are essential for acclimation of C. reinhardtii
to fluctuating carbon and light supply. The findings presented and discussed in this thesis raise

further questions to be addressed in the future, which are outlined below.

The regulation of LHCBM protein synthesis via NAB1 emerged as a central regulatory hub for
the photosynthetic acclimation under varying light and carbon supply, and coordination of
acclimation responses was shown to involve chloroplast to cytosol and to chloroplast to nucleus
signaling (6.2). A 152 bp element of the N.AB7 promoter contains essential, hitherto unknown
regulatory elements, and the fast increase of N.AB7 transcript levels under carbon dioxide
limitation indicates that preexisting signaling pathways and transcription factors are used (4;
6.2.1). This knowledge can be applied in future work to identify transcription factors involved by
using the 152 bp N.AB7 promoter sequence as a DNA probe for affinity purification (Brune et
al., 2011). The reporter system developed (3; 4; 6.1) can be employed as a tool for signaling
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studies applying inhibitors (Trebst, 2007) or reagents that mimic or induce known signaling cues
(Fischer et al., 2005; Vof3 et al., 2011), and to determine N.4B7 promoter activity under
environments that trigger over-reduction of the photosynthetic electron transport chain, such as
hypoxia or low temperatures (6.2.1). Based on the reporter strains generated in this work, knock
out cell lines could be created by random DNA insertion and screened for the inability of carbon
dioxide responsive luciferase expression. Similarly, introduction of the reporter construct into s##/
and subsequent mutagenesis allows searching for suppressor mutations regenerating wild-type
NABI1 expression. Such forward genetic approaches thus enable the identification of upstream
regulatory factors. Overall, the carbon dioxide responsive 152 bp N.AB7 promoter fragment and
the perturbed signaling in s#7 as shown in the present thesis (4) provide powerful tools to
elucidate the communication pathways and novel regulatory promoter elements involved in the

control of photosynthesis associated genes encoded in the nucleus by retrograde signals.

The mechanism of redox based LHCBM translation control revealed in this work (5; 6.2.2)
provides the basis for future studies analyzing chloroplast to cytosol signaling. Inhibition of
malate dehydrogenase by fluoromalate (Berry and Kun, 1972) could be applied to investigate the
importance of the translocation of reducing equivalents by the malate oxaloacetate shuttle, and
the role of thioredoxin hl for NAB1 reduction under elevated light could be determined z vivo
by analyzing the respective C. reinbardtii knock out mutant (Sarkar et al., 2005). The extent of
NABI nitrosylation could be analyzed in a strain containing nitrate reductase and by application
of a nitric oxide synthase inhibitor (Moreau et al., 2010) to investigate the source of nitric oxide.
Moreover, though NAB7 promoter control is clearly important for LHCBM translation
regulation under fluctuating carbon supply (4.1), the activity of the repressor could be regulated
additionally under this condition. High turnover of the Calvin cycle leads to the consumption of
reducing power. This decreases the export of reducing equivalents into the cytosol and
presumably slows down thioredoxin mediated NAB1 reduction. The level of NAB1 nitrosylation
could therefore increase under this condition, similar to observations under low light (5).
Unraveling the interplay of the different levels of NAB1 regulation, including promoter control,
arginine methylation and cysteine nitrosylation, will provide new insights into the connection of

cytosolic and nuclear control of light-harvesting protein synthesis.

The translation repressor NAB1 shows a strong preference towards the LHCII isoform
LHCBM6 (Mussgnug et al., 2005; Wobbe, 2007), nevertheless the protein abundance of different
types of LHCII types appeared co-regulated in this (4) and previous studies (Wobbe et al., 2009;
Blifernez et al., 2011). In this work, the hypothesis was raised that LHCBMG6 might be important
for PSII antenna assembly (6.3.2). In order to test this assumption, this isoform should be

characterized 7n vitro and in vivo. As previous analyses of reconstituted and isolated LHCII
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isoforms revealed only little differences in between isoforms (Natali and Croce, 2015), future
studies should emphasize the trimerization behavior, the characterization of homo- and
heterotrimers and the interaction with components of thylakoid membrane, such as
photosystem I and II as well as LHCSR3. The localization of the isoforms 7z vivo could reveal
new information (Grewe et al., 2014) as the trimers at PSII termed S, M and N as well as those in
the extra pool are probably implicated in different regulatory responses (Betterle et al., 2009;
Drop et al., 2014a). The algal strains expressing human influenza hemagglutinin (HA)-tagged
LHCBMOG6 (Mussgnug et al., 2005; 5.2) could be useful for such localization studies. Furthermore,
strains with reduced or increased LHCBMG6 level via knock down and over-expression could
provide new insights into the importance of this isoform for photosynthetic acclimation as well
as for light-harvesting and non-photochemical quenching. As off-target and compensator effects
complicate such studies (Ferrante et al., 2012; Pietrzykowska et al., 2014), a combination of 7

vitro and 7n vivo studies provides the most reliable findings.

