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INTRODUCTION

1 Introduction

1.1 The model organism Chlamydomonas reinhardtii

The unicellular algae Chlamydomonas reinhardtii (C. reinhardtii) represents an ideal model
organism for research on photosynthesis and chloroplast biogenesis (Rochaix, 1995) as it
goes through a simple life cycle, allows easy generation of mutants and offers a fast
reproduction rate. The alga belongs to the division of Chlorophyta (class: Chlorophyceae),
whose arrangement of cilia further defines it as being part of the order of Chlamydomonadales.
The average cell length of the elliptic body is approximately 10um (Rochaix, 2001), and two
anterior located cilia are responsible for motility. The direction of movement is controlled by
the carotenoid-containing eyespot that mediates phototaxis (Harris, 2001). A single cup-
shaped chloroplast, which occupies about 40% of the cell (Hummel et al., 2012), signifies the
center of oxygenic photosynthesis. The green alga cannot only grow photoautotrophically but
also heterotrophically, e.g. in presence of acetate as the only carbon source. The carbon-
concentrating mechanism (Wang et al., 2015) guarantees optimal CO- fixation at CO-limiting
conditions by accumulating inorganic carbon inside the pyrenoid, where it is converted into
CO; — the substrate for ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), which
is also located in the pyrenoid (Park et al., 1999).

1.2 The thylakoid membranes of the chloroplast

The chloroplast is a semi-autonomous organelle which is apparently derived from
cyanobacteria (Cavalier-Smith, 2000). About 95% of chloroplast genes are nucleus encoded
(Schleiff and Becker, 2011), but many multi-protein complexes such as the two photosystems
contain both chloroplast and nucleus encoded subunits. The reactions of carbon fixation take
place in the stroma and the pyrenoid, with carbon being actively transported and accumulated
at the side of RubisCO. In contrast, light reactions and photosynthetic electron transport are
catalyzed by protein complexes located in and at the thylakoid membrane. The chloroplast
consists of two outer membranes that are remnants of endosymbiosis (McFadden and Gilson,
1995) and an inner thylakoid membrane system, which separates the inner thylakoid lumen
from the outer stroma region. The thylakoid membrane can be arranged in stacked grana
regions consisting of multiple thylakoid discs, and unstacked single lamellae regions (Fig. 1,
Yamamoto, 2016). Depending on environmental light conditions, the membrane structure can
be dynamically re-organized, so that grana stacks appear tightly stacked in the dark or lower
light conditions and undergo unstacking and swelling as a result of light exposure. Embedded
in the thylakoid membrane are multi-protein complexes which are running the photosynthetic
electron and proton transport chain in order to synthesize ATP and NADPH through linear and

cyclic electron flow (LEF and CEF, respectively) across the thylakoid membrane. The primary
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light capturing reaction centers of photosystem Il (PSIl) and photosystem | (PSI) are physically
separated as PSII and its light-harvesting complexes (LHCII) are located in the grana regions,
while PSI is favorably located at the grana margins and stroma lamellae alongside with the
ATP synthase, which are both excluded from the grana stacks due to their voluminous shape
(Fig. 1, Andersson and Anderson, 1980; Danielsson et al., 2004). Exclusively the cytochrome
bsf (Cyt bef) complex is homogeneously distributed among grana and stroma lamellae
(Anderson, 1992). Recent studies provided new insights into the interplay between dynamic
thylakoid stacking, organization of protein complexes in the thylakoid membrane and its effects
on balancing LEF and CEF during changing light environments in vascular plants and algae.
Light exposure has particular impact on the macromolecular membrane organization and
thylakoid membrane stacking through light-induced phosphorylation of PSIl and LHCII
(Puthiyaveetil et al., 2017; Wood et al., 2018). Wood and colleagues further proposed that light
exposure of vascular plants results in a decrease of the grana diameter and a lower number
of membrane layers per grana, while a higher number of grana stacks per chloroplast abets a
larger contact area between stroma lamellae and grana (Fig. 1, Wood et al., 2018). Contrarily,
in C. reinhardtii, a transient increase of grana thickness was observed during HL acclimation
with a maximum of about 120nm after 10h HL exposure. Other effects of HL acclimation and
resulting photoinhibition were found, including enhanced formation of palmelloids, with one
palmelloid consisting of 5 cells. Additionally, increasing duration of HL exposure was found to
lead to a rising number of non- functional cells. Cell death is known to be a result of the

complete inhibition of the function of photosystems and their turnover (Yamamoto, 2016).
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Figure 1: Unstacking of thylakoid grana as a result of light exposure. PSII and LHCII (red
circles) are localized in the grana stacks, Cyt besf complexes (yellow symbols) are equally
distributed among grana and stroma region, whereas PSI, ATP synthase and FtsH proteases
(green, blue and purple symbols respectively) are exclusively located at the stroma-exposed
grana margins. Adapted from (Yamamoto et al., 2016).
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1.3 Photosynthesis and the photosynthetic electron transport chain

The thylakoid membrane-localized photosynthetic electron transport chain drives electron
transfer through three major transmembrane protein complexes: PSII, Cyt bef and PSI (Fig. 2).
Plastoquinone (PQ) and plastocyanin (PC) are mobile electron carriers, which link the protein
complexes (Hervas et al., 2003). Light-harvesting complexes (LHC) of PSII (LHCII) and PSI
(LHCI) (Minagawa and Tokutsu, 2015) funnel photons into the luminal exposed reaction
centers of PSII (P680) and PSI (P700). Excitation of P680 and P700 induces charge
separation, which initiates stromal directed electron transfer from water to NADP* (Krauf3 et
al., 1996). The electron gap at PSIl is compensated by electrons originating from water
oxidation at the lumen-localized oxygen-evolving complex (OEC) which is accompanied by
proton release into the lumen (Fig. 2). Electrons from PSIl are transferred from
plastohydroquinone (PQH.) — which is formed at the PSII acceptor side along with proton
uptake from the stroma — to the lumen-localized PC. This reaction, which further releases
protons into the lumen is catalyzed by Cyt bef. Charge separation in PSI enforces electron
transfer from P700 to the stroma localized ferredoxin (Fd) at the PSI acceptor side. The
electron gap in P700* is compensated by electrons transferred from PC to PSI. Electrons are
finally funneled to ferredoxin-NADP reductase (FNR) which reduces NADP* to NADPH (Fig.
2). Coupled electron and proton transfer generates the proton motive force (pmf) across the
thylakoid membrane, which is the driving force for the synthesis of ATP by the ATP synthase
(Choqguet and Vallon, 2000; Nelson and Junge, 2015). Electron transfer from water (lumen-
localized donor side of PSII) to NADP* (stroma-localized acceptor side of PSI) is defined as
LEF, which results in the generation of NADPH and ATP. Aside from LEF, another pathway
termed CEF is defined as the recycling of electrons from Fd to PQ and thus only contributes
to the generation of ATP, but not to the reduction of NADP* to NADPH (Joliot and Johnson,
2011). CEF is supposedly balancing the ATP/NADPH ratio by further accumulating protons in
the lumen and hence driving ATP synthesis (Avenson et al., 2005). Moreover, CEF has been
shown to contribute to the photoprotection of PSI (Suorsa et al., 2012). CEF is known to be
accompanied by the dissociation of LHCAZ2 and LHCA9 from PSI-LHCI, when stromal electron
carriers are reduced (Steinbeck et al., 2018). Hence, PSI-LHCI and Cyt bsf may move closer
together, which favors the formation of CEF supercomplexes (Fig. 4 C) and finally promoting
CEF. The complete CEF supercomplex in C. reinhardtii consists of PSI, Cyt bef, ferredoxin—
NADP-oxidoreductase (FNR), Anaerobic Response 1 (ANR1), Proton Gradient Regulation-
Like 1 (PGRL1) and Calcium Sensor (CAS) (Steinbeck et al., 2018).
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Figure 2: Photosynthetic electron and proton transport along the thylakoid membrane.
Electrons are passing PSII, plastoquinone (PQ), Cyt bef, plastocyanin (PC) and PSI. PQ is
reduced to plastohydroquinone (PQH:) once electrons pass the electron carrier. Electrons are
transferred from PSI to ferredoxin (Fd) and finally to the stromal located ferredoxin-NADP
reductase (FNR). The electron acceptor NADP* is finally reduced to NADPH. Luminal directed
proton flux generates a proton gradient required for ATP synthesis. Adapted after (Allen et al.,
2011).

1.3.1 The PSII supercomplex

The functional PSII unit is organized as a 700kDa dimer. Each monomer consists of a reaction
center (RC) heterodimer D1 (PSBA)/D2 (PSBD). 20 transmembrane and peripheral subunits,
at least 20 lipids (Guskov et al., 2009), 35 chlorophylls, 11 B-carotenes (Telfer, 2002), 2
pheophytins, 2 plastoquinones, 1 heme iron, 1 non-heme iron, 4 manganese atoms, 1
bicarbonate ion, 4 calcium atoms and 3 CI ions are bound to one monomer (Umena et al.,
2011). Furthermore, small subunits are associated with the PSII RC namely:
PsbH/I/J/K/ILIMIN/T/X/Z and the subunits PsbO/P/Q further stabilize the luminal localized OEC
(Fig. 3, Ferreira et al., 2004; Barber, 2012). The PSIl RC is surrounded by internal antenna
proteins (CP43 and CP47) and external minor (monomer) and major (trimer) LHC antenna
(Lhcb1-6). In chlorophyta like C. reinhardtii, the LHC proteins are differentiated in two minor
and nine major LHC proteins whose function is to harvest light energy and to funnel the energy
into the PSII RC. All LHCII proteins are nuclear encoded chlorophyll a/b binding proteins
(Green et al., 1991). The minor LHCII proteins CP29 and CP26 are encoded by the genes
Lhcb4 and Lhcb5, respectively, whereas most vascular plants contain an additional minor
antenna protein, CP24 (Lhcb6), which is missing in green algae (Minagawa and Takahashi,
2004), but also in some gymnosperms (Koufil et al., 2016). The nine major LHC proteins are

encoded by LhcbM1-9 and are classified into the distinct types I-1V (Elrad and Grossman,
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2004). Type | proteins are encoded by LhcbM3/4/6/8/9, type Il is encoded by LhcbM5
(Takahashi et al., 2006), LhcbM2/7 encode for type Il proteins and LhcbM1 encodes for type
IV proteins (Drop et al., 2014) with each protein having specific functions in light-harvesting
(Teramoto et al., 2002). The organization of LHC proteins around the dimeric PSIl reaction
center (C,) is well described. The binding characteristics of C. reinhardtii LHCII trimers to the
PSII core define them as strongly (S) and moderately (M) bound trimers. Whereas in vascular
plants another trimer is named loosely (L) bound, in C. reinhardtii an additional intrinsic
component has been termed LHCII-N trimer and is supposed to substitute CP24 (Fig. 3, Drop
et al., 2014). Typical PSII-LHCII supercomplexes are organized supposedly in a dimeric PSII
reaction core center, which are associated with two LHCII-S trimers, two LHCII-M and two
LHCII-N (C2S:M:2N3), but other organizational forms such as C,;S;MN, and/or C.SMN
supercomplexes have been described as well (Dekker and Boekema, 2005; Drop et al., 2014;
Pagliano et al., 2014).

N-trimer

Major LHCII

M-trimer ' S-trimer

Figure 3: Organization of PSII-LHCII supercomplex. The model shows the top view from
the luminal side of the complex in green algae (A) and vascular plants (B). Adapted after (Drop
et al., 2014; Minagawa and Tokutsu 2015).

1.3.2 The PSI supercomplex

The current model of the PSI-LHCI SC in C. reinhardtii suggests an overall mass of about 700
kDa for this complex (Ozawa et al., 2010). It is organized as a monomer with two central
proteins PsaA and PsaB forming a heterodimer. The RC contains a total of ten LHCI subunits
(LHCAZ1-9), each binding 10 chlorophylls (Kargul et al., 2003), with two copies of LHCA1 and
one copy each of the other subunits LHCA2-9 (Ozawa et al., 2018). The organization is
probably as follows: four subunits (LHCA1/8/7/3) form the inner layer in contact with PsaG to
PsaK which is strongly bound to PSI-LHCI at the side of PsaF (Fig. 4, Moseley et al., 2002;
Ozawa et al., 2018). This organization is similar to that of LHCI in vascular plants, which,
however, bind in total only four LHCI subunits, whereas a second layer of LHCI (LHCA1/4/6/5)
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is arranged on top of the first layer in C. reinhardtii. This suggests a duplication of LHC proteins
in PSI-LHCI in green algae in order to increase the antenna size (Ozawa et al., 2018). LHCA2
and LHCAZQ localize between PsaH and PsaG, which are neither included in the first, nor in the
second layer, but are located at the other side of the PSI core. The organization of LHCAZ2 and
LHCA9 at PSI-LHCI SC is conserved in red algae (PSI-LHCR) as well, suggesting that it
represents an early form of PSI-LHCI (Ozawa et al., 2018). This particular position of LHCA2
and LHCAZQ is likely required to control the switch from LEF to CEF (Steinbeck et al., 2018).
The proposed organization of the PSI-LHCI SC was recently supported by the 3D structure
obtained from cryo EM analysis (Fig. 4 A, Kubota-Kawai et al., 2019).

top view side view
stromal side LHCI belt side

Figure 4: Model for the antenna organization in the PSI-LHCI supercomplex in C. rein-
hardtii. 2D projection map of single-particle cryo-EM of the PSI-LHCI supercomplex. (A) The
crystal structure of the plant PSI-LHCI (PDB: 5L8R) and the model structures of LHCA2 and
LHCAQ9 were overlaid on the projection maps of the PSI-LHCI from the 137¢ WT. (B) Schematic
model of the PSI-LHCI supercomplex. The LHCI belt surrounds PSI in two layers. LHCI subu-
nits (dark green) are numbered from 1-9 referring to Lhcal-9. PsaF and PsaJ (F and J, lilac),
PsaG (G, cyan), PsaH (H, orange) and PsaK (pink) represent subunits of the PSI core com-
plex, which is shown in light green. The figure is adapted from (Kubota-Kawai et al., 2019) and
modified after (Ozawa et al., 2018; Steinbeck et al., 2018). (C) Model of the formation of the
CEF supercomplex upon dissociation of LHCA2/9, and PSAH from PSI-LHCI. The PSI core is
indicated in yellow, LHCI proteins in bright green, Cyt bef in purple. Plastocyanin- binding sites
(cyt f, cyan and PSAF, orange) and ferredoxin- binding sites (PSAD/E, red and cyt bs, pink)
are indicated.
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1.4 Acclimation to changing light intensities

Natural environments show a strong variation of light quantity and quality throughout the day
and season. In particular, light intensities may vary in short periods (seconds to minutes) in
order of magnitude, ranging from extremely high intensities of 2000pumol photons m=2s? at full
sunlight to very low light intensities (< 20umol photons m2s?) upon shading. Photosynthetic
organisms must thus be able to adapt quickly to such variations to ensure optimal light
utilization under all light conditions. Since light energy is the primary energy source for
photosynthesis, most photosynthetic organisms are able to use efficiently very low light
intensities, so that even moderate light intensities given under typical natural light conditions,
already lead to the absorption of photons in excess of what can be utilized in photosynthesis
(Erickson et al., 2015). Such excessively absorbed light energy, which cannot be used in
photosynthetic electron transfer, accumulates in the light-harvesting antenna of PSIl and PSI
and is the major source for the undesired production of reactive oxygen species (ROS), which
have a high potential of damaging proteins (including the photosystems), lipids and nucleic
acids (Niyogi, 1999; Mgller et al., 2007). ROS formation can be initiated by excess light either
due to energy transfer from excited Chl molecules (leading to the formation of singlet oxygen,
'0,") or due to electron transfer (leading to the formation of superoxide radicals (O2) and in
subsequent reactions to hydrogen peroxide (H202) and/or hydroxyl radicals (OH")) (Mgller et
al., 2007). The formation of 'O," is predominantly initiated by absorption of excess light in the
antenna of PSII, which increases the lifetime of excited chlorophylls (*Chl") and favors the
formation of long-living triplet Chl (3Chl"). 3Chl" transfers energy to O, resulting in the formation
of highly reactive 'O;" (Vass and Styring, 1993; Mgller et al., 2007). Electron transfer to O, (and
thus formation of O»7) occurs predominantly at PSI (Asada, 2006) in the so-called Mehler
reaction (Mehler, 1951), but also in PSII (Pospisil et al., 2004). O, can be effectively detoxified
by conversion to H>O,, whereas highly reactive *O," cannot. Consequently, 1O,  represents the
ROS molecule, which is predominantly responsible for photo-oxidative damage under in vivo
conditions (Havaux et al., 2005; Triantaphylides et al., 2008). Plants and algae have evolved
numerous short- and long-term acclimation strategies to either avoid or tolerate photo-
oxidative damage mainly by reducing the formation of ROS (Li et al., 2009). Both, short- and
long-term acclimation strategies are largely different in C. reinhardtii from those of vascular
plants. An important short-term mechanism active at PSII, is the dissipation of excessive light
energy as heat, termed non- photochemical quenching (NPQ) and will be described in detail
in 1.4.1. The long-term high light (HL) acclimation of vascular plants generally takes days to
weeks and involves the reduction of the photosynthetic antenna which results in less light
absorption (Bailey et al., 2001) as well as the modification of carbon fixation (Schéttler and
Toth, 2014) and of leaf architecture (Weston et al., 2000). Unlike sessile plants, which need to

provide protection within seconds, motile green algae avoid light stress in the first place by
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simply moving away. Not only their mobility, but also their short life cycle and hence the highly
flexible metabolism give enough reason for differently organized short-term acclimation to HL
(Cardol et al., 2011; Polukhina et al., 2016). Although dissipation of excess light energy is
mainly regulated by the short-term HL acclimation in both vascular plants and green algae,
there are major mechanistic differences such as different proteins required for efficient energy
guenching, which will further be discussed below (section 1.4.2). Apart from NPQ, also the
induction of CEF belongs to the short-term HL acclimation responses (Kukuczka et al., 2014),
which additionally serves photoprotection by removing a surplus of electrons at the PSI
acceptor side (Johnson et al., 2014).

