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Summary 

Plants, green algae and cyanobacteria perform photosynthetic conversion of sunlight 

into chemical energy in a permanently changing natural environment, where the efficient 

utilization of light and inorganic carbon represent the most critical factors. Photosynthetic 

organisms have developed different acclimation strategies to adapt changing light conditions 

and insufficient carbon source supply in order to survive and to assure optimal growth and 

protection. This thesis provides further insights into the molecular mechanisms of the 

acclimation response of the green algae Chlamydomonas reinhardtii.  

An important acclimation mechanism to altering light conditions involves the post-

transcriptional regulation of the nuclear-encoded photosystem II (PSII)-associated light-

harvesting complex (LHCII) genes via cytosolic translational control mediated through the 

RNA-binding protein NAB1. In the active state, NAB1 represses the cytosolic translation of 

LHCII mRNAs by sequestration into translational silent messenger ribonucleoprotein 

complexes (mRNPs). The overexpression of NAB1 decreases LHCII protein amount whereas 

NAB1 knockout leads to an increased level of LHCII proteins. Consequently, NAB1 is part of 

a control system regulating the size and composition of the LHCII complex at the 

posttranscriptional level. The repressor activity of this specific factor is controlled by two 

posttranslational modifications: i) by methylation of arginines in the glycine-arginine rich 

(GAR) motif of the protein, ii)  by the thiol status of two C-terminal cysteines. This work 

provides evidence that arginine methylation represents a slowly reacting modulator, which is 

required for the maintenance of the repressor activity of NAB1 and is responsive to the 

availability of light. At the same time, cysteine modification is regarded as the fine-tuning 

mechanism that dynamically responds to changes in the cytosolic redox-state. Moreover, the 

observations suggest that the regulation via arginine methylation operates independently from 

cysteine-based redox control, with its extent strongly depending on the growth conditions. 

The high methylation state is found under photoautotrophic, and the low methylation state 

under heterotrophic growth conditions.   

Photosynthetic performance is also dependent on inorganic carbon (Ci) supply, because 

the light-harvesting capacity and the utilization of captured energy have to be balanced. The 

insufficient Ci-availability can be compensated by diverse organic carbon sources, since some 

phototrophs can assimilate acetate, glucose or other sugars for mixothrophic growth. The 

green alga C. reinhardtii was so far reported to grow on acetate, but not on hexoses. 

Intriguingly, in silico analysis of the genome of C. reinhardtii revealed that it contains genes 

encoding glycoside hydrolases of different families, known to be involved in cellulose- and 
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hemicellulose degradation, even though the cell wall of this alga does not contain cellulose 

and is solely composed of hydroxyproline-rich glycoproteins. This work characterizes the 

capability of C. reinhardtii for cellulose degradation as seen by the digestion of cellulosic 

materials such as carboxymethyl cellulose, Avicel and filter paper. Furthermore, the results of 

the present work indicate an assimilation of the breakdown products, in particular cellobiose. 

Cellulose degradation into cellodextrins (cellobiose-cellopentaose) was shown to be 

performed by extracellular cellulases CrCel9B and CrCel9C that belong to glycoside 

hydrolase family 9 (GHF9/subgroup E2). These enzymes display homology to cellulases from 

Metazoa and phylogenetic analyses suggested that they originated from an ancient eukaryotic 

ancestor. Furthermore, a positive effect on specific growth rates was observable under 

different growth conditions (high, low and very-low CO2 as well as acetate) after media 

supplementation with cellulosic material.  

In conclusion, this work provides advanced insights into the molecular regulation 

mechanisms of light-acclimation and utilization of an abundant organic carbon source in 

Chlamydomonas reinhardtii. These new findings could help to achieve higher biomass 

productivity by improved photosynthetic conversion efficiency and additionally, the use of 

abundant organic carbon sources as an integral part of new photoheterotrophic cultivation 

concepts. 
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I. Introduction  

1. Photosynthetic energy conversion  

Oxygenic photosynthesis is a process of sunlight capture and conversion into chemical 

energy by photoautotrophs, which involves the reduction of CO2 to carbohydrates and 

removal of electrons from H2O, resulting in the release of O2 and protons. In plants and green 

algae, the photosynthetic reactions occur mainly in the chloroplast and are traditionally 

divided into two phases - the "light reactions", which consist of electron and proton transfer 

reactions and the "dark reactions", comprising the biosynthesis of carbohydrates from CO2 

and utilizing reducing equivalents and ATP provided by the light reactions.  