The work presented here highlights novel aspects of the regulatory circuit of short- and long-
term mechanisms controlling light-harvesting capacities at photosystem II (4; 6.3.3). Light and
carbon supply influence the demand for light-harvesting proteins and trigger distinct regulatory
responses (Figures 6-1). In this work, the effect of fluctuating carbon dioxide was tested under
elevated light (4) and the effect of moderate changes in incident light intensity was tested under
low carbon dioxide supply (5; Figure 6-2B). Future work could complete the picture by an
integrated study of light-harvesting regulation in wild-type algae, the STT7 knock out mutant and
cell lines expressing no or cysteine mutated versions of NAB1 upon moderate changes in PSII
excitation pressure, triggered by low light/high CO,, low light/low CO,, elevated light/high CO,,
and elevated light/low CO,. The different levels of NAB1 regulation (6.2) and LHCBM
transcription control as well as short-term responses should be taken into account. Similar to
studies investigating the ROS network in which the effects of light and oxygen on the generation
of oxidative stress responses were disentangled (Barth et al., 2014), the signaling pathways and
responses involved in the acclimation to carbon supply and moderate changes in light intensity
could be unraveled. Furthermore, the extent of energy dependent quenching should be
investigated as evidence for an interrelation of qE and qT is growing (6.3.1). The involvement of
high energy quenching under the conditions chosen could be studied by immunoblot detection
of LHCSR3 levels on the one hand and kinetic analysis of fluorescence induction and NPQ

relaxation on the other hand (Iwai et al., 2007).

Adjustment of light-harvesting protein synthesis is evidently a key element of photosynthetic
acclimation in C. reinhardtii (6.3.4). It is reasonable that LHCII translation control is a

fundamental instrument in photosynthetic organisms, suggesting that mechanisms similar to
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those investigated in this work exist in other algae and plants. Indeed, there is evidence for post-
transcriptional light-harvesting regulation in model organisms of diverse evolutionary lineages
(Frigerio et al., 2007; Wobbe et al., 2008; Floris et al., 2013; Gutu et al., 2013). As database
research reveals that NAB1 like proteins, combining a cold shock domain with a RNA
recognition motif, are apparently not found apart from close C. reinhardtii relatives (Mussgnug et
al, 2005; 1.2.3; 6.4), other RNA binding proteins with a different domain combination probably
fulfill its function. Such proteins could be identified in a biochemical approach using LHCII
transcripts as a probe on an affinity column (Danon and Mayfield, 1994). The identification of
LHCII translation regulators in other organisms would be highly interesting in order to
understand the diversity of photosynthetic acclimation strategies and because this knowledge can
be applied, as successfully shown for C. reinbardsii (6.3.4), to optimize light capture and

penetration in mass cultures of algae with a greater biotechnological relevance.

In summary, a sophisticated regulatory network orchestrates the multi-compartmental regulation
of light-harvesting in C. reznbardtii. A major challenge for future work is to further disentangle the
interrelation of spatially and temporally distinct light-harvesting regulation responses in this and
other photosynthetic organisms. The work presented in this thesis provides novel insights into
the underlying intracellular communication and useful tools to analyze the concerting signaling
pathways that balance photosynthetic light capture to ensure optimal photosynthetic

performance.
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Appendix

Figures S1 to S4 are part of publication II supplemental information (Berger et al. 2014).
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Figure S1 Promoter::reporter construct design, screening and characterization of cell lines expression
NABTL:gluc reporter.

(A) A 1.55 kb element upstream the NAB1 translation start was fused to Gaussia luciferase gene (gl.uc) containing a
native Chlamydomonas secretion signal (c). (B) Detection of luciferase activity in culture supernatants of twelve cell
lines chosen by plate based screening (10). Recombinant luciferase (tLuc) served as standard. 4, 9, and 12 were
chosen and renamed N1, N3 and N4. (C) Validation of NAB1 (aNAB1) and LHCBM6/8 (al.6/8) expression in
chosen cell lines by immunoblotting. Coomassie briliant blue (CBB) staining serving as loading control. (D)
Luciferase assay as described in Figure 4-2B. Data represent means and SD of individual measurements (n=3).
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Figure S2 Acetate consumption during photoheterotrophic and mixotrophic growth.

Cells of the wt (solid lines) and N.AB7 k.o. strain (dashed lines) were cultivated as in Figures 4-3 and 4-4 under
continuous COz supply (black lines), air bubbling (light grey) or under fluctuation CO; levels in 6 h intervals (dark
grey). Remaining concentration of acetate in the culture media was determined relative to TAP media. Representative
triplicate determination of one out of three biological replicates (n=3).
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Figure S3 Biomass accumulation of wt (A), NABI k.o. (B) and NABI oex (C) during growth.

Cultures were grown as described in Figures 4-3 to 4-5. Growth was determined as dry biomass. Data represent
relative values of absolute numbers shown in Figures 4-4 and 4-5 with condition +CO> set to 100% for each strain

and time.
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Figure S4 Cell appearance during mixotrophic growth.