1.4.1 Non - photochemical quenching (NPQ)

In C. reinhardtii, NPQ can only be efficiently activated after an initial HL acclimation period of
several hours. NPQ consists of different mechanisms termed qE, qZ, qT, gl and gH that are
active at different time periods in dependence of the light stress (Nilkens et al., 2010; Malnoé,
2018) in order to optimize acclimation to changing environmental conditions. The most
prominent component in vascular plants and green algae is gE, which is the most rapidly
activated mechanism (see below chapter 1.4.2, Fig. 5). While the contribution of qT to the
overall NPQ is rather low in vascular plants (Nilkens et al., 2010), its importance in green algae
can be considered as high as qE (Allorent et al., 2013). qZ, qT, gl and gqH will be shortly
introduced in the following, while gE will be presented in more detail thereafter.

gZ is defined as the zeaxanthin (Zx) dependent quenching component of NPQ and is activated
within 10 to 30 min, along with the conversion of violaxanthin (VX) to Zx, a carotenoid that
controls and increases energy quenching in PSII (Demmig-Adams, 1990). The relaxation of
gZ occurs within 10 to 60 min concomitant with the reconversion of Zx to Vx (Nilkens et al.,
2010).

State transition (gT) is defined as a reversible process where LHCII trimers relocate between
PSIl and PSI in order to balance the energy distribution between both photosystems (Rochaix,
2014; Nawrocki et al., 2016; Allen, 2017). The LHCII relocation from PSII to PSI occurs within
minutes and is dependent on the phosphorylation state of LHCII, which is regulated in C.
reinhardtii by the membrane bound kinase STT7 (Takahashi et al., 2013) and a corresponding
phosphatase, which has been identified so far only for Arabidopsis (Shapiguzov et al., 2010).
When LHCII trimers are not phosphorylated and associated with PSII, PSI is being
preferentially excited (state 1, PQ pool is oxidized). Phosphorylation through STT7, which is
activated by a reduced PQ pool, induces relocation of LHCII from PSII to PSI located in the
stroma lamellae (state 2).

gl describes photoinhibtition of PSII during prolonged HL exposure (hours) by inactivating the
PSII core through damaged D1 and the formation of Zx (Krause, 1988; Jahns et al., 2009).
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The inactive D1 thereby avoids formation of *O;"and O, and hence reduces further harm to
the cell (Adams Il et al., 2006). The relaxation of gl involves a repair system with proteases
and de novo synthesis of D1 (Gururani et al., 2015).

The recently discovered qH quenching is supposedly active in the peripheral LHCII (Malnoé et
al., 2018). gH is defined as a sustained quenching which becomes activated under cold and
HL stress, reduces lipid peroxidation levels, and hence provides photoprotection. Plastid
lipocalin (LCNP) is predicted to be required for gH either directly by forming NPQ sites or
indirectly by modifying the membrane structure for LHCII which results in sustained NPQ in
LHCII (Malnoé et al., 2018).

1.4.2 pH dependent energy quenching (QE)
gE is defined as the ApH dependent component, which becomes activated upon light-induced
lumen acidification (Fig. 5, Briantais et al., 1979).

qE inactive qE active
Dark Light

s
Yo

J Light energy

, —
lumen

acidification

—

%S_LHC“ C’ psbs @) cP29 &m
. crs (@ cra

i D2
(%Q M-LHCll QD cpa3 @ CP24 Q

Figure 5: Light induced NPQ activation and reorganization of antenna complexes.
Dimeric PsbS mainly interacts in the gE inactive (dark) state with S-LHCII and the PSIl RC
(CP47, CP43, D2) of PSII-LHCII. Light induced lumen acidification leads to monomerization of
PsbS, enforcing a detachment of trimeric M-LHCII and thus activates qE. PsbS induced
conformational changes occur along with the activation of the quenching sites Q1 (detached
M-LHCII) and Q2 (PSII bound LHCII) (Holzwarth et al., 2009). S- and M-LHCII bind violaxanthin
in the dark, and zeaxanthin in light. The model exemplarily shows that detached M-LHCII binds
to CP24, but it is also possible that aggregated M-LHCII are present without further association.
Simplified model adapted from (Correa-Galvis et al., 2016).
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It is quickly activated in HL (within seconds) and represents the most prominent component of
NPQ under most light conditions throughout the day (Krause and Jahns, 2004). This pH de-
pendent energy quenching is strictly regulated by the lumen pH, which ensures that quenching
is only active, when photosynthetic electron transport is not light-limited. In vascular plants, gE
is controlled by the PsbS protein (Li et al., 2000), which acts as sensor of the lumen pH (Li et
al., 2004), while gE in C. reinhardtii relies on the control of HL and UV-B induced LHCSR
proteins for full activation of gE (Peers et al., 2009). However, in the moss Physcomitrella
patens, both proteins PsbS and LHCSR contribute to qE capacity during excessive light con-
ditions (Alboresi et al., 2010). The work of Alboresi and colleagues gave evidence that the
PsbS dependent gE capacity of plants evolved before the LHCSR dependent gE mechanism

was lost in land plant evolution.

1.4.2.1 PsbS in vascular plants

The 22kDa PsbS protein in vascular plants is encoded by the NPQ4 gene (Li et al., 2000) and
is constitutively expressed, although both PSBS transcription and PsbS protein synthesis are
further upregulated upon a shift from LL to HL (Zones et al., 2015). PsbS belongs to the ex-
tended LHC protein super family (Engelken et al., 2010), but in contrast to the LHC proteins,
which typically consist of three transmembrane helices and bind pigments, the PsbS protein
consists of four transmembrane helices and does not bind pigments due to its compact struc-
ture (Fig. 6, Fan et al., 2015). PsbS in vascular plants is essential for qE regulation (Li et al.,
2000). PsbS acts as sensor of the lumen pH and protonation of two lumen-exposed glutamate
residues (E122, E226 in A. thaliana) facilitate the activation of gE (Li et al., 2004), likely through
interaction with LHCII proteins (Correa-Galvis et al., 2016; Sacharz et al., 2017).
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Figure 6: Structural model of the PsbS protein in vascular plants. (A)View from the mem-
brane plane with indicated thylakoid membrane layer; (B) PsbS dimer with both monomers
indicated in yellow and cyan; (C) Sequence alignment of the two halves of PsbS with both pH-
sensing glutamate residues highlighted in red. Adapted after (Fan et al., 2015).
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PsbS exists as a dimer in the dark (gE-inactive state) and is supposed to monomerize upon
light-induced acidification of the thylakoid lumen (gE-active state) (Bergantino et al., 2003;
Correa-Galvis et al., 2016). The homo-dimeric PsbS is stabilized by intermolecular interactions
of the transmembrane helices 2 and 3 and the luminal loops containing the pH sensitive
glutamate residues (Fig. 6, Fan et al., 2015). The PsbS-regulated conformational
reorganization of the PSII antenna and a detachment of trimeric LHCII are supposed to provide
the basis for the activation of the energy dissipative state (Fig. 5, Horton et al., 2008). It is
thought that PsbS not only interacts with proteins in the same membrane, but also with proteins
located in the neighboring grana stacks. PsbS is further supposed to interact specifically with
LHCII trimers (Correa-Galvis et al., 2016) and monomers (Sacharz et al., 2017).

1.4.2.2 PsbS in C. reinhardtii

The PsbS in C. reinhardtii is encoded by two genes (PSBS1, PSBS2) on the first chromosome
(Anwaruzzaman et al., 2004) and is supposed to consist of four transmembrane helices like in
vascular plants with two pH sensing glutamate residues conserved at the luminal side of the
thylakoid membrane. Unlike in vascular plants, which constitutively express the PsbS protein,
the PsbS in C. reinhardtii only accumulates transiently after transfer into HL (or UV-B) with
maximal expression after 4-10 hours of HL exposure and becomes degraded at longer HL
acclimation time (Allorent et al., 2016; Correa-Galvis, Redekop et al., 2016; Tibiletti et al.,
2016). Moreover, data show that down-regulation of PsbS leads to the reduction of NPQ
capacity, indicating that PsbS in green algae might contribute to the establishment of NPQ,

without being required for quenching mechanism (Correa-Galvis, Redekop et al., 2016).

1.4.2.3 LHCSR3 and LHCSR1

The 26.1kDa LHCSR3 (LHCSR3.1 and LHCSR3.2) and LHCSR1 proteins are transmembrane
proteins consisting of three transmembrane helices (Fig. 7) that are nuclear encoded by genes
located on linkage group VIII (Peers et al., 2009). Like the PsbS in vascular plants, the
LHCSR3 protein is essential for g in C. reinhardtii, and accumulates only after initial HL
exposure (Fig. 8). In contrast to the PsbS protein in C. reinhardtii, however, LHCSR3 amounts
remain high in the fully HL acclimated state. The LHCSR3 protein controls the major portion of
the maximal gE capacity, as evident from the strongly reduced gE capacity in the LHCSR3-
deficient npg4 mutant (Peers et al., 2009). The residual LHCSR3-independent gE capacity is
completely abolished in the npg4lhcsrl double mutant (Ballottari et al., 2016) and can thus be
assigned to the function of LHCSR1. LHCSR1 and LHCSR3 proteins show 82% amino acid
identity (Fig. 7 C, Peers et al., 2009), and both proteins are exclusively present in mosses and
algae, while they are missing in vascular plant (Teramoto et al., 2002). Though both proteins

belong to the LHC protein superfamily, LHCSR expression patterns do not correlate with that
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of most other LHC proteins, which function primarily as light-harvesting proteins. LHCSR
MRNA increases not only in HL but also in response to low carbon availability (Chaux et al.,
2017), indicating an important photoprotective role of NPQ under stress conditions. LHCSR3
has been shown to accomplish the function as pH sensor in qE regulation in C. reinhardtii due
to three lumen-exposed amino acids, 1 Asp and 2 Glu residues (Fig. 7, Ballottari et al., 2016).
Mutation of these three amino acids resulted in complete inhibition of LHCSR3 dependent qE
(Ballottari et al., 2016).

Helix D

Nt--(70aa)-- 0

Stroma

Thylakoid
membrane

Figure 7: Model of the LHCSR3 structure. (A, B) Three-dimensional structure based on
LHCII and CP29 crystallography. Presumed protonable sites are indicated in red (A). Magni-
fied view on Aspl17, Glu221, and Glu224 residues with distance between the residues indi-
cated in yellow (B). Adapted from (Ballottari et al., 2016). (C) Schematic model of the LHCSR3
and LHCSR1. Pink circles represent amino acid residues of LHCSR3 that are different to
LHCSR1 (equivalents of LHCSR1 are designated with black arrows). Chl-binding sides (blue
hexagons) and charge-compensating arginine residues (green squares) were predicted based
on related LHCII crystal structure (Kuhlbrandt et al., 1994; Maruyama et al., 2014). Protonable
amino acids in response to acidification of the lumen pH are marked in red and by correspond-
ing numbers.
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In contrast to PsbS, LHCSR also binds pigments and further acts as quencher (Bonente et al.,
2011). Similar to PsbS in vascular plants, however, LHCSRS3 binds the gE-inhibitor dicyclohex-
ylcarbodiimide (DCCD) (Ballottari et al., 2016) and undergoes pH-inducible functional changes
(Bonente et al., 2011; Liguori et al., 2013; Tokutsu and Minagawa, 2013). Similar to LHCSR3,
also LHCSR1 expression is induced under HL, but LHCSR1 is thought to be specifically in-
duced by UV-B light which is sensed by the UVR8 photoreceptor (Allorent et al., 2016). Recent
studies suggested that LHCSR1 may contribute to energy dissipation by at least two different
mechanisms, one based on energy transfer to LHCII (Dinc et al., 2016) and the other on energy
transfer to PSI (Kosuge et al., 2018). Hence, LHCSR1 and LHCSR3 likely contribute both to
the HL-induced quenching capacity of C. reinhardtii, but expression of both proteins is regu-
lated differently, suggesting a differential regulation of photoprotection in response to light

stress.

] LL growth I HL growth

+ + - = PsbS
- - - + LHCSR3

A. thaliana ' C. reinhardtii

Figure 8: qE capacity of low-light (LL) and high-light (HL) acclimated A. thaliana plants
and C. reinhardtii cells. High gE can be established in LL and HL acclimated A. thaliana
plants, due to the constitutively accumulated PsbS protein. In C. reinhardtii, gE becomes only
activated after HL acclimation, due to the HL-induced accumulation of LHCSRS3.
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2 Aims of the Work

The PsbS protein in vascular plants is well described and known to be essential for the pH
regulated thermal energy dissipation of excess energy (qE). In green algae, this central
regulatory role is facilitated by another protein, LHCSR3, which is absent in vascular plants. At
the beginning of this work, the function of the PsbS protein in C. reinhardtii was completely
unknown, since the PsbS protein was not found to accumulate in this organism. Preliminary
research in the AG Jahns indicated, however, that PsbS accumulates transiently in C.
reinhardtii after a shift from LL to HL. Therefore, this work aimed at the characterization of the
role of PsbS in C. reinhardtii during HL acclimation, addressing the following topics:
A) Characterization of the dynamics of PsbS expression during HL acclimation in compar-
ison with NPQ dynamics and LHCSR protein expression in C. reinhardtii wild-type and
PsbS knock-down lines.
B) Localization of the PsbS protein in the cell and analysis of possible interaction partners
in the thylakoid membrane.
C) Investigation of general characteristics (cell viability, thylakoid membrane dynamics,
electron transport and NPQ characteristics) of HL acclimation and analysis of the im-
pact of different PsbS levels (wild type, PsbS knock-down and over-expressing lines)

on these parameters.
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HYPOTHESIS

3 Hypothesis

A)

B)

Manuscript 1 characterizes the dynamics of PsbS expression in comparison with NPQ
dynamics during HL acclimation in C. reinhardtii. The experimental data imply that the
PsbS protein is a HL-induced protein, which accumulates only transiently during HL
acclimation. The initial PsbS accumulation correlates with LHCSR1/3 accumulation and
the NPQ induction, but prolonged HL acclimation leads to PsbS degradation without
affecting the NPQ properties. Knock-down of PsbS expression reduces the accumula-
tion of LHCSR1/3 and the NPQ capacity, indicating that PsbS might be required for the
reorganization of the PSIl antenna during establishment of a high NPQ capacity. In-
deed, a fraction PsbS co-migrates with PSIl complexes in detergent solubilized
thylakoid membranes.

Manuscript 2 characterizes the impact of different PsbS levels on HL acclimation. Over-
expression of PsbS does not increase the NPQ capacity but leads to improved re-
sistance against HL stress. Also, over-expressed PsbS is strongly degraded during HL
acclimation, indicating that degradation of PsbS is obligatory during HL acclimation. In
contrast, reduced PsbS and LHCSR amounts lead to increased HL sensitivity, which
underlines the importance of both proteins for photoprotection in C. reinhardtii. PsbS is
localized predominantly in the grana region of the thylakoid membrane, supporting an

association of PsbS with PSII.
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ABSTRACT

Non-photochemical quenching of excess excita-
tion energy is an important photoprotective mech-
anism in photosynthetic organisms. In Arabidop-
sis thaliana, a high quenching capacity is consti-
tutively present and depends on the PsbS protein.
In the green alga Chlamydomonas reinhardtii,
non-photochemical quenching becomes activated
upon high light acclimation and requires the accu-
mulation of LHCSR proteins. Expression of the
PsbS protein in C. reinhardtii has not been re-
ported yet. Here, we show that PsbS is a light-in-
duced protein in C. reinhardtii, whose accumula-
tion under high light is further controlled by CO:
availability. PsbS accumulated after several hours
of high light illumination at low CO,. At high CO5,
however, PsbS was only transiently expressed un-
der high light and was degraded after 1 h of high
light exposure. PsbS accumulation correlated with
an enhanced non-photochemical quenching capac-
ity in high-light-acclimated cells grown at low
CO.. However, PsbS could not compensate for the
function of LHCSR in an LHCSR-deficient mu-
tant. Knock-down of PsbS accumulation led to re-
duction of both non-photochemical quenching ca-
pacity and LHCSR3 accumulation. Our data sug-
gest that PsbS is essential for the activation of non-

3The abbreviations used are: HL, high light; HS, high
salt; LHC, light-harvesting complex; LL, low light;
NPQ, non-photochemical quenching; PSI, photosys-
tem I; PSII, photosystem Il; gE, energy-dependent
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photochemical quenching in C. reinhardtii, possi-
bly by promoting conformational changes re-
quired for activation of LHCSR3-dependent
quenching in the antenna of photosystem I1.

Sunlight is the ultimate energy source for photo-
synthesis. Although efficient light absorption is
essential for efficient photosynthesis, the absorp-
tion of light energy in excess of its utilization in
photosynthesis may lead to the production of reac-
tive oxygen species which cause cell damage
(1,2). Oxygenic photosynthesis evolved in cyano-
bacteria and was transferred laterally to eukary-
otes through endosymbiosis (3), and both cyano-
bacteria and photosynthetic eukaryotes have
evolved photoprotective mechanisms allowing the
dissipation of excess light energy as heat (4). One
of the most important and pervasive mechanisms
of minimizing photo-oxidative damage by excess
light energy is the harmless de-activation of sin-
glet excited chlorophylls in the light harvesting
antenna as heat, known as non-photochemical
quenching (NPQ)3. In land plants, NPQ is com-
posed of different components, with the so-called
gE-component being the dominant mechanism un-

quenching; TAP, tris-acetate-phosphate; WT, wild
type
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der most natural conditions (5). The gE mecha-
nism is strictly regulated by changes in the pH of
the thylakoid lumen (6) and thus operates on a
very short time scale allowing a rapid response of
the photosynthetic machinery to rapid changes in
light intensities.