The oxygenic light reactions are mediated by four multi-subunit membrane-protein 

complexes (Figure 1): two photosystems PSI and PSII linked by the cytochrome b6f complex 

(Cytb6f), and the ATP synthase (ATPase). The photosynthetic complexes with exception of 

Cytb6f, are not distributed evenly through the thylakoid membrane system. Whereas PSII is 

mostly confined to the grana regions, PSI and ATP synthase are located in the stroma 

lamellae (Andersson and Anderson, 1980; Dekker and Boekema, 2005; Hankamer et al., 

1997; Kaftan et al., 2002). The primary electron transfer reactions take place in the reaction 

center of PSII, which absorbs light, oxidizes H2O to O2 via the water-oxidizing complex 

(WOC) (Renger, 2001; Renger and Kuhn, 2007) and extracts electrons from water. During 

linear electron transport, these electrons are used for the reduction of plastoquinone (PQ) to 

plastoquinol (PQH2) and are then transferred to Cytb6f, which mediates the electron transport 

to PSI via plastocyanin (PC). PSI transfers electrons across the membrane and reduces 

NADP
+
 to form NADPH that is then used as reducing power for biosynthetic reactions. 

Throughout the whole process, proton translocation across the thylakoid membrane generates 

a concentration gradient enabling ATP formation via the ATP synthase (Figure 1). 

Additionally, for the generation of ATP, photosynthesis provides an alternative route, 

the cyclic electron transport around PSI (Arnon et al., 1954), through which light energy can 

be used to generate a proton gradient. Cyclic electron transport leads to a return of the 

resulting electrons from the acceptor side of PSI to the Cytb6f complex, thus enabling the 

maintenance of photophosphorylation without a synthesis of NADPH and without inclusion 

of PSII (Allen, 2003; Alric, 2010; Joliot et al., 2006). Two major functions for cyclic electron 

flow are presumed, ATP synthesis and the control and protection of light harvesting (Joliot 

and Johnson, 2011). It is assumed that linear electron transport alone probably generates 

insufficient amounts of ATP to balance the ATP/NADPH consumption of the Calvin cycle 
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and the deficit is probably supplied by cyclic electron flow (Allen, 2003; Alric et al., 2010; 

Joliot et al., 2006; Seelert et al., 2000). In the green alga C. reinhardtii, the migration of the 

mobile antenna system of PSII (LHCII complex) to PSI (StateI-StateII-Transition) and the 

onset of cyclic electron transport were proposed to be connected (Cardol et al., 2009; Finazzi 

et al., 2002). In addition, cyclic electron flow is essential for photosynthesis, since its absence 

will lead to excessive accumulation of NADPH in the stroma and thereby, its over-reduction 

(Munekage et al., 2004).  

 

Figure 1: Scheme of linear photosynthetic electron transport pathways in C. reinhardtii (Figure was modified 

after (Hemschemeier and Happe, 2011)). Electrons extracted from water at PSII and transported to PSI via 

plastoquinone (PQ), Cytb6f and plastocyanin (PC). PSI donates electrons to NADP
+
 via ferredoxin (PetF) and 

ferredoxin-NADP
+
 reductase (FNR). A proton gradient is built up during the electron transport and used by an 

ATP-synthase (ATPase) to generate ATP. Both NADPH and ATP are needed for CO2-fixation and triose-

phosphate (Triose-P) generation by the Calvin cycle (Rbc = Rubisco).  

The Calvin cycle uses ATP and the reducing equivalent NADPH to convert carbon 

dioxide into an organic compound, glyceraldehyde-3-phosphate (Triose-P or G3P). The key 

enzyme of the Calvin cycle, Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) 

catalyzes the carboxylation of ribulose-1,5-bisphosphate. G3P can then be used for the 

synthesis of hexose molecules, which subsequently can be converted into starch (Buchanan 

et al., 2000).  

1.1. The light harvesting antennae  

The photosystems, where the photochemical conversion of light into chemical energy 

occurs, consist of two closely associated components, the reaction centers and light harvesting 

complexes (LHC), a superfamily of chlorophyll (chl a and b) and carotenoid-binding proteins 

which absorb sunlight (Minagawa, 2009). Light energy captured by the light harvesting 



                                                                                                                                                         INTRODUCTION 

3 

systems of PSII (LHCII) and PSI (LHCI) is transmitted to the respective reaction centers 

triggering charge separation.  

The Chlamydomonas genome sequence predicts 9 LHCA and 12 LHCB genes encoding 

LHC polypeptides associated with PSI and PSII (LHCI and LHCII, respectively), and 9 LHC-

like genes (Elrad and Grossman, 2004; Minagawa and Takahashi, 2004; Nield et al., 2004). 

Both LHCI and LHCII proteins share significant homology and form an extended light-

harvesting complex superfamily together with other LHC-like proteins, suggesting mono-

phyletic origin with a common architecture (Neilson and Durnford, 2010; Wolfe et al., 1994).  