Representative light microscopic images of wt (left panels) and NAB7 k.o. strain (right panels), cultured in acetate
containing media and 3 % (v/v) carbon dioxide as desctibed in Figures 4-3 and 4-4. Values in each panel represent

maximum of size distributuion (um) determined with cell countet.
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AGTGGCTCAGGGAACCCTACGCTGGCCGGGCGCTCAGATCATGCTAGG

GCACCGCATCTGCAGTACCGGCCTCAGCATCCTGTCTTGACACCTCCCCGGGCGCCTGGAGTGTGATCATGCGCGCCAGCAAACCACCAGCGCGTCAGCA
>>>>

curecore

AACTTCCAGCCAGCCAGCAACTCGTCGEGTACAGTAACTCTGGCGTTCGACCGGCCGCGTACTCCTGCCCTGCCGTTGCAAATTGTTTGCCATCTGCTGGG
>>>> >>>>

curecore curecore
TTCTGGGAATCAGCTGCACCCTACGGGACTTTACCAACCTGCCTTGCCACTGTCCCATCGCACACCAGCAAGTCAGCGACATCTCGCTACAGTAACTCCG

GTGTCACACCAGCTGTTTGCTCATGCCTTGCCGTGACAAACTGGGTGTTGGGGTCTGGGAATACGCTGCACACTACGETACGGGACGACGCCAAGCAGCC
S>>>>>>>>> >>>>

motif 6 curecore
CATCACCGCGCCTTTCCCACCAGTCACTGTTCACACCTCCATGCACTCCCCTGATGCAGCACCATTCCTCTGAGTCCGCCGGTTGTCTTCTCCTCAATAG
CTGTCACAAACGGCCTTGCGTTCTTCCGCAATGTGCGTGTGTGTTTATCACACGCCCTCGTCTGCCGCTTGCCGTTCCCTATGGCACACTTGACGTAGCG
GACTGCCCCTGGCGGTTCGCAGTGCGTGACCCCGGGGTCTGTTATCTGCCTGTATCTGCGGCGTTGAACATCTGCAGATCTTCCTAGGCCTTGACATAGA
GTGTGCAGCCTGCAAACGGCATGCTTGCGGAACAACTTGGCTGCAACGCTGCGTGCGTGGAGTCGGCTGGCAGCCCCAGGCGCTTGTATGACATTCGTCG

CGCAGGACATGTCACGCTGCCGGACAGCGGACATACGCAGGGCACGCAACGACCATGCCAACACGTGTGTTTCTTGGCCGTTTGCGCAGGTCCTTGTGGC
SSSSSSS>5S>55>5>>>>

motif 7

ACCCAGCGGCGATGCGGAGCCCGAAAGGTTGGCACAGAATCCACGATGGTGCAAGTAAATGGACCAAGTTGGGAAATTCACTAGTCCGAAACAACCACTT
>>>>>> >>>>>>

Itre Itre

GAACGTCTTTGACGTGGTATAAATGCATCTGTCCCCAGTGTCCCCTACCTAACACCCGAGCAGACTCAAGCCCCACCAAATCCGTGATAGGCAGTTGTCC
SS5555555555>5>
motif 4
>S>5>>>>
TATA-box

AGGGTTTCCATTGCTCGCACAAATATTTATTAATAAATTAAAAGCAAATAAAGACACAGAGTCAGCAAAAATGGCCTGCAAGCGAGAGAGTGGCCTTTCG
SS>>>5>5>5>555>5> SS>>>>5>5555>5>
motif 2 motif 3
SSS>5>>3355555555>>
AT-rich region

AGCATTTGCAGCCGGGCAGGGCTCTGCGTCGCGCACGCCAAGCTACGGCACAAATTCAGTAGCTTTATCATCTGCCAAAGTCAGAACTGCGCTGTCAGCG
SS>>>>>>>>>>>>>
motif 1
=
CCAATGCCCGGGGAAAGCAAACGTCGCCEBTACCGAGATCCEBTACAGAGATCGGGGCAATCTCCCGAAGCACACCTTGCAGCGTCGCGCTTGCGTGCGGGT
>>>> >>>>
curecore curecore

TCGCGCCGACCTCGTTACATCTACCTGGGCATCGCGTGCCCTGCGTGCTGCCACAAAGCTGGCCCCCCAGACCGCCGACTGAGCGAGGAGGGTCGCGGGA

>>>>> >S>5>5>>
Itre Itre

S5 Annotated NABI promoter sequence

Candidate cs-regulatory elements in the 1548 bp element upstream of N.AB7 translation start as described in
Table 4-2 and Figure 6-1 are marked.

orange:
yellow:

blue:

green:

grey:

elements involved in copper and hypoxia signaling (curecore; Quinn et al., 2002; Kropat et al., 2005)

motifs conferring CO,-responsiveness (Winck et al., 2013a)

low temperature response elements (ltre; Jiang et al., 1996; Dunn et al., 1998; Kim et al., 2002)
*experimentally determined transcription start site; TATA-box and AT-rich region are putative alternative
start sites

5’UTR
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