Although the function of gE is the same in green
algae and plants, the underlying mechanisms dif-
fer among green algae and plants (7). In the green
alga Chlamydomonas reinhardtii, qE depends on
light-induced accumulation of the LHCSR pro-
teins, specifically LHCSR3 (8). LHCSR3 is a pig-
ment-binding member of the LHC family that is
activated via protonation of acidic amino acid res-
idues upon acidification of the lumen, allowing for
the reversible switch from a light harvesting to a
dissipative state (9-11). In land plants, the gE
mechanism differs between vascular and non-vas-
cular plants. In the moss Physcomitrella patens,
gE is independently and additively activated by
two types of proteins: LHCSRs (as in green algae)
and PsbS, a non-pigment binding protein from the
LHC family (12,13). Both proteins are activated in
parallel by changes in the thylakoid luminal pH,
but contrary to C. reinhardtii (14,15), pH-regu-
lated synthesis of zeaxanthin from violaxanthin
also significantly contributes to gE. In particular
zeaxanthin binding to LHCSR enhances the
LHCSR-dependent qE capacity (16). PsbS, on the
other hand, is supposed to enhance the quenching
of excess energy by direct interaction with LHCII
trimer proteins (17). In vascular plants, gE re-
quires pH-regulated activation of PsbS by proto-
nation of two glutamate residues at its two luminal
loops (18-20) and is further modulated by zeaxan-
thin synthesis (21). The gE mechanism has been
extensively studied in Arabidopsis thaliana, being
a model organism for the study of energy dissipa-
tion mechanisms since the essential role of PsbS
in qE activation was described (18). In the current
model for gE activation, acidification of the lumen
activates PsbS and thus facilitates conformational
changes in the LHCII-PSII supercomplexes,
thereby promoting a rearrangement of LHCII (22-
25). Activation of gE in A. thaliana is accompa-
nied by an increased interaction of PsbS with tri-
meric LHCII and PSII reaction center proteins
(23). It should be noted, however, that under in
vitro conditions, qE can be induced even in ab-
sence of PsbS, when the lumen pH is artificially
lowered below pH 5.5, indicating that PsbS con-
trols the pH sensitivity of conformational changes
required for qE (26).

PsbS homologs have been found in several line-
ages of green algae (15,27,28). In C. reinhardtii,
two PsbS-encoding genes (PSBS1 and PSBS2)
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have been identified (29). The encoded proteins
differ only in one amino acid of the chloroplast
transit peptide, and they show 48% similarity with
A. thaliana PsbS, including the two pH-sensing
glutamate residues at the luminal side (15). Tran-
scriptomic analyses have revealed that mRNA lev-
els of the two PsbS-encoding genes in C. rein-
hardtii (PSBS1 and PSBS2) are upregulated upon
nitrogen starvation (30) and after a shift from dark
or low light to higher light intensities (31-33).
However, expression and accumulation of the
PsbS protein has not been reported so far, and ear-
lier work showed that over-expressed PsbS does
not localize to the thylakoid membrane in C. rein-
hardtii (27). In this work, we show that PsbS tran-
siently accumulates in C. reinhardtii during acti-
vation of gE upon high light acclimation and that
the accumulation and degradation of PsbS is reg-
ulated by CO; availability. Knock-down of PsbS
expression leads to a pronounced reduction of
LHCSR accumulation and gE activation. Our data
suggest that PsbS is required for the activation of
the gE capacity elicited by the LHCSR protein
upon high light acclimation in C. reinhardtii.

Results

Inducible Expression of the PsbS Protein —
Based on the predicted PsbS protein sequence
(15), we designed an antibody that specifically
recognizes PsbS of C. reinhardtii. The antibody
binds to the C-terminal sequence of the protein,
which is identical for the proteins encoded by the
two genes PSBS1 and PSBS2. Its reactivity was
confirmed by immunodetection of partially puri-
fied recombinant CrPsbS expressed in E. coli (Fig.
1A), and total protein extracts from CrPsbS-ex-
pressing E. coli cells (Fig. 1B). The antibody
showed no cross reaction with the A. thaliana
PsbS (Fig. 1B).

At the transcript level, PshS mRNA was shown
to increase upon nitrogen starvation under mixo-
trophic growth (30) and after transferring photo-
autotrophically grown cells from dark or low light
to high light (31-33). In order to identify specific
conditions that trigger expression of the PsbS pro-
tein, we designed an experiment combining differ-
ent light conditions, carbon and nitrogen availabil-
ities. Cells were grown under low light (LL) or
high light (HL), under either mixotrophic (TAP
medium with acetate as a carbon source) or photo-
autotrophic (high salt minimal medium — HS) con-
ditions, and in the presence or absence of a nitro-
gen source. In wild-type (WT) cells, PsbS was ex-
pressed in HL-acclimated cells grown under pho-
toautotrophic conditions, and PsbS accumulation
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was reduced upon nitrogen starvation (Fig. 2A).
No PsbS protein was detected in LL-grown cells
or in mixotrophically grown cells (Fig. 2A). It
should be noted that PsbS protein could only be
detected by immunoblot analysis when the amount
of total protein loaded on the gel was increased to
40 pg instead of 5 pg for other proteins (Fig. 2),
which might indicate a substoichiometric accumu-
lation of PsbS compared to the photosystem I
(PSII) reaction center core subunit D1 and
LHCSR.

In the npg4lhcsrl double mutant, which lacks
functional LHCSR3 and LHCSR1 (11), PsbS was
more strongly expressed compared to the WT and
was not degraded upon nitrogen starvation (Fig.
2B). Consequently, the light-induced expression
and accumulation of PsbS does not depend on the
accumulation of LHCSR proteins, but is enhanced
in their absence. LHCSR amounts were higher un-
der photoautotrophic conditions (HS medium) in
both LL- and HL-grown cells compared to cells
grown under mixotrophic conditions (TAP me-
dium) in HL.

PsbS Expression During High Light Acclimation
at Different CO, Availabilities — The responses of
C. reinhardtii to HL are commonly studied by
transferring LL-grown cells to HL, thus simulat-
ing long-term acclimation to HL upon increases in
light intensities. Monitoring the expression of
PsbS (and other proteins) under constant HL
growth may thus not be an appropriate system to
study the function of this protein, because PSBS
MRNA is only transiently upregulated upon tran-
sition from low to high light intensities (31,32).
Additionally, the energy quenching capacity in
C. reinhardtii also depends on CO; availability
(34-36). Thus, if the function of PsbS is related to
the activation of gE under HL, CO.-dependent
changes in its expression are expected. To address
these questions, WT and npg4lhcsrl cells were
grown in photoautotrophic media under LL under
different carbon regimes. For the purpose of this
study, these regimes are defined as low CO; (no
additional CO- input into the media), ambient CO,
(supplied by air bubbling in the media) and high
CO- (bubbling with air containing 5% CO5). After
reaching an exponential phase, cultures were
transferred to HL, and the accumulation of PsbS
and other proteins was analyzed by immunoblot-
ting at different time points after HL illumination
(Fig. 3).

Expression of PsbS was induced in WT and
npg4lhcsrl mutant cells within 1 h after transfer
of cells to HL, independent of the CO- concentra-
tion in the medium (Fig. 3). However, the PshS
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content did not remain at a constant level, but de-
creased at longer HL exposure time, and the dy-
namics of PsbS accumulation showed a pro-
nounced dependence on the CO; concentrations
(Fig. 3). In WT and npg4lhcsrl cells grown under
low COg2, PsbS expression reached maximum lev-
els after about 10 h and decreased to lower levels
after 48 h of HL exposure (Fig. 3, A and B). At
ambient CO; concentrations, maximum PsbS lev-
els accumulated between 1 and 6 h after HL illu-
mination. In WT cells, PshS disappeared com-
pletely after 24 h, while low levels of PsbS were
retained up to 48 h in npgdlhcsrl mutant cells
(Fig. 3, C and D). Growth at high CO, concentra-
tions, however, led to a pronounced accumulation
of PsbS after 1 h of HL exposure and complete
degradation at longer illumination times in both
WT and mutant cells (Fig. 3, E and F). Similarly,
the expression of LHCSR proteins in WT cells
was regulated by light and carbon availability. In
low-COz-grown cells, LHCSR proteins were al-
ready expressed under LL growth, and their ex-
pression levels increased only slightly upon HL
exposure (Fig. 3A). With increasing CO, the ex-
pression of the protein was activated upon transfer
to HL (Fig. 3, C and E). LHCSR proteins accumu-
lated gradually in WT cells grown at ambient CO>
(Fig. 3C) but were degraded after 10 h of HL in
high CO; grown cells (Fig. 3E). Remarkably, the
expression of the CAH3 protein, a carbonic anhy-
drase located in the thylakoid lumen known to be
essential for the carbon-concentrating mechanism
under low CO, (37,38), was also expressed in cells
under high CO growth but degraded after 24 h of
HL exposure (Fig. 3, E and F). In contrast, the pro-
tein level of PSII core subunit D1 appeared rela-
tively constant (Fig. 3).

NPQ Activation During High Light Acclimation
at Different CO, Availabilities — Since both PsbS
and LHCSR had similar expression patterns in re-
sponse to HL exposure at different CO; concentra-
tions, we further investigated whether these
changes correlated with the quenching capacity
during HL acclimation. The activation of NPQ
was strongly dependent on CO; availability (Fig.
4) and required the accumulation of LHCSR pro-
teins (Fig. 4, B,D and F), emphasizing the essen-
tial role of these proteins for gE in C. reinhardtii
(8). In WT, NPQ induction was inversely propor-
tional to CO- availability: NPQ induction under
HL conditions was fully suppressed in the pres-
ence of 5% CO; (Fig. 4E). At low CO- (Fig. 3A)
and ambient CO, (Fig. 4C), however, activation of
NPQ capacity was induced after 6 h of HL expo-
sure. The rapid dark reversibility of this NPQ in-
dicates that predominantly the pH-dependent gE
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guenching was activated under these conditions
(39). The small fraction of slowly inducible/relax-
ing NPQ, however, was rather reduced upon HL
acclimation. These changes occurred independent
of the CO. availability and the presence of
LHCSR or PsbS, and thus likely reflect a general
acclimation process. Interestingly, the gradual in-
crease in gE capacity in low- and ambient CO,-
grown cells correlated with the time frame for
PsbS accumulation (Fig. 3, A and C). However,
the full induction of NPQ was delayed compared
to peak expression of PsbS, and maximum PsbS
levels were reached earlier at ambient CO, com-
pared to low CO. conditions (Fig. 3, A and C).
This suggests that the PsbS protein might be either
directly involved in the activation of gE, or in
other responses required for HL acclimation of
cells, especially under limited CO, availability,
and thus limited photosynthetic capacity. None-
theless, PsbS could not compensate and/or com-
plement the function of LHCSR, because no NPQ
induction was observed in the npg4lhcsrl mutant
under conditions leading to PsbS expression (Figs.
3and 4). Therefore, PsbS was not sufficient for qE
induction in absence of LHCSR proteins.

NPQ Activation and LHCSR Accumulation in
PsbS Knock-down Lines — To further investigate
the possible role of PsbS, we studied the activation
of NPQ in cells with reduced PsbS expression. Us-
ing artificial micro RNA (amiRNA), several inde-
pendent lines with reduced PsbhS expression were
identified. NPQ activation in cells grown at ambi-
ent CO, was determined in two of these lines (1-2
and 1-6) after transfer of cells from LL to HL (Fig.
5). Strikingly, the reduction of PsbS accumulation
(Fig. 5A) led to a pronounced reduction of the
NPQ capacity with a slightly more pronounced re-
duction in line 1-2, which showed lower PsbS ac-
cumulation (Fig. 5B). This implies that the accu-
mulation of PsbS to normal levels is essential to
induce the full NPQ capacity upon HL acclima-
tion. The knock-down of PshS accumulation was
accompanied by a strong reduction in the LHCSR
content (Fig. 5A), indicating that the reduced NPQ
capacity is related to a reduced amount of
LHCSRS3. The accumulation of high LHCSR lev-
els appears to depend on the accumulation of
PsbS, suggesting that PsbS is a prerequisite for the
stable accumulation of LHCSRS.

Localization of PsbS — The reduction of both the
NPQ capacity and LHCSR3 accumulation in PshS
knock-down lines indicates a function of PsbS in
thylakoid membranes. However, earlier work
showed that over-expressed PsbS did not localize
to thylakoid membranes (27). We investigated
whether native PsbS accumulates in thylakoid
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membranes and whether LHCSR3 and PsbS show
a similar distribution among the protein com-
plexes. For that, we isolated thylakoid membranes
from LL- and HL-acclimated cells, and deter-
mined the distribution of PsbS and LHCSR3 after
separating protein complexes under native condi-
tions by sucrose gradient ultracentrifugation (Fig.
6). Indeed, the PsbS protein was detected in iso-
lated thylakoids from WT cells exposed to HL, but
PsbS and LHCSR showed a different distribution
among the isolated fractions. Most of the PsbS
comigrated with PSII core-enriched protein frac-
tion B3, though weak bands were also detectable
for PsbS in other bands, whereas LHCSR was
found predominantly in fraction B1 (Fig. 6, B and
C). This suggests that PsbS is associated with PSII
core complexes, in contrast to LHCSR3, which
migrates predominantly in band Bl that lacks
PSII. It should be noted, however, that also very
faint bands for LHCSR3 were visible in fractions
B3 and B4, in accordance with the previously re-
ported association of a small fraction of LHCSR3
with PSII-LHCII and PSI-LHCI supercomplexes
(40). Conversely, in HL-acclimated qE-deficient
cells (npg4lhcsrl), PsbS was mainly co-migrating
with light-harvesting proteins (Fig. 6C). The dif-
ferential PsbS distribution among complexes in
cells with and without quenching capacity sug-
gests that changes in the localization of PsbS
might be related to the rearrangement of proteins
during gE activation upon HL exposure. It is fur-
ther worth noting that the HL-induced shift in the
distribution of the PSII antenna protein Lhcbm5
towards the PSII core-enriched fraction B3 was
only detectable in WT cells but not in HL-accli-
mated npg4lhcsrl cells (Fig. 6C). This suggests
that a structural change involving the organization
of the PSIHI-LHCII supercomplexes occurred in the
HL-acclimated state in WT, and that this change
was absent in the mutant lacking LHCSR proteins.

Discussion

The pH-regulated gE mechanism of energy dis-
sipation in C. reinhardtii is controlled by the
LHCSR3 protein (8) contrary to land plants; in
mosses this function is performed by both PshS
and LHCSR (12,13) and in vascular plants only by
PsbS (18). In this work, we presented evidence
that the PsbS protein in C. reinhardtii is a HL-in-
duced protein, which regulates the activation of
the LHCSR-dependent qE capacity but is not suf-
ficient for inducing gE in the absence of LHCSR
proteins.

The gE response (induction and capacity) of C.
reinhardtii is regulated at different levels. At the
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transcript level, LHCSR and PSBS genes are up-
regulated in response to changes from low to high
light (8,31,34). The two PSBS genes (PSBS1 and
PSBS2) are upregulated similarly in response to
high light stress (32). In the present work, this re-
sponse was observed also at the protein level after
a few hours of HL illumination (Figs. 2 and 3).
Due to the identical amino acid sequence of
PSBS1 and PSBS2, the antibody that we generated
detects both proteins. In addition to a shift in light
intensity, the availability of CO, (and hence the
capacity of photosynthesis) plays an important
role in the regulation of the gE machinery. In the
absence of HL, LHCSR protein accumulated un-
der low CO; conditions (Figs. 2A and 3A), which
is likely due to an EEC motif (enhancer element
of low CO2-inducible genes) in its promoter region
(34,41). Furthermore, the LL intensity of 30 pmol
photons m?stused here may already saturate pho-
tosynthesis at limiting CO; availability. PshS pro-
tein level increased during HL under all CO; con-
ditions tested (Figs. 2 and 3), but the sustained ac-
cumulation of PsbS protein during HL was ob-
served only under low CO. conditions (Fig. 3).
The promoter regions of both PSBS genes contain
EECs (Fig. 7) and thus both genes are likely to be
transcriptionally induced under our low CO; con-
dition, although it does not exclude other possible
modes of regulation. Additionally, the accumula-
tion of LHCSR requires Ca?* (42). However,
whether or not HL-induced accumulation of PsbS
is also Ca%*-dependent, remains to be elucidated.
The analysis of NPQ induction curves along with
the accumulation of PsbS and LHCSR under dif-
ferent growth conditions identified specific re-
quirements for qE quenching in C. reinhardtii.
The following important conclusions regarding
the induction of gE in C. reinhardtii can be drawn:
(i) The presence of LHCSR in LL-grown cells be-
fore the onset of HL illumination (Figs. 2A and
3A) is not sufficient for gE induction (Fig. 4). Con-
sequently, further acclimation processes are re-
quired for establishing a high gE capacity. (ii) The
presence of both PsbS and LHCSR3 after 1 h of
HL exposure in high-CO»-grown cells (Fig. 3E) is
also not sufficient for qE induction (Fig. 4E). This
result together with the rapid degradation of both
PsbS and LHCSR during longer illumination peri-
ods, suggests that gE is generally not activated at
high CO; concentrations. (iii) The presence of
PsbS is not sufficient to induce any gE in the ab-
sence of LHCSR3, even after longer periods of HL
acclimation (Fig. 3, Band D, Fig. 4, B and D). This
underscores that LHCSR is essential for gE. (iv)
PsbS accumulates only transiently to maximal lev-
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els during HL acclimation and undergoes degrada-
tion before induction of full gE capacity (Fig. 3, A
and C, Fig. 4, A and C). Hence, the accumulation
of both proteins, LHCSR and PsbS, is not suffi-
cient to induce the full NPQ capacity, indicating a
critical role of PsbS during the establishment of
high gE capacity. (v) Knock-down of PsbS expres-
sion leads to a strong reduction of both LHCSR
accumulation and NPQ capacity (Fig. 5), suggest-
ing that PsbS controls processes that are essential
to establish a specific interaction of LHCSR with
PSII required for gE (and not mere stabilization of
LHSCR because LHCSR was detected in multiple
conditions in which PsbS was absent, Fig. 3, A-
C). (vi) Complete degradation of PsbS is not re-
quired for maintaining a high qE capacity, since
high gE can be induced in the presence of low
PsbS levels after 48 h of HL acclimation under low
CO; (Figs. 3A and 4A). This implies that PsbhS
does not interfere with the quenching site.

