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1. Introduction 

1.1 Evolution of oxygenic photosynthesis 

The assimilation of organic compounds driven by the exhaustless energy of the sun is 

essential for nearly all organisms on the planet. These processes called photosynthesis span 

the capture of light with pigments, the conversion of the sunlight’s energy into chemical 

energy by oxidizing inorganic compounds and the synthesis of energy rich organic 

compounds, which are the building blocks of life. According to the by-products of these 

different energy conversion reactions, that occur mainly in photosynthetic bacteria, they are 

referred to anoxygenic or oxygenic photosynthesis. Among these reactions the oxygenic 

photosynthesis is unique and the most important, as it implies the oxidation of water followed 

by a release of oxygen and moreover reaches the highest yields in the fixation of carbon 

dioxide (Raven 2009; Raven et al. 2013). 

At least 500 million years after the onset of oxygenic photosynthesis the atmosphere 

of the earth changed dramatically (Planavsky et al., 2014). This big step of oxygen evolution 

is called the great oxygen event and it is coincident with the proliferation of cyanobacterium-

like organisms able to perform oxygenic photosynthesis about 2,4 to 2,1 billion years ago 

(Holland, 2002; Tomitani et al., 2006; Rasmussen et al., 2008). Beside the cyanobacteria, 

today the eukaryotic organisms algae and land plants produce most of the oxygen in our 

world. 

Chloroplasts are organelles of plants which allow them to perform oxygenic 

photosynthesis. The chloroplasts of the plant cells and the mitochondria of all eukaryotic cells 

are believed to derive out of a process called endosymbiosis about 1,5 billion years ago 

(Martin and Müller, 1998; Heckman et al., 2001). First, a heterotrophic eukaryotic cell arose 

after an archaebacterium-like cell engulfed an α-proteobacterium, which became the 

mitochondrium. Later, a plant cell originated by the incorporation of a cyanobacterial ancestor 

into a eukaryotic cell (Figure 1). During evolution the bacteria became part of the host cell 

and genetic information was exchanged. Accordingly, a massive gene transfer from the 

endosymbionts to the host cell nucleus occurred, which is still an ongoing process (Millen et 

al., 2001; Stegemann and Bock, 2006). 
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The genome size of a plant chloroplast was reduced to about 100 genes compared to 

the about 3000 genes of a cyanobacterium. Mainly proteins of high demand like the core 

subunits of the photosynthetic complexes and ribosomal proteins are still encoded in the 

chloroplast, while most of the chloroplast proteins 

are nucleus encoded and are imported from the 

cytosol. Therefore most nucleus encoded chloroplast 

proteins have an N-terminal extension which serves 

as a transit signal for chloroplast import. After 

correct targeting of the protein the transit peptide is 

cleaved off (von Heijne et al., 1989; Bruce, 2000). 

 

Figure 1. Endosymbiotic theory. Eukaryotic cells with two genetic compartments, the nucleus and the 

mitochondria, arose in an endosymbiosis between an archaeon and an α-proteobacterium. Subsequently, 

the chloroplasts of plant cells evolved after a cyanobacterium was engulfed by a eukaryotic cell. 

1.2 Oxygenic photosynthesis in the thylakoid membrane of plants 

Thylakoids are a formation of flatten membrane vesicles and protein complexes, at which the 

light reaction of oxygenic photosynthesis takes place in cyanobacteria and plants. In the 

chloroplasts of land plants the thylakoid membrane systems form a network of densely packed 

thylakoid stacks called grana lamellae, which are connected by unstacked membrane regions, 

the stroma lamellae (Adam et al., 2011). Four major photosynthetic protein complexes are 

embedded in the thylakoid membranes which are connected in a series forming the electron 

transport chain or produce adenosine triphosphate (ATP) (Figure 2).  