The light-harvesting antenna for PSI in C. reinhardtii is formed by nine polypeptides 

including LHCA1, LHCA3-LHCA8 in stoichiometric amounts, and LHCA2 and LHCA9 in 

sub-stoichiometric amounts (Bassi et al., 1992; Hippler et al., 2001; Stauber et al., 2003; 

Takahashi et al., 2004; Tokutsu et al., 2004). Among them, LHCA1 and LHCA3 are the most 

abundant LHCI proteins in Chlamydomonas (Hippler et al., 2001) and might function as 

proximal antennae for PSI and remained, in contrast to all the other LHCA proteins conserved 

in green algae and higher plants (Takahashi et al., 2004; Tokutsu et al., 2004). Up to 20% of 

the total chlorophyll in the thylakoid membrane is bound to the several LHCI proteins 

attached as peripheral light-harvesting antennae to the core of the PSI-LHCI supercomplex 

(Minagawa, 2009), which is formed by the PsaA/PsaB heterodimer and small subunits, 

essential for plastocyanin-ferredoxin oxidoreductase activity (Melkozernov et al., 2006).  

The PSII reaction center, composed of a heterodimer of the D1 and D2 proteins and a 

few low molecular weight polypeptides, is surrounded by a light-harvesting complex (Figure 

2a), basically constituted by a core antenna, minor antenna and the major antenna complex 

(LHCII) at the periphery of the PSII supercomplex (Minagawa, 2009). The core antenna 

(CP43 and CP47) plays an essential role in energy transfer from LHCII to the reaction center 

and binds 13-17 Chl a-molecules (Ferreira et al., 2004) and all-trans ɓ-carotene, which has a 

function in the quenching of harmful triplet chlorophyll.  

The PS II light harvesting antenna consists of six LHCII protein-types including type I 

(LHCBM3, LHCBM4, LHCBM6), type II (LHCBM5), type III (LHCBM2, LHCBM7), and 

type IV (LHCBM1), as well as the two minor LHCII proteins, LHCB5 (CP26) and LHCB4 

(CP29) (Stauber et al., 2003; Takahashi et al., 2006). LHCII proteins (LHCBM = Major 

LHCII), whose nomenclature follows a rough order of their abundance in the Chlamydomonas 

EST database (Asamizu et al., 1999), are the most integral membrane proteins of the plastids 

(Liu et al., 2004) and bind in addition to Chl a also Chl b, accounting for up to 50% of the 
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total chlorophyll in plant and algal thylakoid membranes (Minagawa, 2009; Minagawa and 

Takahashi, 2004). The three-dimensional structure of the Chlamydomonas PS IIïLHCII 

supercomplex revealed that the supercomplex comprises two LHCII trimers and four LHCII 

monomers per PS II core dimer (Nield et al., 2000) (Figure 2), and corresponds to the C2S2-

type supercomplex observed in higher plants (Boekema et al., 1995). Each LHCII monomer 

(Figure 2b) has three transmembrane helices (TMH) and binds 14 chlorophylls (8 Chl a and 6 

Chl b) as well as two luteins and one 9`-cis-neoxanthin (Kuhlbrandt et al., 1994; Liu et al., 

2004; Yan et al., 2007).  

 

Figure 2: PS II-LHCII supercomplex and the monomeric LHCII protein-model (Harris, 2009; Nield and Barber, 

2006). a. Top view of the PSII -LHCII supercomplex. Overlaid X-ray structures of the PS II core (Ferreira et al., 

2004) without extrinsic OEC proteins, and the spinach LHCII complex (Liu et al., 2004), onto the lumenal top 

view of the 3D structure of the spinach PS II ïLHCII supercomplex derived from cryo-EM and single particle 

analysis (Nield et al., 2002). The transmembrane helices of the D1 (yellow), D2 (orange), CP43 (green), CP47 

(red), and Ŭ - and ɓ -subunits of cytochrome b559 (purple) subunits are displayed as ribbons b. Schematic of the 

LHCII protein. Transmembrane (AïC) and amphipathic (DïE) helices are shown as cylinders (Liu et al., 2004). 

Chlorophyll chl a (Chl 1ï8) and chl b (Chl 9ï14), represented by diamonds and dotted diamonds, respectively. 

Two luteins (L1 and L2, yellow), one 9´-cis-neoxanthin (N, pink), and one violaxanthin (V, red) are displayed. 

In contrast to the major LHCII, the minor LHCII proteins (polypeptides CP26 and 

CP29), existing only in monomeric form, bind less chlorophyll and show higher Chl a/Chl b 

ratio and a higher amount of violaxanthin (Bassi et al., 1993; Bassi and Wollman, 1991; 

Green and Durnford, 1996; Minagawa et al., 2001). While these two minor antenna proteins 

are conserved throughout the Chlorophyta, a homolog for the higher plant minor antenna 

protein, CP24, has not been found in algae (Minagawa and Takahashi, 2004).  

Although the primary role of the LHC proteins is collecting light energy, they are also 

known to have another crucial role in photosynthesis, i. e. protection of the photosynthetic 

apparatus (Melkozernov and Blankenship, 2005; Niyogi, 1999). However, the isoform 

diversity of LHC complexes in higher plants is less pronounced, since they are constituted by 

only three isoforms Lhcb1-3 (Ganeteg et al., 2004), which can form different trimeric 

compositions (Jansson, 1994). Though, the amino acid sequences of the LHCBM proteins are 
























































































































