Similar to LHCSR, the expression of PsbS at the
transcript and protein levels is regulated by light
and CO; availability. However, PsbS accumulated
only transiently during the establishment of gE ca-
pacity (Fig. 3). Together with the strongly reduced
LHCSR accumulation and NPQ capacity in cells
with reduced PsbS expression (Fig. 5), these char-
acteristics are consistent with the hypothesis that
PsbS is essential for conformational changes in the
antenna of PSII that are required for the binding of
LHCSR3 at a specific gE-quenching site. In gen-
eral, such a function of PsbS resembles that in vas-
cular plants, despite the fact that PsbS is constitu-
tively expressed in vascular plants. Our recent
finding that PsbS from C. reinhardtii can increase
NPQ capacity when transiently expressed in the
plant Nicotiana benthamiana (Leonelli L,
Erickson E, Lyska D and Niyogi KK, unpublished
data) supports the concept of a similar function for
PsbS from green algae and plants. In contrast to
over-expressed PsbS (27), native PsbS localized to
the thylakoid membrane (Fig. 6). The mismatched
localization of over-expressed PsbS is likely the
result of the specific growth or expression condi-
tions used in the former study (27).

In C. reinhardtii, two gE quenching sites have
been proposed to be involved in gE: one in the mi-
nor light-harvesting complexes and another in ag-
gregated LHCII trimers, detached from PSII (43),
similar to the situation in A. thaliana (44). Within
the thylakoid membrane, PsbS was found to co-
migrate with PSII core proteins and not with
LHCSR in HL-acclimated cells (Fig. 6C), suggest-
ing an interaction of PsbS with the PSII reaction
center upon HL acclimation. However, in the ab-



MANUSCRIPT 1

sence of LHCSR proteins (npg4lhcsrl), this affin-
ity for PSII was reduced (Fig. 6C). Although PsbS
did not co-localize with LHCSR proteins in the
light (Fig. 6C), its affinity towards PSII in a
guenched state could indicate that PshS is in-
volved in the detachment of LHCII proteins from
PSII, which might be essential for subsequent
LHCSR3 binding to the LHCs and hence gE in-
duction. Such an interaction of PsbS resembles
that in vascular plants, where an interaction of
PsbS with LHCII and PSII reactions center pro-
teins has been proven (23).

The strongly decreased levels of LHCSR pro-
teins in PSBS knock-down lines (Fig. 5) indicates
that the stable accumulation of LHCSR3 depends
on the presence or action of PsbS. Whether a
PsbS-controlled reorganization of the PSII an-
tenna, such as the detachment of LHCII proteins,
promotes binding of LHCSR3 to PSII or whether
a direct interaction of PsbS with LHCSR3 is re-
quired for LHCSR3 binding to PSII remains to be
clarified. However the following observations, (i)
the presumably substoichiometric amount of PshS
accumulating upon HL acclimation, (ii) the de-
layed accumulation of LHCSR3 protein levels
compared to that of PsbS (Fig. 3), and (iii) the dif-
ferent localization of PsbS and LHCSR proteins,
argue against a direct interaction of PsbS and
LHCSR3 upon activation of a high NPQ capacity.
It is therefore conceivable that PsbS interacts with
LHCII and PSII reaction center proteins, and
thereby reorganizes the PSII antenna to promote
binding of LHCSRS3. It is tempting to speculate
that PsbS induces the detachment/reorganization
of specific PSII antenna proteins, which prevent
binding of LHCSRS3 to gE-specific sites. Such an
action of PsbS would be only required transiently
because the PsbS is no longer necessary once a
high NPQ capacity is established (Figs. 3 and 4).
This implies that the PsbS-induced reorganization
of the PSII antenna is stable in the HL-acclimated
state. Recently, the PSII subunit PsbR has been
shown to be required for the binding of LHCSR3
to PSII upon HL acclimation (40). However, re-
duction of PsbR accumulation did not lead to re-
duced LHCSR3 accumulation (40). Presumably,
functional binding of LHCSR3 to PSII is con-
trolled by several factors, but PsbS is essential for
accumulation of LHCSR3.

Our data have further important implications on
the evolution of gE quenching in oxygenic photo-
synthetic organisms. In green algae, PsbS has al-
ready (as in vascular plants) an essential function
in promoting conformational changes for qE acti-
vation, but the function of pH-regulation of gE is
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restricted to LHCSR3. At early stages of land col-
onization, as represented by the moss P. patens,
PsbS gained an additional function as an inde-
pendent pH-regulator of gE, while the function of
LHCSR3 became independent of PsbS, so that
both proteins can act independently in gE regula-
tion. At late stages of land colonization, as in vas-
cular plants, the function of LHCSR3 was com-
pletely lost and PsbS gained the full capacity as
pH-regulator of qE quenching. Future work is re-
quired to understand the functional switch of both
PsbS and LHCSR3 upon land colonization.

Experimental Procedures

Cells and growth conditions — Chlamydomonas
reinhardtii wild-type strain 4A+ (137c genetic
background) and the double mutant npgdlhcsrl
(11) lacking the LHCSR3 and LHCSR1 proteins
(encoded by LHCSR3.1, LHCSR3.2, LHCSR1)
were grown in batch cultures at 23 °C and con-
stantly stirred on a shaker at 112 rpm. Light re-
gimes were defined as low light (LL: 30 pmol
photons m2s1) and high light (HL: 480 pumol pho-
tons m2 st).

The artificial microRNA (amiRNA) target se-
quence, TCCAAGCTTGAGGGGGCACTA, was
designed to silence both PSBS1 and PSBS2 using
Web MicroRNA Designer (WMD3,
http://wmd3.weigelworld.org/cgi-
bin/webapp.cgi). The synthesized oligo was in-
serted into pChlamiRNAS3int (45) and transformed
into 4A+ (46). The resulting paromomycin-re-
sistant strains were screened by immunoblotting
of PsbS in LL- and HL-grown cells.

Nitrogen starvation experiments — WT 4A+ and
npg4lhcsrl cells were grown in a 50 ml pre-cul-
ture in TAP (47) or HS (48) media containing 7.2
mM and 9.4 mM NH.", respectively (+N media).
Cells were grown under constant LL (30 pmol
photons m?2 s?) for 3-5 days until the culture
reached a density of 3-5 x 106 cells/ml. 25 ml of
the pre-culture were used to inoculate 100 ml of
the same media, and cultures were grown under
LL or HL. Once the cultures reached 5 x 10° cells
/ml, nitrogen starvation was induced by transfer-
ring the cells to media without any NH4* (TAP or
HS, -N) and cells were grown for the next 48 h
under the respective light regime. Subsequently,
cells were harvested by centrifugation at 3,850 x
g, frozen in liquid nitrogen and stored at -20 °C for
further analysis.

Growth at different carbon availabilities — For
each strain, cells were grown in three 50 ml HS
media pre-cultures under LL for 5 days. Each pre-
culture was used to inoculate 700 ml of HS media
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with either no additional air input (no CO>) or bub-
bling with air (ambient CO, = 0.035-0.04 %) or air
enriched with 5 % CO; (high CO,). Cells were
grown under LL until reaching a density of 5 x 10°
cells / ml, and were subsequently transferred to
HL. For protein analysis, 100 ml of sample were
taken after 0, 1, 6, 10, 24, and 48 h of HL expo-
sure. After harvesting the samples, 100 ml of fresh
HS media was added to each culture. The same
procedure was used when sampling cells after 0,
30, 60, 120, 180 and 360 minutes transfer to HL.
In this case, cells were grown in HS without addi-
tional CO,. All samples were harvested and stored
for further analysis as described for the nitrogen
starvation experiments.

Expression and purification of recombinant
PsbS protein — Recombinant PsbS (gene bank 1D
5715134) was cloned into the pET28a (+) vector
(Novagen), kindly provided by Katrin Gartner
(Michigan State University), as described previ-
ously (27). Recombinant PsbS (r-PsbS) was over-
expressed in BL21 gold Escherichia coli cells, ex-
tracted by French press treatment and purified by
affinity chromatography (nickel—nitrilotriacetic
acid column, Bio-Rad). Protein concentrations
were quantified using the DC™ Protein Assay
(Bio-Rad), and r-PsbS was identified by im-
munoblotting (49) using an anti-His-tag antibody
(Miltenyi Biotec) and an antibody specifically de-
signed for C. reinhardtii PsbS (contracted work
Pineda antibody service).

200 pl of frozen pellet (= 1 x 10° cells/ml) was
resuspended in 500 pyl TMK buffer (10 mM
Tris/HCI pH 6.8, 10 mM MgCl,, 20 mM KCI) and
0.6 g of glass beads (200 um), vortexed three
times for 1 min with 2 min of ice cooling intervals.
The supernatant was removed, the beads washed
with 100 pl TMK buffer and the collected super-
natants centrifuged for 5 minat 17,000 x g at 4 °C.
The pellet was resuspended in 200 pl extraction
buffer (1.6 % SDS, 1 M urea, 50 mM Tris/HCI pH
7.6, EDTA-free protease inhibitor cocktail,
Roche), heated for 30 min at 95 °C under stirring
and centrifuged for 20 min at 17,000 x g at room
temperature. Protein content of the supernatants
was quantified with the DC™ Protein Assay (Bio-
Rad). Proteins were separated on a NUPAGE®
Novex® 10 % Bis-Tris gel (Life Sciences) accord-
ing to the manufacturer’s instructions. Specific
proteins were detected by immunobloting as de-
scribed previously (49). PsbS was detected with
the C. reinhardtii antibody (contracted work
Pineda antibody service). The LHCSR antibody
was provided by Michael Hippler (University of
Mdinster, Germany). For all other proteins,
Agrisera® antibodies were used. Coomassie
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stained gels and Ponceau S stained membranes
served as controls for protein loading and blotting
efficiency.

Isolation of thylakoid membranes — WT (4A")
and npg4lhcsrl mutant cells were grown in 1 L
cultures (HS medium) under LL with air bubbling
(ambient CO,). After reaching the exponential
phase (5 x 106 cells/ml), cells were illuminated at
HL for 4 h. Cells were harvested by centrifugation
at 12,000 x g for 10 minutes and resuspended in
20-25 ml buffer (250 mM sorbitol, 1 mM MnCl;,
5 mM MgCl,, 35 mM Hepes/NaOH pH 7.8, pro-
tease inhibitor cocktail, Roche). Cells were dis-
rupted by pressure in a French press (1000 psi, 4
°C) for three times, and centrifuged for 10 min at
12,000 x g, 4 °C. The pellet was resuspended with
a paint brush in 15 ml of 5 mM MgCl,, centrifuged
again, resuspended in 200-250 pl aliquots with 5
mM MgCly, frozen in liquid N2 and stored at -20
°C.

Sucrose gradient ultracentrifugation — Protein
complexes of the thylakoid membrane were sepa-
rated by sucrose density gradient centrifugation as
described by (51) with some maodifications.
Stacked membranes were unstacked by adding 1
volume of 5 mM EDTA and centrifuged for 1 min
at 17,000 x g at 4 °C. Unstacked membranes were
solubilized in a medium containing 25 mM MES
pH 6.5 and 1% o-DM at a final concentration of
0.4 mg chlorophyll/ml. Insolubilized material was
removed by centrifugation at 17000 x g for 10
min. Solubilized thylakoids corresponding to 200
Kg Chl were loaded onto a discontinuous sucrose
gradient (0.1/0.4/0.7/1.0/1.3 M sucrose, 25 mM
MES, pH 6.5, 1 M Betaine, 0.02 % a-DM) and
fractionated by ultracentrifugation for 16 h at
130,000 x g at 4 °C. After separation, each band
was collected and half of the volume was used to
guantify the pigment content by reverse HPLC
(52) whereas the other half was used for protein
analysis. Proteins corresponding to 2 pg chloro-
phyll (and 25 pg chlorophyll for PsbS detection)
were separated on a NUPAGE® Novex® 10 %
Bis-Tris gel (Life Sciences) and visualized with a
Sypro® Ruby protein gel staining, according to the
manufacturer’s protocol. Immunological detec-
tion was performed as describedChlorophyll fluo-
rescence measurements — Chlorophyll fluores-
cence was measured using a JTS-10 spectrometer
(Bio Logic SAS, France). A volume correspond-
ing to 2 x 107 cells was dark adapted under stirring
at ambient CO; for 15 min and then filtered onto a
glass fiber filter (PALL Corporation). The filter
was fixed in a leaf cuvette and samples were ex-
posed for 5 min to far red light (400 umol photons
m2 s1) followed by 15 min illumination at 940
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umol photons m2 s of red actinic light and 6 min
incubation in far red light. Saturation pulses (red
light, 7900 pumol photons m2 s?) were applied
every 60 seconds. NPQ was calculated as
(Fm/Fm’) — 1 (53).

Cell counting — Cells in a 1 ml culture were fixed
with 20 pl 0.25 % iodine (w/v in ethanol) and the
number of cells/ml was calculated using a Thoma
cell counting chamber (Marienfeld, Germany).
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FIGURE 1. Immunoblot detection of the PsbS protein. (A) Immunodetection of partially purified
recombinant PsbS (r-CrPsbS) by the anti-PsbS antibody raised against the C-terminal peptide of C. rein-
hardtii PsbS. (B) Reactivity of the PsbS antibody to [1] r-CrPsbS from total protein extracts of E.coli
cells, [2] C. reinhardtii WT cells (2.9 x 10° cells grown under low light in TAP media), [3] thylakoids
isolated from C. reinhardtii cells (10 pg Chl, cells grown as in [2]), and [4] thylakoids isolated from A.
thaliana (10 pg Chl). The apparent molecular mass is indicated for each blot. (C) CrPsbS sequence
according to (15), indicating the binding site of the antibody (underlined). (STR) Stroma exposed re-
gions; (TM) transmembrane helices; (LL) luminal loops.
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FIGURE 2. PsbS expression under different light, carbon, and nitrogen conditions. Cells were
grown under LL (30 pmol photons m*? s!) or HL (480 umol photons m? s) in either TAP (containing
acetate as a carbon source) or HS medium (no additional carbon source in the media). Each growth
condition was tested in presence (+N) or absence (-N) of nitrogen by depriving the cells for 48 h in a
medium without NH4". (A) WT (4A%). (B) npg4lhcsrl mutant. 40 pg of total protein was loaded in each
lane for PsbS detection, and 5 pg for LHCSR, D1 and Histone H3 detection. D1 and H3 were used as
protein loading control. (C) Dilutions series of total protein extracts from HL-acclimated WT (4A*) cells
grown in HS medium. Representative blots from 2-4 independent biological replicates are shown. The
apparent molecular mass is indicated for each blot.
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FIGURE 3. Protein expression after transfer to high light in cells grown at different CO, concen-
trations. WT (4A") (A, C, E) and npg4lhcsrl (B, D, F) cells were grown in HS medium under LL (30
umol photons m? %) at either (A, B) low CO; (no additional air input), (C, D) ambient CO, (bubbling
with air) or (E, F) high CO; (bubbling with air containing 5 % CO,). After reaching a cell density of 5
X 108 cells/ml, cultures were transferred to HL (480 umol photons m? s and equal culture volumes
were taken for protein extraction at 0, 1, 6, 10, 24, and 48 h after transfer to HL. For immunoblot analysis
of PsbS, 40 ug total protein was loaded onto the gels, while 5 g were used for the other proteins. D1
and H3 were used as protein loading control. CAH3 = carbonic anhydrase. Representative blots from 2-
4 independent biological replicates are shown. The apparent molecular mass is indicated for each blot.
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FIGURE 4. NPQ induction in C. reinhardtii cells grown at different CO; concentrations. Cells were
grown in HS medium either at low CO; (A, B), ambient CO; (C, D) or high CO; (E, F). After growth
under LL, cells were transferred to HL. NPQ was determined during 15 min of illumination at 825 umol
photons m2 s and a subsequent dark period of 5 min after 0, 1, 6, 10, and 48 h transfer to high light.
Values represent mean = SD (n = 4 biological replicates).
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FIGURE 5. Protein expression and NPQ induction in PSBS amiRNA C. reinhardtii cells. Cells were
grown in HS medium at ambient CO,. After growth under LL, cells were transferred to HL. (A) Im-
munoblot analysis of PsbS, LHCSR and D1 protein content. For analysis of PshS, 40 ug total protein
was loaded onto the gels, while 5 pug was used for the other proteins. D1 was used as protein loading
control. Representative blots from 2-4 independent biological replicates are shown. The apparent mo-
lecular mass is indicated for each blot. (B) NPQ was determined in WT and PSBS amiRNA lines after
0, 10, and 48 h transfer to HL. Values represent mean + SD (n = 3-4 biological replicates).
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FIGURE 6. Localization of PsbS in C. reinhardtii. Thylakoids from WT (4A*) and npg4lhcsrl cells
grown under LL and ambient CO, were extracted before and after a 4 h exposure of cells to HL.
Thylakoid membranes were solubilized with 1 % o-DM and protein complexes (corresponding to 200
g chlorophyll) were separated by sucrose gradient centrifugation. (A) Separated bands were identified
according to (54,55) as: free pigments (FP), dissociated LHCs (B1 and B2: monomers and trimers, re-
spectively), and PSII and PSI enriched fractions (B3 and B4, respectively). (B) Proteins in each band
were analyzed by NUPAGE® and visualized using a Sypro® Ruby protein staining. The distribution of
the proteins is representative for all light treatments and both genotypes. Individual proteins were iden-
tified based on their molecular mass as previously reported (56). The apparent molecular mass is indi-
cated on the right side of the gel. (C) Immunoblot analysis of representative proteins in each fraction.
Representative blots from 2-3 independent biological replicates are shown. The apparent molecular mass
is indicated for each blot.
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FIGURE 7. Conserved motifs in the promoter region of PSBS genes that respond to low CO,. Two
EEC conserved motifs corresponding to enhancer elements of low CO; inducible promoters were iden-
tified for PSBS1 (at -477 and -175 bp) and PSBS2 (-453 and -168 bp) genes (29). The EEC motif se-
quence is shown for both genes by a nucleotide sequence alignment upstream of the 5> UTR region. The
diagram was modified for the PsbS encoding genes after (32).
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Abstract

Photosynthetic organisms are frequently exposed to excess light conditions and hence to photo-oxidative
stress. To counteract photo-oxidative damage, land plants and most algae make use of non- photochem-
ical quenching (NPQ) of excess light energy, in particular the rapidly inducible and relaxing gE-mech-
anism. In vascular plants, the constitutively active PsbS protein is the key regulator of gE. In the green
algae C. reinhardtii, however, gE activation is only possible after initial high-light (HL) acclimation for
several hours and requires the synthesis of LHCSR proteins which act as qE regulators. The precise
function of PsbS, which is transiently expressed during HL acclimation in C. reinhardtii, is still unclear.
Here, we investigated the impact of different PsbS amounts on HL acclimation characteristics of C.
reinhardtii cells. We demonstrate that lower PsbS amounts negatively affect HL acclimation at different
levels, including NPQ capacity, electron transport characteristics, antenna organization and morpholog-
ical changes, resulting in an overall increased HL sensitivity and lower vitality of cells. Contrarily,
higher PsbS amounts do not result in a higher NPQ capacity, but nevertheless provide higher fitness and
tolerance towards HL stress. Strikingly, constitutively expressed PsbS protein was found to be degraded
during HL acclimation. We propose that PsbS is transiently required during HL acclimation for the
reorganization of thylakoid membranes and/or antenna proteins along with the activation of NPQ and
adjustment of electron transfer characteristics, and that degradation of PsbS is essential in the fully HL

acclimated state.

41



MANUSCRIPT 2

INTRODUCTION

Efficient light utilization is essential for the competitiveness and survival of photosynthetic organisms.
To ensure sufficient light capture even at low light (LL) intensities, as given on cloudy days or in dense
stands, the photosystems (PS) are provided with efficient light-harvesting systems. However, light in-
tensities often vary rapidly in orders of magnitude, so that light energy is frequently absorbed in excess
to the light utilization capacity of the photosynthetic apparatus. Absorption of excess light energy is
known to induce the generation of reactive oxygen species (ROS) which have a high damaging potential
for all cell components (Moller et al., 2007). Plants and algae have developed a number of different
short- and long-term acclimation strategies to cope with this risk of photo-oxidative damage, aiming
particularly at the reduction of ROS formation (Li et al., 2009).

One important short-term strategy is the dissipation of excess light energy as heat, known as
non-photochemical quenching (NPQ), which contributes to photoprotection at different time scales. In
the short-term (scale of minutes), the pH-regulated gE component of NPQ provides the most rapid and
flexible response to high-light (HL) due to the strict regulation by the thylakoid lumen pH (Briantais et
al., 1979). In vascular plants, gE is controlled by the constitutively expressed non-pigment binding pro-
tein PsbS (Li et al., 2000), which acts as a sensor of the lumen pH. PsbS becomes activated by protona-
tion of two lumen-exposed glutamate residues (Li et al., 2002; Li et al., 2004) which leads to the activa-
tion of gE in the PSII antenna through interaction with light-harvesting antenna complexes (LHC) of
PSII (Gerotto et al., 2015; Correa-Galvis et al., 2016a; Sacharz et al., 2017). gE is further modulated by
the xanthophyll zeaxanthin which allows fine-tuning of the qE capacity and dynamics (Horton et al.,
2008; Jahns and Holzwarth, 2012). Modification of the dynamics of zeaxanthin conversion was recently
shown to provide a promising tool to improve the photosynthetic efficiency of plants due to a more rapid
short-term acclimation response (Kromdijk et al., 2016). Long-term acclimation of land plants to HL
typically requires several days or weeks and occurs at different levels, such as the reduction of light
absorption (e.g. through reduction of the antenna size (Bailey et al., 2001) or the increase of leaf thick-
ness (Weston et al., 2000), the adjustment of electron transport and carbon assimilation (Boardman,
1977; Schoettler and Toth, 2014) and the increase of the anti-oxidative capacity (Foyer and Shigeoka,
2011).

The HL acclimation response of the green alga Chlamydomonas reinhardtii is largely different
and more complex than in land plants. Some reasons for the different regulation are the high mobility
of the unicellular alga and the shorter life cycle, which results in a flexible metabolism and allows growth
under both phototrophic and heterotrophic conditions (Cardol et al., 2011; Erickson et al., 2015; Polu-
khina et al., 2016). Like in vascular plants, the dissipation of excess light energy essentially contributes
to the short-term HL acclimation response of C. reinhardtii. However, the gE-mechanism differs from
that in vascular plants in several aspects. In C. reinhardtii, the full activation of qE is only possible after
several hours of HL acclimation of the cells and requires the synthesis of LHCSR proteins (Peers et al.,

2009; Allorent et al., 2013). The pH sensing function and thus pH-regulation of gE is carried out mainly
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by the HL-induced LHCSR3 protein (Ballottari et al., 2016), and to minor extent by the UV-induced
LHCSR1 protein (Ballottari et al., 2016; Dinc et al., 2016; Kosuge et al., 2018). Moreover, zeaxanthin
plays only a minor role in the modulation of the qE capacity (Niyogi et al., 1997). The time of at least
4h required for LHCSR3 synthesis and full gE activation (Allorent et al., 2013; Correa-Galvis et al.,
2016b) suggests the demand for a more rapid photoprotective mechanism in the initial phase after ex-
posure to HL. One candidate for this task is the mechanism of state transitions which gives rise to the
qT component of NPQ. State transitions regulate the energy distribution between PSII and PSI through
redox-regulated, reversible phosphorylation of LHCII proteins (Allen, 2017). In the non-phosphorylated
state 1, LHCII transfers the excitation energy to PSII and in the phosphorylated state 2 to PSI. In C.
reinhardtii, up to 80% of LHCII proteins may become phosphorylated in state 2 (Delosme et al., 1996),
in contrast to land plants where only a minor fraction of LHCII is able to interact with PSI. In fact, rapid
activation of qT after HL exposure has recently been shown to contribute to photoprotection in C. rein-
hardtii during the initial phase of HL acclimation when the qE capacity is low (Allorent et al., 2013).
This feature is in contrast to Arabidopsis, where the contribution of gT to NPQ under HL is negligible
(Nilkens et al., 2010).

Another photoprotective process that becomes activated early on during HL acclimation is cy-
clic electron flow (CEF) around PSI. CEF serves two essential functions: It contributes to the acidifica-
tion of the thylakoid lumen for efficient ATP synthesis and NPQ activation (Joliot and Johnson, 2011)
and furthermore provides photoprotection of PSI by removing excess electrons at the acceptor side of
PSI (Suorsa et al., 2012; Johnson et al., 2014). It has been reported earlier, that transition from state 1 to
state 2 induces the switch from linear to cyclic electron flow (Finazzi et al., 2002), although the causal
relation of both processes has been challenged more recently (Terashima et al., 2012; Takahashi et al.,
2013). Nevertheless, the early activation of state transitions and CEF might represent a concerted pho-
toprotective strategy for C. reinhardtii during the initial phase of HL acclimation. Indeed, NPQ and CEF
are complementary for HL acclimation (Kukuczka et al., 2014). Additionally, the CO; availability de-
termines the HL acclimation response of C. reinhardtii. It has been shown that the HL-induced expres-
sion of LHCSR3 (but not that of LHCSR1) is suppressed at high CO; levels (Yamano et al., 2008;
Maruyama et al., 2014), which explains why the full activation of qE during HL acclimation occurs only
under CO> limiting conditions (Correa-Galvis et al., 2016b; Polukhina et al., 2016). High CO, availa-
bility also stimulates CEF (Lucker and Kramer, 2013; Chapman et al., 2015) and leads to increased
stacking of thylakoid membranes (Polukhina et al., 2016). Interestingly, recent work with spinach
showed that increased thylakoid membrane stacking favors an increase of CEF (Wood et al., 2018).
Thus, enhanced CEF might generally compensate for reduced photoprotection capacity through energy
dissipation.

The role of PsbS in C. reinhardtii is still under debate. PsbS in C. reinhardtii has been described
as a HL-induced protein which accumulates only transiently during the first 4-8h of HL exposure and is
degraded after about 24h of HL acclimation (Correa-Galvis et al., 2016b; Tibiletti et al., 2016). PsbS
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accumulation is strongly dependent on carbon availability: Reduced CO; levels favor more pronounced
and more stable PsbS accumulation, whereas increased CO; concentrations lead to more rapid degrada-
tion of PsbS (Correa-Galvis et al., 2016b). Although PsbS accumulates in parallel with the establishment
of a high NPQ capacity, the subsequent degradation of PsbS does not result in a decrease of NPQ ca-
pacity. Furthermore, PsbS accumulation in the LHCSR deficient npg4lhcsrl mutant does not induce
reasonable NPQ in HL-acclimated cells (Correa-Galvis et al., 2016b) and over-expression of PsbS is
unable to induce pronounced NPQ in LL-acclimated cells (Tibiletti et al., 2016). These characteristics
exclude a direct function of PsbS in NPQ. However, knock-down of PsbS results in reduced accumula-
tion of LHCSR proteins and hence in lower NPQ capacity and PsbS is associated with PSII during HL
acclimation (Correa-Galvis et al., 2016Db). It has thus been proposed that PsbS in C. reinhardtii might
be required for the activation of LHCSR3-dependent energy dissipation in PSII, possibly by endorsing
conformational changes in the light harvesting antenna (Correa-Galvis et al., 2016b). On the other hand,
the accumulation of PshS and LHCSR1, but not of LHCSRS3, was found to be inducible in LL-acclimated
cells by UV-B light (Allorent et al., 2016). Interestingly, NPQ was inducible in wild-type (WT) strains
by a 6h UV-B treatment to similar extent as by 6h HL treatment and to low extent in the LHCSR3-
deficient npg4 mutant, indicating that NPQ activation is possible in absence of LHCSR3 under UV-B
(Allorent et al., 2016). Since PsbS alone is unable to promote NPQ induction, it is likely that LHCSR1-
dependent NPQ is induced in response to UV-B, supporting the proposed function of LHCSR1 in NPQ
due to energy transfer to either LHCII (Dinc et al., 2016) or to PSI (Kosuge et al., 2018).

In the present work, we analyzed the HL acclimation response of C. reinhardtii at different
levels ranging from morphological changes to thylakoid membrane organization and light utilization
characteristics, comparing the response of WT cells with that of PsbS over-expressing, PsbS knock-
down and LHCSR3 knock-out lines. Our data suggest that increased PsbS amounts lead to improved
resistance against HL stress, independent of a function in NPQ, while the reduction of PsbS and/or
LHCSR3 amount results in increased HL sensitivity. This implies that both PsbS and LHCSR3 serve

important photoprotective functions in C. reinhardtii.
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RESULTS

To investigate the impact of different PsbS amounts on HL acclimation, two PsbS over-express-
ing mutants and one PsbS knock-down mutant were compared with their respective WT. In the two
transplastomic over-expressing mutants, C. reinhardtii PsbS is constitutively over-expressed either in
the WT CC-124 (0ePsbS(CC-124)) or in the LHCSRS3 lacking npg4 mutant (genetic background WT
4A+) (0oePsbS(npg4)), in both cases under control of the PSAA promoter (Tibiletti et al., 2016). The
knock-down mutant kdPsbS(4A+) was designed by using artificial microRNA(amiRNA) to silence the
PSBS genes and showed reduced PsbS accumulation in comparison to the corresponding WT 4A+ (Cor-
rea-Galvis et al., 2016b).

PsbS protein degradation is obligatory during HL acclimation

Immunoblot analyses were performed to evaluate the dynamics of the accumulation of PshS
and LHCSR proteins during 48h of HL acclimation (Fig. 1). It has to be noted that for immunoblot
analysis of PsbS 8fold higher amounts of total protein (40ug instead of 5ug) were loaded for the samples
of all strains, except for both PsbS over-expressing lines, where 5ug of total protein were sufficient to
visualize PsbS. For all other proteins, 5ug of total protein was analyzed.

Both WT strains (Fig. 1A, E) and npg4 cells (Fig. 1C) showed rapid PshS expression after 1h
and maximal PsbS accumulation after 4 to 10h HL exposure. At longer illumination time, PshS was
degraded and no longer detectable after 48h of HL acclimation. PsbS expression in kdPsbS(4A+) (Fig.
1F) was strongly down-regulated. Maximal PsbS accumulation to levels of about 25% of maximal WT
amounts was found after 4h HL, followed by a degradation below detection levels after 24h HL. As
expected, PsbhS accumulated to high amounts already under LL conditions in both over-expression lines
(Fig. 1B, D). Surprisingly, even the constitutively over-expressed PsbS was degraded at longer HL ex-
posure time, indicating that active degradation of PsbS might be required for HL acclimation (Fig. 1).

LHCSR1 accumulated continuously after transfer from LL into HL in all investigated geno-
types. In both PsbS over-expressing lines, 0ePsbS(CC-124) (Fig. 1B) and oePsbS(npg4) (Fig. 1D),
LHCSR1 accumulation was delayed in comparison with the corresponding genetic background CC-124
(Fig. 1A) and npg4 (Fig. 1C), respectively. Slightly reduced LHCSR1 at longer HL accumulation time
was visible in kdPsbS(4A+) (Fig. 1F) compared to the corresponding WT 4A+ (Fig. 1E). LHCSR3
accumulated rapidly and continuously upon HL exposure in the two WT strains, CC-124 (Fig. 1A) and
4A+ (Fig. 1E). In 0ePsbS(CC-124), LHCSR3 expression was delayed (Fig. 1B) in comparison to CC-
124, and in kdPsbS(4A+) cells (Fig. 1F), LHCSR3 accumulation was again slightly reduced compared
to the corresponding WT 4A+ (Fig. 1E). As expected, no LHCSRS3 protein was detectable in the two
LHCSR3-deficient strains npg4 and oePsbS(npg4) (Fig. 1C,D). Expression of D1, the core subunit of
PSII, was nearly constant during HL acclimation in 0ePsbS(CC-124) and its respective WT (Fig. 2A,B).
In contrast, the D1 content decreased during HL acclimation in all other strains (Fig. 1C-F), suggesting

an increased sensitivity upon HL in these genotypes.
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We conclude, that constitutively expressed PsbS (i) leads to slightly delayed accumulation of

LHCSR proteins and (ii) becomes actively degraded after longer HL acclimation time.
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Flgure 1. Protein expression and NPQ dynamlcs A, WT CC-124. B, 0ePsbhS(CC-124). C, npg4. D,
0ePsbS(npg4). E, WT 4A+. F, kdPsbS(4A+). Cells were grown in LL and then exposed to 1, 4, 10, 24
and 48h of HL. For immunoblot analysis, 5ug of total protein was loaded for all samples, except for the
analysis of PsbS in both WT strains and the mutant lines npg4 and kdPsbS(4A+), where 40ug of total
protein was loaded. NPQ was determined at the end of 20min illumination with red light (940umol
photons m2s™) and qE was estimated from the fraction of total NPQ that was dark-reversible within
5min. Data represent mean values = SD (n = 3-4 biological replicates with 4 technical replicates each).

Increased amounts of PsbS do not increase the NPQ capacity

To investigate the impact of different PsbS amounts on NPQ in LL- and HL-acclimated cells,
we determined the qE capacity during 48h of HL acclimation. In comparison with the WT CC-124, the
higher amounts of PsbS in 0ePsbS(CC-124) induced a very low gE in LL-acclimated cells, in agreement
with (Tibiletti et al., 2016), whereas no positive effect on NPQ was observable during 48h of HL accli-
mation (Fig. 1A, B). In contrast, higher PsbS amounts rather led to a delayed establishment of maximal
gE, indicating that increased PshS amounts may alter the dynamics of NPQ establishment but not the

maximum NPQ capacity. As expected, only very low gE levels were inducible during HL acclimation
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in the two LHCSR3-deficient lines npg4 and oePsbS(npg4) (Fig. 1C, D), demonstrating that LHCSR3
is essential for gE and cannot be functionally replaced by PsbS. The low NPQ inducible in npg4 is likely
related to LHCSR1 accumulation. Reduction of the PsbS content in kdPsbS(4A+) cells led to reduced
gE capacity in comparison with the corresponding WT 4A+ (Fig. 1E, F). It can thus be concluded, that
WT amounts of PsbS are required for the establishment of NPQ, but over-accumulation of PsbS does

not increase the maximum NPQ capacity.

PsbS localizes predominantly to thylakoid grana regions

Immunogold labelling with a PshS-specific antibody was applied to localize the PsbS protein in
C. reinhardtii cells (Fig. 2). In WT cells, only very few PsbS associated gold particles (GP) were found
in LL-acclimated (1-2 GP/um?) and 24h HL-acclimated (1-2 GP/um?) cells (Fig. 2A), supporting the
low expression level of PsbS (Tibiletti et al., 2016). As expected, much higher amounts of labels were
detectable in 0ePsbS(CC-124) cells grown either constantly in LL (10 GP/um?) or after 24h exposure to
HL (8 GP/um?), in agreement with the estimated about 5fold higher PshS accumulation in the over-
expressing line (Tibiletti et al., 2016). Detailed analysis of the distribution of the GPs revealed that about
80% of the labels localized to the stacked grana regions of the thylakoid membrane and about 20% to
the stroma exposed regions. This distribution pattern resembles that of PSII (Allen and Forsberg, 2001),
and supports an interaction of PsbS with PSII complexes. Additionally, an average of 30 GP, associated
with PsbS, have been detected per pyrenoid, an effect that can be explained by thylakoid membranes
spanning through the pyrenoid that are likely reflecting PsbS accumulation in the pyrenoid.
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Figure 2. Immunolocalization of PsbS. A, Electron micrographs of thylakoid membranes visualizing
immunogold labeled PsbS protein in 0ePshS(CC-124) and CC-124 cells in LL and 24h HL. Representa-
tive images from a total of 30 are shown. For better visualization, immunogold particles are marked by
red circles. B, Quantification of the distribution of PsbS between grana and stroma exposed regions of
the membrane, as well as inside the pyrenoid. Mean values + SD derived from analysis of 15 images are
shown.
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PsbS amounts affect HL-induced stress symptoms and thylakoid membrane dynamics

Electron micrographs were analyzed to evaluate the impact of different PsbS amounts on HL-
induced changes in cell morphology and thylakoid membrane dynamics. LL-acclimated cells were com-
pared with those from different stages of HL acclimation (1, 10 and 96h) (Supplemental Table S1, Fig.
3). All analyzed strains showed a slight transient increase of the cell size during HL acclimation with
maximal diameters occurring after 1h and 10h of HL exposure. Largest cells were found in npg4 cul-
tures, while WT showed smallest cells. No clear trend of changes during HL acclimation was visible for
this parameter, except for npg4 cells, showing a reduction of the cell size at later stages (> 10h) of HL
acclimation (Supplemental Table S1). In most genotypes, the pyrenoid size increased transiently during
HL acclimation with maximal size after about 10h of HL acclimation (Supplemental Table S1). The
number of starch bodies/cell was significantly (p<0.01) higher in the two LHCSR deficient strains
0ePsbS(npg4) and npg4 compared to all other strains at most stages of HL acclimation, and reached
transient maximal values of about 20 after 4-10h of HL exposure in these two lines (Supplemental Table
S1). Atransient increase of the number of starch bodies peaking at 10h HL exposure was also detectable
in WT and kdPsbs(4A+) cells, though at lower absolute levels of about 10, but not in 0ePsbS(CC-124)
(Supplemental Table S1).

Furthermore, HL acclimation of WT cells was accompanied by the enhanced formation of
palmelloids. After 10h of HL, about 20% of the cells were embedded in palmelloids consisting of 3
cells, whereas 24 and 48h of HL exposure led to inclusion of 73% of the cells in palmelloids consisting
of 5 cells (Supplemental Table S1). Moreover, the highest number of non-functional WT cells (about
10%) was detectable after 24 and 48h of HL exposure, indicating that the HL-induced stress was highest
at these stages of HL acclimation. Strikingly, 0ePsbS(CC-124) cultures did not produce palmelloids and
further did not contain any non-functional cells, indicating a higher stress resistance of 0ePsbhS(CC-124)
and thus a NPQ-independent photoprotective function of PsbS. Compared to WT cells, palmelloid for-
mation was also reduced in oePsbS(npg4) cells, but the number of non-functional cells was much higher
in this LHCSR3-deficient strain (about 50% of the cells after longest HL exposure time), supporting the
photoprotective function of LHCSR3-dependent NPQ. This function was even more obvious in npg4
cells, which appeared to be the most HL sensitive mutant, with a constant high percentage of cells em-
bedded in palmelloids and at the same time a tremendous high percentage of non-functional cells, with
up to 72% at longest HL exposure. Upon reduction of the PsbS amount in kdPsbS(4A+), HL exposure
did not induce palmelloid formation, but strongly increased the fraction of non-functional cells to about
60% at longer HL exposure time. The increased photosensitivity of this strain is likely a combined result
of reduced PsbS and LHCSR3 amounts, supporting the photoprotective function of both proteins.

The thickness of grana stacks was used as a measure for possible HL-induced changes in the
thylakoid membrane structure. WT cells showed a transient increase of grana thickness during HL ac-

climation by about 50% compared to LL-acclimated cells, with a maximum of about 120nm after 10h
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HL exposure (Fig. 3, Supplemental Table S1), which positively correlates with the transient PsbS accu-
mulation. Similar changes were observed for npg4, which also showed unaltered PsbS expression. Also
the 0ePsbS(CC-124) and kdPsbS(4A+) mutants showed transient patterns, although the transient modi-
fication was less pronounced, indicating that different PsbS amounts do not affect the general HL re-
sponse of thylakoid membrane organization. Only the oePsbS(npg4) mutant did not exhibit a transient
increase, but rather a slight transient decrease of grana thickness during HL acclimation. The different
genotypes further differed in absolute values of thylakoid membrane thickness, although most differ-
ences were not statistically significant. Thickest grana were found in kdPsbS(4A+) and lowest in

0ePsbS(npg4) (Fig. 3, Supplemental Table S1), pointing at a possible impact of PsbS and/or LHCSR3
amounts on thylakoid membrane stacking.
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Figure 3. Cell and thylakoid membrane morphology. LL-acclimated cells were exposed for up to 96h
to HL and morphology of cells and thylakoid membranes were derived from light and electron micro-
scopic images. A, fraction of cells organized in palmelloids (left panel), fraction of non-functional cells
(middle panel) and thickness of grana thylakoids (right panel). B, Electron micrographs of the thylakoid
membrane structure in CC-124, 0ePsbS(CC-124), oePsbS(npg4), kdPsbS(4A+) and npg4 cells, as indi-

cated. Representative images (from a total of 30) are depicted for cells acclimated to LL or after 1h, 10h
or 96h of HL acclimation. Scale bar = 500 nm.
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PsbS and LHCSR amounts affect HL acclimation of electron transfer and functional PSII antenna size

Chlorophyll fluorescence induction transients (= OJIP transients) were measured at LL and HL
(72h) acclimated states to evaluate differences in electron transfer processes and in the PSII antenna
size. Figure 4A shows the fluorescence increase from O (Fo) up to the P level (Fm). The light-induced
fluorescence increase was reduced in HL-acclimated cells compared to LL-acclimated ones in all geno-
types, reflecting that the F./Fr, decreases during HL acclimation. O-J kinetics provide information about
the antenna size of PSII (Malkin et al., 1981). Upon HL acclimation, the O-J rise became significantly
slower in CC-124 (p<0.05), remained nearly unchanged in the two PsbS over-expressing lines and in
WT 4A+, but became significantly (p<0.001) faster in kdPsbS(4A+) and npg4 cells (Fig. 4 C,D). This
indicates a slight reduction of the functional PSII antenna size in CC-124, but an increase of the PSII
antenna size in kdPsbS(4A+) and npg4, implying that LHCSR3 and/or PsbS are required for the adjust-
ment of the functional PSII antenna size during HL acclimation. Analysis of the J-P phases revealed that
LL-acclimated cells of all genotypes showed a faster J-I rise and a slower I-P rise than HL-acclimated
cells (Fig. 4B). This indicates a faster reduction of the PQ pool and a slower electron transfer to PSl in
LL-acclimated cells, in agreement with the HL acclimation responses known from Arabidopsis (Schu-
mann et al., 2017). In HL-acclimated kdPsbS(4A+) cells, however, electron transfer from PSII to PSI
was generally slowed down. It can thus be concluded that all strains, except kdPsbS(4A+), show the
typical HL acclimation response of electron transfer from PSII to PSI and that PsbS and/or LHCSR3 are

needed for reorganization of the functional PSII antenna size upon HL acclimation.
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Figure 4. Chl a fluorescence induction transients. A, Entire kinetic showing all phases from O-P. B,
normalized O-P transient. C, normalized O-J transient. D, half-rise time for O-J rise in us. Solid lines
represent LL-acclimated cells, dashed lines represent HL-acclimated cells. Normalization of the differ-
ent transitions allows a direct evaluation of the fluorescence kinetics. O = original fluorescence, Fo; J
and | = intermediate states; P = Fu, fluorescence peak. Mean values of 10 measurements are shown. SD
< 0.035, corresponding to about twice the size of the line width.

Reduced PsbS amounts affect energy transfer to PSI during HL acclimation

PSI/PSII ratios were derived from ECS measurements in presence and absence of PSII inhibitors
(Fig. 5A). No significant changes of the PSI/PSII ratio were detectable among the different genotypes
and during HL acclimation. Only the LHCSR deficient npg4 mutant showed a lower ratio in the LL-
acclimated state and an increase upon longer time of HL exposure (Fig. 5A), indicating a HL-induced
degradation of PSII, in accordance with the HL stress sensitivity of this strain (Table 1).
Low temperature Chl fluorescence emission spectra were recorded for whole cells from selected accli-
mation states (LL, 10h HL, 48h HL) to assess possible changes in PSII and PSI fluorescence emission
at about 685 and 710nm, respectively, during HL acclimation. In general, the relative contribution of
PSI related fluorescence emission around 710nm was increased after 48h HL acclimation in all geno-
types (Fig. 5B), although the emission spectra of all LL-acclimated cells showed strong variations, par-
ticular when comparing the strains derived from WT CC-124 (CC-124 and oePsbhS(CC-124)) with those
derived from WT 4A+ (4A+, 0ePsbS(npg4), kdPsbS(4A+) and npg4). For most genotypes, cells exposed
for 48h to HL exhibited a slight increase of the PSI related fluorescence emission. However, a significant
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(p<0.05) increase was detected for npg4 and particularly kdPsbS(4A+) mutants (Fig. 5B). The increase
in fluorescence emission at 710nm in HL-acclimated npg4 cells is in agreement with the determined
increase of the PSI/PSII ratio during HL acclimation in this mutant (Fig. 5A). The strong increase in the
kdPshS(4A+) mutant, however, is likely related to uncoupling of LHCI proteins from the PSI reaction
center. The latter conclusion can be derived from the difference of the emission maximum of PSI be-
tween kdPsbS(4A+) and all other strains. While both WT strains, both PsbS over-expressing lines and
the npg4 mutant showed a red-shift of the emission maximum of the PSI related peak during HL accli-
mation by about 3nm, the kdPsbS(4A+) did not show this shift during HL acclimation (708.5-709nm)
(Fig. 5C). The lower wavelength of the emission maximum is a typical feature of a high portion of
uncoupled LHCI (Schmitz et al., 2012). Taken together, the low temperature fluorescence emission
spectra underline the above described HL sensitivity of npg4 and kdPsbS(4A+), and thus support an
important role of PsbS and LHCSR3 in photoprotection.
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Figure 5. PSI/PSII ratios and 77K fluorescence emission spectra. A, PSI/PSII ratios. The PSI/PSII ratio
at different stages of HL acclimation was calculated from the charge separation capacity of PSI and PSII
derived from electrochromic shift measurements at 520nm. B, 77K emission spectra. Cells (equivalent
to 2ug of total Chl) acclimated to LL or after HL exposure for 10h and 48h were excited at 435nm and
the fluorescence emission spectra were recorded in the range from 670 — 770nm. Traces were normalized
at 686nm. The shown spectra represent averages of 3 biological replicates with 5 technical replicates
each. C, Wavelength of emission maximum of PSI fluorescence. The values were derived from the
traces shown in panel B, as indicated by the respective bars at the maximum of the fluorescence emission
peak deriving from PSI (708.5-713nm).
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Different amounts of PsbS modify electron transfer at the PSI acceptor side

We further investigated the transient P700 oxidation and re-reduction kinetics from dark-to-
light and re-reduction kinetics during light-to-dark transition in vivo in the presence of DCMU and HA,
so that only CEF can be analyzed. The P700 oxidation kinetics upon dark-to-light transition at non-
saturating light intensities was slightly faster or remained unaltered (within the statistical error) in most
genotypes when comparing LL-acclimated and HL-acclimated cells. Only kdPsbS(4A+) cells showed
significantly faster oxidation in HL than in LL. Moreover, the two PsbS over-expressing lines revealed
slower P700 oxidation kinetics than their respective WT strains, although less pronounced for
0ePsbS(npg4) when compared to the corresponding background strain npg4 (Fig. 6A). These character-
istics indicate that different amounts of PsbS lead to modifications of electron transfer at the PSI acceptor
side. Re-reduction of P700 during subsequent light-to-dark transition was found to be faster in all HL-
acclimated lines as compared to LL-acclimated cultures, indicating enhanced electron transfer on the
donor side in HL-acclimated cells. However, this HL acclimation response was independent of PsbS,
since similar changes and rates were determined for the different PsbS affected mutants in comparison
with the corresponding WT (Fig. 6B).
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Figure 6. P700 oxidation and reduction kinetics. A, Light-induced P700 oxidation. B, P700 re-reduction
upon light-dark transition. Measurements were performed in the presence of DCMU and HA, applying
a light intensity of 150pmol photons m? s, Averages of 3-4 biological replicates are shown. Solid lines
indicate LL-acclimated cells, dashed lines indicate 48h HL-acclimated cells. Table inserts show mean
values (+SD) of the first order rate constants determined from mono-exponential fits.

The rate of CEF increases upon HL acclimation independent of the PsbS amount
We further analyzed the apparent rate of CEF through P700 according to (Takahashi et al., 2013)
and determined a 2 to 3.5fold increase of CEF after HL acclimation (Fig. 7). Both PsbS over-expressing

lines and npg4 showed similar CEF rates as their respective WT in LL-acclimated cells, whereas CEF
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rates in LL-acclimated kdPsbS(4A4+) were slightly (but not significantly) higher than those of its respec-
tive WT. When comparing the absolute rates of the different genotypes in the HL-acclimated state, again
only kdPsbS(44+) showed slightly (but not significantly) higher CEF rates than its WT, whereas both
PsbS over-expressing strains showed nearly identical CEF rates as their corresponding control strains.
These data thus support the photoprotective role of increased CEF rates during HL acclimation, and this

HL response seems to be independent of the PsbS amount.
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Figure 7. Rate of cyclic electron flow (CEF). The rate of CEF was determined for LL-acclimated and
HL-acclimated cells from the initial maximal rate of P700 oxidation and the fraction of reduced P700
in the steady state as described in (Takahashi et al., 2013).

Xanthophyll conversion and PSII efficiency under photoinhibitory conditions

To evaluate the susceptibility of the different genotypes to photoinhibition, xanthophyll conver-
sion and PSII quantum yield (F./Frn) were measured in LL-acclimated cells and in cells from different
HL acclimation states exposed to 1.5h photoinhibitory light (1000pmol photons m2 s1) followed by a
0.5h recovery phase in LL (15umol photons m2 s1). The VAZ pool size did not change during the
photoinhibitory treatment, but generally increased during HL acclimation (Fig. 8A). In LL-acclimated
cells, similar values were determined for all genotypes ranging between about 45-50 VAZ per 1000 Chl
(a+b). The VAZ pool size increased in all genotypes to values ranging from about 65 VAZ per 1000 Chl
(a+b) in kdPsbs(4A+) cells to about 85 VAZ per 1000 Chl (a+b) in npg4 cells (Fig. 8A). This increase
in VAZ pool size in all genotypes is a typical long-term response to HL and reflects the photoprotective
role of the xanthophyll cycle in C. reinhardtii. Hence, the strongest increase of the VAZ pool in npg4
supports the highest sensitivity to long-term HL exposure in this mutant.

The de-epoxidation state (DEPS) of the VAZ pool defines the fraction of de-epoxidized epoxy
groups of the xanthophyll cycle pigments and finally reflects the trans-thylakoid pH gradient, which

regulates the violaxanthin (Vx) de-epoxidase (VDE) activity and thus zeaxanthin (Zx) synthesis (Jahns
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et al., 2009). Compared to cells acclimated to 10h and 48h of HL, LL-acclimated cells displayed the
lowest initial DEPS values (10-20%) and the strongest DEPS increase (up to 50-60%) in response to
1.5h of photoinhibitory treatment (Fig. 8B). Cells exposed to HL for 10h and 48h already showed high
DEPS values before exposure to photoinhibitory conditions, reflecting that those cells already contain
high levels of zeaxanthin (Zx) (Fig. 8B). However, no further significant increase of the DEPS was
visible during the photoinhibitory treatment of HL-acclimated cells, indicating that the VDE already
reached maximal activity in the HL-acclimated state. It is further worth to note, that highest DEPS values
were found in all genotypes after 1.5h photoinhibitory treatment of LL-acclimated cells, indicating that
the convertibility of Vx to Zx becomes reduced during HL acclimation. After transfer of cells from
photoinhibitory light to LL (Fig. 8B, recovery phase) DEPS values decreased in all cases irrespective of
the light acclimation state. However, the decrease of the DEPS was highest in LL-acclimated cells and
lowest in 48h HL-acclimated cells (Fig. 8B), indicating that prolonged HL acclimation leads to down-
regulation of the zeaxanthin epoxidase (ZEP) activity. Comparing the different genotypes, the most ob-
vious trend was detectable for the reconversion of Zx to Vx in the recovery phase, where the two mutants
kdPsbs(4A+) and npg4 exhibited less efficient conversion among all genotypes. This suggests that ZEP
activity is reduced more strongly in these two mutants, reflecting again the high HL sensitivity of these
two strains.

The Fv/Fn (Fig. 8C) of all genotypes was similar before exposure to photoinhibitory treatment,
ranging from values between 0.5 and 0.6. Only in 48h HL acclimated cells, the F./Fr, of the two WT
strains was slightly increased compared to the mutants (Fig. 8C, 48h HL, control). As expected, the
photoinhibitory treatment resulted in significantly decreased F./Frmratios in all strains. For most geno-
types, the strongest decrease was observed in LL-acclimated cells, suggesting that HL acclimation im-
proves the HL resistance of the cells. Only the two LHCSR3 deficient mutants, oePsbS(npg4) and npg4,
showed the largest reduction of the PSII quantum yield in 48h HL-acclimated cells (Fig. 8C), supporting
the photoprotective role of LHCSR3 during HL acclimation. Recovery of the F./Frn during subsequent
LL exposure (Fig. 8C, recovery) was most efficient in the two WT strains and the PsbS over-expressing
line 0ePshs(CC-124). In these three genotypes, the initial F./Fm was fully restored with 30min of LL
recovery. In all other mutants, initial F./Fm was not recovered, supporting again the photoprotective role
of PsbS and LHCSR3 during HL acclimation.
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Figure 8. Xanthophyll conversion and photoinhibition. A, Pool size of the xanthophyll cycle pigments
violaxanthin (V), antheraxanthin (A) and zeaxanthin (Z) (= VAZ pool). Values are normalized to the
total chlorophyll content [mmol/mol Chl (a+b)]. B, De-epoxidation state (DEPS) of VAZ pigments,
calculated as (Z+0.5A)/(V+A+2)*100. C, F./Fn ratio. VAZ, DEPS and F./Fn valus were determined
before (control) and after (very high light: vHL) 1.5h photoinhibitory treatment at 1000pmol photons
m?2 s and after a subsequent 30min recovery phase at 15umol photons m2 s (recovery). All data
represent mean values + SD of 3 biological replicates (n = 3).
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DISCUSSION

In this work we addressed the impact of altered PsbS and LHCSR3 amounts on photosynthetic
performance and the HL acclimation response of C. reinhardtii. Our data support the view that increased
amounts of PsbS improve the HL resistance, while lower amounts of PsbS and absence of LHCSR3
severely affect the HL acclimation response, suggesting an essential photoprotective role of both pro-
teins in C. reinhardtii.

HL acclimation in WT cells is known to involve the generation of a high NPQ capacity con-
comitant with the sustained accumulation of LHCSR proteins (Peers et al., 2009) and the transient ac-
cumulation of PsbS (Correa-Galvis et al., 2016b; Tibiletti et al., 2016). Apart from these known features,
HL acclimation of WT strains was found to be accompanied by the following alterations: (i) transient
formation of palmelloids, (ii) transient changes of thylakoid membrane stacking, (iii) reduced functional
PSII antenna size, (iv) accelerated P700 reduction and increased CEF, and (V) increase of the VAZ pool
size. Most of these characteristics reflect typical HL acclimation responses also known from land plants
(Schumann et al., 2017). In particular the formation of palmelloids, however, represents a unique feature
of some unicellular algae, including C. reinhardtii. Palmelloids are clusters of cells embedded in se-
creted exopolysaccharides (Crayton, 1982) which are typically formed by C. reinhardtii cells in re-
sponse to stress (Khona et al., 2016). The transient formation of palmelloids in WT cells in response to
HL exposure is thus an indicator of transient stress of cells during HL acclimation. The time range of
palmelloid formation largely coincided with the transient accumulation of PsbS, suggesting that PsbS
contributes to photoprotection during HL acclimation either by supporting NPQ activation or other
changes required for optimal HL acclimation. In agreement with this interpretation, over-expression of
PsbS in the WT background (oePsbS(CC-124)) nearly completely suppressed palmelloid formation
(Fig. 3). However, reduction of the PsbS content (kdPsbS(4A+)) did not result in increased palmelloid
formation, but instead the fraction of non-functional cells increased (Fig. 3A), Interestingly, knock-out
of LHCSR3 in npg4 showed highest levels of both non-functional cells and palmelloid formation, sup-
porting an essential photoprotective role of LHCSR3 during HL acclimation. Since over-expression of
PsbS in the npg4 background (oePsbS(npg4)) strongly reduced palmelloid formation and to a lower
extent also the level of non-functional cells, the HL sensitivity of npg4 is only partly related to NPQ-
deficiency. This suggests that PsbS, and possibly also LHCSR3, contribute to photoprotection in an
NPQ-independent way. Because LHCSR3 accumulation is reduced upon knock-down of PsbS (Fig. 1;
(Correa-Galvis et al., 2016b)) it can be speculated that both proteins interact during HL acclimation.
One possible NPQ-independent function could be related to the HL-induced reorganization of the PSII
antenna and/or the thylakoid membrane, since both parameters were affected by reduced amounts of
PsbS and/or LHCSR3 (Figs. 4 and 5).

At the level of electron transport, the typical HL responses were not severely affected by differ-
ent PsbS amounts. Only cells with reduced PsbS content (kdPsbS(4A+)) showed some peculiarities such
as a faster P700 oxidation (Fig. 6) in the HL-acclimated state and the highest rates of CEF (Fig. 7).
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Moreover, kdPsbS(4A+) lines revealed the probable presence of uncoupled LHCI (Fig. 5). All these
features point to alterations at the level of PSI, suggesting a role of PsbS in HL acclimation of PSI
function or organization. Together with the largest functional PSII antenna size in the HL-acclimated
state observed for this mutant (Fig. 4), this supports a role of PsbS in the reorganization of both photo-
systems during HL acclimation.

Immunogold labelling showed that PsbS is localized predominantly within grana stacks and not
in stroma exposed regions of the thylakoid membrane, indicating a preferential co-localization with
PSII. On the other hand, the transient accumulation of PsbS coincided with transient changes in
thylakoid membrane stacking (Fig. 3). In vascular plants, thylakoid membrane stacking depends on the
decrease of the negative surface charge of the thylakoid membrane in the appressed regions and requires
the presence of trimeric LHCII proteins (Barber, 1982; Anderson, 1986). Since accumulation of LHCSR
proteins is also induced upon HL acclimation, changes in membrane stacking might be related to PsbS
controlled, transient interactions of LHCSR1 and/or LHCSR3 with PSII. It can be speculated that such
an action of PsbS involves direct interaction with LHCSR1 and/or LHCSR3, which would resemble the
situation in land plants, where PshS has been shown to interact with LHCII proteins (Gerotto et al.,
2015; Correa-Galvis et al., 2016a; Sacharz et al., 2017) upon reorganization of the PSII antenna during
NPQ activation. In contrast to vascular plants, however, PsbhS in C. reinhardtii is not directly involved
in NPQ activation, since (i) increased amounts of PsbS in 0ePsbS(CC-124) did not increase the NPQ
activity but rather led to a delayed activation of the full NPQ capacity compared to the WT CC-124 and
(ii) PsbS is degraded at later stages of HL acclimation without reduction of NPQ capacity in both WT
strains and 0ePsbS(CC-124). The delayed increase of NPQ in response to higher PsbS amounts might
either be related to better photoprotection in the initial phase of HL acclimation which could reduce the
demand for NPQ activation. Alternatively, increased PsbS amounts might perturb the NPQ activation
process, possibly by interfering with LHCSR binding sites involved in NPQ. The latter scenario might
also explain why PsbS is degraded at later stages of HL acclimation. Recent work suggested that
LHCSR1 contributes to NPQ through energy transfer to LHCII (Dinc et al., 2016) or PSI (Kosuge et al.,
2018), which likely explains the low NPQ capacity of LHCSR3 deficient npg4 mutants (Fig. 1C). Over-
expression of PsbS in the npg4 background did not result in increased NPQ levels, but in earlier for-
mation of this low NPQ activity (Fig, 2D). This indicates that PsbS might also interfere with interactions
of LHCSR1 with PSII and/or PSI. The possible impact of PsbS on PSI is further supported by the ob-
served changes in electron and energy transfer in PSI upon reduction of PsbS amounts (Figs 7-9). Over-
expression of PsbS in the WT CC-124 background, however, induced a low gE even in the LL-accli-
mated state (Tibiletti et al., 2016); Fig. 1B). This might result from either low LHCSR3 or LHCSR1
amounts, but supports again PsbS mediated activation of LHCSR dependent NPQ in cells not yet accli-
mated to HL.

In conclusion, our data suggest that PsbS contributes to photoprotection during HL acclimation

of C. reinhardtii at different levels, including NPQ-independent and NPQ-dependent mechanisms.
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MATERIAL AND METHODS

Cells and Growth Conditions

The following C. reinhardtii strains were used: WT CC-124, WT 4A+, the LHCSR3 deficient
mutant npg4 (Peers et al., 2009), the PsbS over-expressing mutants oePsbS(CC-124) and oePsbS(npg4)
(Tibiletti et al., 2016), genetic background either CC-124 and npg4, respectively, and a PsbS knock-
down mutant kdPsbS(4A+) (Correa-Galvis et al., 2016b). Cells were grown at 21 °C and constantly
bubbled with ambient air (ambient CO>) in HSM (photoautotrophic, low carbon). Light regimes were
defined as low light (LL: 30 umol photons m™ s?) and high light (HL: 350pumol photons m? s%).
Cell Counting

Cells in a 1ml culture were fixed with 20ul 0.25% iodine (w/v in ethanol) and the number of

cells/ml was calculated using a Thoma cell counting chamber (Marienfeld, Germany).

Protein and Immunoblot Analysis

For protein analysis, 50ml of sample were harvested and centrifuged. The pellet (= 1 x 10°
cells/ml) was frozen in liquid nitrogen until further analysis. The frozen pellet was resuspended in 900pl
TMK buffer (10mM Tris/HCI pH 6.8, 10mM MgCl,, 20mM KCI) and 0.6g glass beads (200um) by
vortexing (3 x 1min). Between each interval, the sample was cooled on ice. The supernatant was centri-
fuged for 5min at 17.000 x g at 4°C and the resulting pellet was resuspended in 200l extraction buffer
(1.6% SDS, 1M urea, 50mM Tris/HCI pH 7.6), incubated for 30min at 95°C under shaking and centri-
fuged 20min at 17.000 x g at room temperature. Protein concentration was quantified with the DC™
Protein Assay (Bio-Rad, Dusseldorf, Germany). Protein separation was carried out by SDS-PAGE and
immunoblot analysis was performed as described earlier (Schwarz et al., 2015). PshbS was detected with
an antibody specifically designed for C. reinhardtii PsbS (contracted work Pineda antibody service,
Berlin, Germany). The LHCSR3 antibody was raised against a specific peptide of C. reinhardtii
LHCSR3 as described (Naumann et al., 2007). Antibodies from Agrisera® (Vannas, Sweden) were used
for LHCSR1 (AS142819) and D1 (AS05084). Coomassie stained gels and Ponceau S stained mem-

branes served as controls for protein loading and blotting efficiency.

Chlorophyll Fluorescence Analysis

Chlorophyll fluorescence was measured using a JTS-10 spectrometer (Bio Logic SAS,
Seyssinet-Pariset, France). 1 x 107 cells were dark adapted on a vertical shaker for 20min and then
filtered on a glass fiber filter (PALL Corporation, Dreieich, Germany). The filter was fixed in a leaf
cuvette and samples were pre-illuminated for 5min with far red light (400umol photons m™ s). Fluo-
rescence quenching analysis was performed during 15min illumination with red actinic light (940pmol
photons m2 s) followed by 6min illumination with far red light. Saturation pulses (red light, 7900umol

photons m s1) were applied every 60s. NPQ was calculated as (Fm/Fm’-1).
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Absorption spectroscopy

Absorption spectroscopy was conducted in liquid cultures (20ug Chl mI in 20mM HEPES-
KOH pH 7.2, 10% ficoll) using the JTS-10 spectrometer (BioLogic, France). Saturating single turnover
flashes were provided by a dye laser emitting at 640nm, pumped by the second harmonic of a Minilite
I1 Nd:YAG laser (Continuum). Detection light for electrochromic shift (ECS) measurements was pro-
vided by a white LED light passing through interference filters (520nm and 546nm for background
subtraction), the detecting photodiodes were covered with BG39 band-pass filters. Detection light for
P700 measurements was provided by a LED light peaking at 700nm passing through interference filters
(705nm and 740nm for background subtraction), the detecting photodiodes were covered with RG695
long-pass cut-off filters. Continuous actinic illumination was provided by an orange LED (150pumol
photons m? s1). To assess photochemical charge separation events at the two photosystems, the ampli-
tude of the initial ECS rise in response to a saturating single turnover flash was evaluated. The signal
produced by PSI alone was discriminated via addition of PSII inhibitors (10uM DCMU, 1 M hydroxyl-
amine), while contributions of PSII were calculated as the fraction being sensitive to these inhibitors.
This procedure enables a determination of the stoichiometry of functional reaction centers (PSI/PSII).
To assess residual steady state CEF rates in the presence of PSII inhibitors, the initial maximal P700
oxidation rate at 150umol photons m2 s was derived from the ECS signal. The obtained rate was mul-
tiplied with the fraction of reduced P700 in the steady state, derived from the P700 signal after 10s of
continuous illumination followed by a 20ms saturating pulse to fully oxidize P700. Finally, the obtained
rate was normalized to the ECS signal corresponding to a single charge separation per PSI (see also
Takahashi et al., 2013).

Low Temperature (77K) Fluorescence Measurements
Whole cells (0.2pg Chl) were frozen in liquid nitrogen. 77K fluorescence emission spectra were
measured with the FP-6500 spectrofluorometer (Jasco, Grof3-Umstadt, Germany). Data were normalized

to the PSII emission peak at 685nm.

Chlorophyll Fluorescence Induction (OJIP) Transients

OJIP measurements (Stirbet and Govindjee, 2011) were applied to analyze the fluorescence
state in PSII at a timescale of milliseconds. Cells were dark acclimated for 20min and then filtered on a
glass fiber filter (PALL Corporation). Measurements were performed with a Handy PEA device (Han-
satech Instruments, Norfolk, UK). To analyze the Chl fluorescence transient, cells were then illuminated

for 2s at 3000umol photons m2 s applying a gain multiplication of 10.

Immunogold Labeling
Immunogold labeling was used for semi-quantitative analysis of PsbS localization in C. rein-
hardtii WT and oePsbS(CC-124) cells grown in constant LL or after transfer into HL for 24h. High
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pressure freezing of cells in nitrocellulose tubes was carried out as described (Daghma et al., 2011).
Cryosubstitution in an automated freeze substitution unit (AFS, Leica Microsystems, Wetzlar, Ger-
many) and embedding of cells in Lowicryl HM20 resin (Plano GmbH) were performed as described in
Supplemental Table2.

Ultra-microtome sections (70-90nm) were mounted on copper grids and used for subcellular
localisation of PsbS. Immunogold labeling using polyclonal PsbS antibody (primary antibody) at a di-
lution of 1:20 and transmission electron microscopy analysis was performed as previously reported
(Schwarz et al., 2015).

Transmission Electron Microscopy (TEM)

15ml cell culture were pelleted by centrifugation (5000 x g for 2min) and resuspended in 2.5%
glutaraldehyde. Subsequently, cells were washed in 200mM sodium cacodylate buffer for 1h, and then
incubated for 2h in 2% OsO, containing 0.8% potassium ferrocyanide. Cells were then washed again
for 1h in 100mM sodium cacodylate buffer, prior to a series of washing steps with EtOH: 10min/ 60%
EtOH, 24h (4°C)/ 70% EtOH, 10min/80% EtOH, and four steps for 15min in 90%/96%/100%/100%
EtOH. After incubation for 30min in propylene oxide, samples were then incubated at 20°C in epox-
ide:propylene oxide at a ratio of 1:2 for 1h, followed by 1h incubation at a 1:1 ratio and subsequently
overnight incubation at a 2:1 ratio. Cells were incubated for 24h in 100% epoxide, then embedded in
fresh 100% epoxide and incubated for 24h at 40°C and finally polymerized during 24h at 60°C. Ultrathin
sections (70nm) were cut (either with ultramicrotome Ultracut E Reichert Jung or Ultracut EM UC7,
Fa. Leica) with a diamond knife (Diatome type ultra 45°), mounted on single-slot copper grids (SP162,
200M copper grids with Pioloform, Plano, Wetzlar, Germany) and incubated for 10-25min in 1.5%
uranyl acetate and 8min in lead citrate solution. Micrographs were taken using either a transmission
electron microscope (Zeiss CEM 902, CCD Camera Controller Sharp:eye; Jena, Germany) or H600
TEM (Gatan Camera system; Hitachi, Tokyo, Japan). Images were subsequently processed by the Dig-
ital Micrograph Software (Gatan, Munich, Germany).
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Supplemental Table S1. Quantitative analysis of morphological parameters. Micrographs were ana-
lyzed for CC-124, 0ePsbS(CC-124), oePsbS(npg4) and kdPsbS(4A+) and npg4 cells acclimated to LL
or after 1, 4, 10, 24, 48h and constant HL illumination. Mean values + SD obtained from analysis of at
least 30 images are shown.

Cell size |Pyrenoid size| Starch- Cells/ [Palmell ponfunctiona Grana -
(um) (um) body/Cell| Palmelloid |oids (%) (%) thickness (nm)

CC-124 LL 2.0+£0.3 423 2 12 7531
CC-124 1h 7.3£13 443 5 02432
CC-124 4h 6.8+0.7 1.6£0.2 12+2 101+30
CC-124 10h 7.9+£1.2 1.5+0.3 83 3 20 117+57
CC-124 24h 7.0£1.4 1.7£0.3 72 5 73 10 115£28
CC-124 48h 6.8£13 1.5+0.3 63 5 73 10 99437
CC-124 HL 1.4+0.2 8+2 5 8921
oePsbS(CC-124) LL | 8.1x1.1 1.9£0.4 42 93432 ]
oePsbS(CC-124) 1h | 8.1+1.5 2.0+0.5 9+5 124237 high
0ePsbS(CC-124) 4h | 7.9+14 2.0£0.5 75 5 10648
0ePsbS(CC-124)10h | 8.2+14 2.4+0.5 122432
oePsbS(CC-124) 24h| 7.8+1.0 2.0£0.4 4+3 4 3 121+31
0ePsbS(CC-124) 48h| 7.4+0.8 1.9+0.4 6+3 89+26
0ePsbS(CC-124) HL | 7.8+1.5 2.2+0.4 5412 15 108+32
oePsbS(npg4) LL 8.0+1.0 744 7 7640
oePsbS(npg4) 1h 8.4+0.8 1.6+0.3 16+3 3 1 7 75424
oePsbS(npg4) 4h 8.6+1.1 2.0£0.3 17+35 5 2 8
oePsbS(npg4) 10h 08+12 1.8£0.1 22+8 3 35 10
oePsbS(npg4) 24h 7.6x1.0 1.8+0.3 6+2 3 11 21 69+25
oePsbS(npg4) 48h 7.3£0.6 1.7£0.2 8+1 3 3 29 7624
oePsbS(npg4) HL 7.5+1.5 1.6+0.2 11+2 3 47
kdPsbS(44+) LL 7.5+1.4 3 10 145451
kdPsbS(44+) 1h 7.2+1.3 1.7+0.4 04 2 5 5 11650
kdPsbS(44+) 4h 75:16 | 18405 7£5 20 170=59
kdPsbS(44+) 10h 8.7+1.3 2.0+0.4 1024 40 15768
kdPsbS(44+) 24h 7.9+1.2 1.6+£0.4 03 20 106+37
kdPsbSi44+) 48h 7.0£1.2 1.5+0.3 943 15 90+£35
kdPsbS(44+) HL 7.9+13 134 60 137+53
npg4 LL 9.6£1.3 2.1£0.4 72 3 76 5 10430
npg4 1h 9.4x1.0 2.2+40.5 1945 3 99 8 111+42
npg4 4h 10.1£1.2 2.4£0.5 2348 4 96 22 14045
npg4 10h 0.2+1.2 2.3+0.6 1924 4 95 50 121424
npg4 24h 8.9+1.6 2.1+0.5 2124 4 99 65 11529
npg4 48h 7.2£1.6 1.5£0.4 10+3 3 81 69 111£30
npg4 HL 7.6£0.9 1.5+0.3 72 3 11 74 89425
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Supplemental Table S2.

Cryosubstitution and embedding into Lowicryl HM20

Process Chemical Tempera- | Time
ture [h]
[C°]
Cryosubstitution in an | 100 % Acetone with exchange -80 72
AFS each 24 hrs -80to -70 6
-70 24
-70 to -50 6
-50 24
-50 to -35 6
-35 24
-351t0 -10 6
-10to 20 4
Resin infiltration on 25% Lowicryl HM20/Acetone RT 2
shaker 50% Lowicryl HM20/Acetone RT 2
75% Lowicryl HM20/Acetone RT 2
100% Lowicryl HM20 RT 12
UV Polymerisation in Lowicryl HM20 -10°C 72
gelatine capsules in an
AFS
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<y F

Supplemental Figure 1. Cell morphology. A, palmelloid formation in CC124 after 24h of HL. B, npg4
cells after 4h of HL containing large starch bodies and forming palmelloids. C, non-functional
kdPsbS(4A+) cells in the HL-acclimated state. D, starch bodies in npg4 after 4h of HL at higher magni-
fication. Zeiss CEM 902, CCD Camera Controller Sharp:eye (B,D) and H600 TEM Gatan Camera sys-
tem and Digital Micrograph Software; Hitachi (A, C) were used.
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6 Concluding Remarks

Chlamydomonas clearly has a biotechnological potential as sustainable machinery to convert
light energy into biomass. The theoretical maximal photon energy conversion (PCE) rate into
biomass is about 10%, while natural outdoor conditions only allow a rate of 2%, suggesting
that PCE is the limiting factor (Kruse et al., 2005). An increase of the light use efficiency at the
level of light-harvesting or energy dissipation can thus be a promising tool to optimize the PCE
rate. Detailed understanding of the function of the individual components involved in light utili-
zation is thus important to achieve this goal. Indeed, modification of the light-harvesting an-
tenna size has been successfully applied to improve the conversion of solar energy to biomass
in microalgae (Ort et al., 2011). Moreover, fine-tuning of the NPQ dynamics has recently been
shown to result in improved photosynthetic efficiency and hence crop productivity (Kromdijk et
al., 2016). In this work, the PsbS protein in C. reinhardtii was characterized at the physiological
and biochemical level, with emphasis on the impact of different PsbS amounts on HL sensitiv-
ity. The most important results of this work give rise to three major aspects, which also raise
the need for further investigation: 1. The transient expression of PsbS alongside with NPQ
induction and LHCSR protein accumulation suggests an indirect role of PsbS in the activation
of the NPQ capacity during HL acclimation. 2. The increased HL resistance of cells with in-
creased PsbS without changed NPQ properties suggests a specific NPQ-independent photo-
protective function of PsbS. 3. The demand for degradation of PsbS at longer HL acclimation
time, even in PshS over-expressing mutants implies a negative impact of permanently high

PsbS amounts on photosynthetic performance.

1. Transient expression of PsbS
The PsbS protein in C. reinhardtii accumulates to maximum levels after about 4-6h of HL
exposure and disappears with prolonged HL exposure (Correa-Galvis, Redekop et al.,
2016, manuscript 2). Hence, peaking amounts of PsbS occur shortly before maximum NPQ
levels and maximum LHCSR3 amounts are reached, indicating a differential regulation of
PsbS and LHCSR3 expression. The HL-induced expression of LHCSR3 is predominantly
facilitated by blue light (420-480 nm) under control of the blue light photoreceptor phototro-
pin (PHOT) (Petroutsos et al., 2016), but further shows a response to limiting CO, conditions
in the absence of HL due to the EEC maotif (enhancer element of low CO»-inducible genes)
in the promoter region of LHCSR3 (Maruyama et al., 2014). In contrast, LHCSR1 expres-
sion is mainly induced by UV-B light (Allorent et al., 2016) under control of the UV-B photo-
receptor UV RESISTANCE LOCUS 8 (UVRS8) and the E3 ubiquitin ligase CONSTITU-
TIVELY PHOTOMORPHOGENIC 1 (COP1) (Rizzini et al., 2013). The induction of PsbS
expression was recently found to be rather regulated like the LHCSR1, by UV-B light and
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UVR8/COP1, than like the LHCSR3 by HL and the PHOT receptor (Allorent et al., 2016).
However, like LHCSR3, PsbS expression is also regulated in response to limiting CO, con-
ditions and hence by photosynthetic efficiency (Correa-Galvis, Redekop et al., 2016). Future
work on different mutants and various growth conditions (light quality and intensity, CO-
availability) are therefore required to unravel the signaling network involved in PsbS expres-
sion. The UV-B controlled co-expression of LHCSR1 and PsbS could be understood as
more rapid response to light stress, early on after LL to HL transition to provide LHCSR3
independent photoprotection.

2. NPQ-independent photoprotective function of PsbS

Higher amounts of PsbS do not result in a higher NPQ capacity, while a down-regulation of
the PsbS amount leads to decreased LHCSR levels as well as a lower NPQ capacity,
indicating that PsbS is indirectly required for NPQ establishment (Correa-Galvis, Redekop
et al., 2016). Further experiments concerning the localization of PsbS in C. reinhardtii have
been conducted to determine the dynamics of PsbS localization during HL acclimation (Fig.
A). These analyses revealed that a small fraction of PsbS associates with PSII-LHCII
supercomplexes (in accordance with Correa-Galvis, Redekop et al., 2016), but that the
PSll-bound PsbS is less susceptible to degradation than the fraction migrating with free
LHCII trimers (Fig. A).
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Figure A: Immunoblot analysis and localization of PsbS after sucrose density gradient
fractionation after (Tokutsu and Minagawa, 2013) of thylakoid membranes (0.4mg Chl) of
4A+ WT cells exposed to HL (350umol photons m?2s?) for 1, 4 and 10h. Anti-PsbS antibody
(a-PsbS) was used to determine the distribution of PsbS in the different fractions.

This interaction of PsbS with PSII-LHCII SC could be related to the proposed role of PsbS
in reorganization of the PSIl antenna upon establishment of NPQ during HL acclimation

(Correa-Galvis, Redekop et al., 2016), while the major PsbS pool with weaker affinity to
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PSIl and PSI might serve other, NPQ-independent functions. Further preliminary
experiments indicated that LHCSR1 proteins interact with PSI-LHCI SC and that this
interaction is dependent on the HL illumination time and the PsbS amount (not
documented). These observations are indicative of a regulatory role of PsbS for LHCSR1
functioning. LHCSR1 is supposed to contribute to NPQ by energy transfer to either LHCII
(Dinc et al., 2016) or PSI (Kosuge et al., 2018), which explains the low NPQ in the LHCSR3
lacking npg4 mutant (manuscript 2). Increasing the PsbS amount in npg4 does not increase
the NPQ capacity, but leads to earlier NPQ induction (manuscript 2), which might result
from an interference of PsbS with LHCSR1-PSIl and/or LHCSR1-PSI interactions.
Increased levels of PsbS further alter thylakoid membrane dynamics and electron transfer
at the level of PSI (manuscript 2). The latter could thus result from interactions of LHCSR1
with PSI that might depend on the PsbS amount. Hence, further research should clarify the
dynamics of the interactions of PsbS and LHCSR proteins with PSI and PSII during HL

acclimation to understand the function of PsbS in thylakoid membrane organization.

3. PsbS degradation at longer HL acclimation time

Strikingly, even constitutively over-expressed PsbS becomes degraded after prolonged HL
exposure, suggesting an active rapid degradation of PsbS at later stages of HL acclimation.
So far, studies on the role of PsbS in C. reinhardtii focused rather on accumulation kinetics
than the subsequent degradation. It is thus unclear by which proteases PsbS is degraded
and how this process is regulated. To obtain some preliminary information, five C. reinhardtii
mutants defective in Deg and FtsH, proteases known to be involved in the repair of PSII
during photoinhibition, have been analyzed regarding PsbS abundance (Fig. B).

CC-5325 ftsh1 ftsh2
hofHL 0 10 24 48 72 96 0 10 24 48 72 96 0 10 24 48 72 96
PsbQ| e e  cmm . a— | ————— . —— — s
PsbS _— e — _—
D| === = — o —— T — | — — —— —
Cs
deg1 degb deg8
0 10 24 48 72 96 0 10 24 48 72 96 0 10 24 48 72 96
PsbO [— S - —| D - —
PsbS -_— e - - -_— — e —
D1 | - — —— — — — —— . —— —
CS

Figure B: Protein expression in WT (CC5325) and protease mutants deg1l, deg5, deg8,
ftshl and ftsh2. For immunoblot analysis of PsbS, 40ug of total protein was loaded,
whereas 5ug were used for PsbO and D1. WT and mutant cells were grown at 35pmol
photons m2s* and then illuminated for up to 96h of HL (350umol photons m2s?). Samples
for protein analysis were taken after 10, 24, 48, 72 and 96h in HL. Representative
immunoblots from 3 biological replicates are shown. CS, coomassie stained gels (apparent

molecular mass in the range between 20 and 30 kDa) served as loading control.
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PsbS accumulation and degradation was characterized in ftsh1 and ftsh2 as well as in deg1,
deg5 and deg8 mutants. Unlike WT stains, which accumulate PsbS after 10h of HL
exposure only, PsbS abundance remains rather stable in strains lacking the proteases
Degl, Deg5, Deg8 and FtsH1, whereas absence of FtsH2 has no effect on PsbS
degradation (Fig. B). The more stable accumulation of PsbS after prolonged HL exposure
in the mutants degl, deg5, deg8 and ftshl suggests impaired PsbS degradation. In
particular the degl mutant was found to be highly sensitive to HL, as this mutant strain
exhibited strong bleaching and a diminished PSII efficiency after prolonged HL exposure.
The stable accumulation of PsbS during HL exposure in this strain thus allows to
hypothesize that Deg1 might contribute to PsbS degradation in C. reinhardtii. These findings
are in line with the HL-induced cleavage of Arabidopsis PsbS by recombinant Degl
(Zienkiewicz et al., 2012). Since PsbS abundancies remain high in deg5, deg8 and ftshl
after prolonged HL as well, Deg1 might not act alone in PsbS degradation, but rather could
be involved in cooperative interaction of several proteases that endorse degradation of
PsbS. Future work will thus be important to study in detail the interaction of the different
proteases with PsbS in C. reinhardtii.
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7 Summary

Solar energy is the ultimate energy source for photosynthesis and thus for life on earth. In
natural environments, light intensities often vary rapidly (seconds to minutes) in orders of
magnitude. Photosynthetic organisms must therefore be able to utilize efficiently low light (LL)
intensities and to minimize photo-oxidative damage resulting from high light (HL) intensities
due to the formation of reactive oxygen species. Plants and algae have evolved mechanisms,
collectively termed non-photochemical quenching (NPQ) to dissipate excessive light energy
as heat. NPQ comprises several quenching mechanisms, with the most important being the
rapidly adjustable pH-dependent quenching component gE. In vascular plants, gE is well
described as a constitutively active mechanism that is regulated by the constantly present
PsbS protein. PsbS controls pH-regulated conformational changes in the antenna of
photosystem Il which allows the rapid molecular switch of the antenna between the light-
harvesting and the energy dissipating state. In the green alga C. reinhardtii, qE is regulated in
a similar way, but by the LHCSR3 protein and not by PsbS. Furthermore, activation of qE
requires a longer period of HL acclimation and the synthesis of LHCSR3. Although the PsbS
protein exists in green microalgae like C. reinhardtii as well, its function in these algae is largely
unknown. This work addresses (i) the PsbS expression patterns during HL acclimation along
with LHCSR3 expression and gE activation, and (ii) the impact of different PsbS levels on the
gE capacity, the photosynthetic performance and vitality of C. reinhardtii during HL acclimation.
The experimental data provide evidence that PsbS in C. reinhardtii accumulates only
transiently during HL acclimation along with the activation of gE and the expression of
LHCSR3, but PsbS is degraded before the maximal gE capacity is reached. PsbS expression
patterns depend on the CO, availability suggesting that PsbS expression is increased at higher
stress conditions when photosynthetic activity is limited. However, PsbS does not compensate
for the function of LHCSR3, which is essential for gE. Analyses of the impact of different PsbS
amounts in comparison with the wild type revealed that lower PsbS levels result in (1) reduced
gE capacity, (2) an increase of PSIl antenna in HL, (3) a faster P700 oxidation in HL when
LHCSR3 is already present, but slower in LL when LHCSR3 does not accumulate, (4) an
increased cyclic electron transport in HL, (5) altered thylakoid membrane organization and (6)
a reduced cell viability. Analyses of PsbS over-expressing cells suggest that (1) PsbS is
actively degraded at later stages of HL acclimation, (2) more PsbS does not result in a higher
gE capacity and (3) more PsbS improves the HL resistance and hence the fitness of the cells
during HL acclimation. These results underline that PsbS in C. reinhardltii is not crucial for the
gE capacity — in contrast to the situation in vascular plants — but essentially contributes to
photoprotection upon HL acclimation (i) by re-organization of the thylakoid membrane during

activation of gE and (ii) in gE-independent mechanisms.
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8 Zusammenfassung

Das Sonnenlicht liefert die Energie fir die Photosynthese und damit flr das Leben auf der
Erde. Unter natlrlichen Bedingungen kann die Lichtintensitéat schnell (Sekunden bis Minuten)
um mehrere GrélRenordnungen variieren. Photosynthetische Organismen mussen daher in der
Lage sein, sowohl sehr niedrige (LL) Lichtintensitaten effizient zu nutzen, zugleich aber auch
photo-oxidative Schadigungen, die bei sehr hohen (HL) Intensitaten durch reaktive Sauerstoff-
Spezies verursacht werden, zu minimieren. Pflanzen und Algen haben Mechanismen entwi-
ckelt, die unter dem Begriff nicht-photochemische Léschung (engl. non-photochemical quen-
ching, NPQ) zusammengefasst werden, und welche lberschissige Lichtenergie in Form von
Warme ableiten. NPQ umfasst verschiedene Mechanismen der Energieldschung, wobei die
wichtigste Komponente die schnell regulierbare, pH- abhangige qE Komponente ist. Der gE
Mechanismus ist in Gefal3pflanzen als konstitutiv aktiver Mechanismus beschrieben, der durch
das PsbS Protein reguliert wird. PsbS kontrolliert pH-regulierte Konformationsénderungen in
der Antenne von Photosystem Il (PSll), die eine Schaltung der Antenne zwischen einem Licht-
sammelnden und einem Energie-ldschenden Zustand ermdéglichen. In der Grinalge C. rein-
hardtii wird qE ahnlich reguliert, allerdings durch das LHCSR3 Protein und nicht durch PsbS.
Darlber hinaus erfordert die Aktivierung des gE eine langere HL Akklimatisation und die Syn-
these von LHCSR3. Obwohl das PsbS Protein auch in Griinalgen wie C. reinhardtii vorkommt,
ist dessen Funktion in diesen Algen véllig unklar. Die vorliegende Arbeit befasst sich mit (i) der
Charakterisierung des PsbS Expressionsmusters wahrend der HL-Akklimatisation im Ver-
gleich mit der LHCSR3 Expression und der qE-Aktivierung (ii) die Wirkung unterschiedlicher
PsbS Mengen auf die gE-Kapazitat, die photosynthetische Leistungsfahigkeit, sowie die Vita-
litat von C. reinhardtii wahrend der HL-Akklimatisation. Die Ergebnisse zeigen, dass PsbS in
C. reinhardtii wahrend der HL-Akklimatisation nur transient akkumuliert, und zwar parallel mit
der Aktivierung von gE und der Expression von LHCSR3, aber wieder abgebaut wird bevor
die maximale gE-Kapazitat erreicht ist. Die PsbS Expression hangt von der CO; Verfligbarkeit
ab, sodass bei Beeintrachtigung der Photosynthese und damit verbundenem héheren Stress
die PsbS Expression verstarkt wird. Jedoch kann PsbS nicht die fur das gE essentielle Funk-
tion des LHCSR3 ersetzen. Die Analysen zur Wirkung verschiedener PsbS-Mengen im Ver-
gleich mit dem Wildtyp zeigten folgende Anderungen bei erniedrigtem PsbS-Gehalt: (1) eine
reduzierte qE-Kapazitat, (2) eine vergrofRerte PSll-Antenne im HL, (3) eine schnellere P700
Oxidation im HL, wenn LHCSR3 vorhanden ist, wahrend die P700 Oxidation im LL verlang-
samt ist, wenn LHCSR3 nicht vorhanden ist, (4) einen verstéarkten zyklischen Elektronentrans-
port in HL, (5) eine veranderte Organisation der Thylakoidmembran und (6) eine reduziert Fit-
ness der Zellen in HL. Untersuchungen der Zellen mit einer Uberexpression von PsbS zeigten,
dass (1) PsbS wéhrend der HL-Akklimatisation verstérkt abgebaut wird, (2) mehr PsbS nicht
zu einem hoheren gE fuhrt und (3) dass mehr PsbS die HL Resistenz und damit die allgemeine
Fitness der Zellen unter HL-Bedingungen férdert. Diese Ergebnisse belegen, dass PsbS in C.
reinhardtii nicht essentiell fur die gE Kapazitat ist — im Gegensatz zur Situation in Gefal3pflan-
zen — aber wesentlich zur Photoprotektion bei der HL-Akklimatisation beitragt, (i) durch Reor-
ganisation der Thylakoidmembran wahrend der Aktivierung von gE und (ii) durch gE-unabhan-
gige Mechanismen.
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