The Photosystem II (PSII), which is mainly found in the grana stacks, converts the 

captured light energy into chemical energy (Rochaix, 2011). By splitting water, electrons are 

gained while protons and oxygen are released into the thylakoid lumen. The electrons are 

transferred via the plastoquinone pool (Q) to the cytochrome b6f complex (Cyt b6f ), which 

leads to a further release of protons into the thylakoid lumen by the Q-cycle (Joliot and Joliot, 

2006). This generates a proton gradient across the membrane which is used as a motive force 

to produce ATP by the ATP synthase complex, which is mainly localized in the unstacked 

thylakoid region (Figure 2).  



  Introduction S. 8 

Photosystem I (PSI), acts as a light driven oxido-reductase and is also enriched in the 

stroma lamellae. By oxidizing plastocyanin (PC), a soluble lumenal protein, electrons are 

transferred from Cyt b6f to PSI and ferredoxin is reduced at the stromal side of the membrane. 

Ultimately the ferredoxin nicotinamide adenine dinucleotide phosphate (NADP+) reductase 

(FNR) produces NADPH, which together with the generated ATP drives the Calvin-Benson 

cycle for carbon fixation (Rochaix, 2011). Beside the linear electron flow, the generation of 

the reduction equivalent ATP is supported by a cyclic electron transport between PSI and 

Cyt b6f (Allen, 2003; Joliot and Joliot, 2006; Figure 2). 

 

Figure 2. The photosynthetic electron transport chain in the thylakoid membrane. Illustration of 

thylakoid membrane complexes converting light energy into electrochemical energy. The electron 

transport chain generates a proton (H+) gradient between the two compartments (stroma/lumen) and to 

reduce NADP+. The reflux of protons into the stroma drives the ATP synthase complex. For more details, 

see text. 

1.3 The RNA metabolism of the chloroplast  

Although the genome, the transcription and translation apparatus of chloroplasts are of 

eubacterial origin, during the evolution their organization changed and it gained eukaryotic 

features. The gene expression of bacteria is mainly regulated at the transcriptional level. 

Bacterial genes of the same metabolic pathway are often organized in operons. The 

transcription is initiated and regulated at a single promotor region upstream of the 

5’ untranslated region (UTR) and terminated at the terminator region in the 3’ UTR region of 

the gene cluster. Genes of one operon are translated from a polycistronic transcript and a 
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ribosomal binding site in front of each single gene avoids the release of the ribosome after 

reaching the stop codon of the prior gene (Lawrence, 2002; Levin-Karp et al., 2013). 

The plastid genes are also often organized in gene clusters with a single eubacterial-

like promotor region in the 5’ UTR as in cyanobacteria (Bock, 2007). But beside the plastid 

encoded RNA polymerase (PEP), the transcription of plastid genes is also performed by a 

nucleus encoded RNA polymerase (NEP). Different than in bacteria most polycistronic 

transcripts of plastid gene clusters are processed to smaller RNAs in order to produce 

translational competent mRNA (Stoppel and Meurer, 2012).  

Processing of precursor transcripts and formation of 5’- and 3’-ends is achieved by 

endo- and exonucleases homologous to the RNases found in bacteria (Drager et al., 1999; 

Hicks et al., 2002; Mathy et al., 2007; Li de la Sierra-Gallay et al., 2008; Schein et al., 2008; 

Newman et al., 2011; Stoppel et al., 2012). Plastid genes have acquired a divergence of 

sequences in their intergenic regions, the 5’- and 3’-UTRs, introns and editing sites. The 

presence of only few RNases with little sequence specificity in chloroplasts requires a gene 

specific action of newly evolved nucleus encoded factors (Stoppel and Meurer, 2012; 

Manvaski et al., 2012). 

Most of these factors identified so far belong to the helical repeat protein superfamily, 

including tetratricopeptide repeat (TPR) proteins, pentatricopeptide repeat (PPR) proteins and 

octotricopeptide repeat (OPR) proteins (Stern et al., 2010; Barkan, 2011). The PPR proteins, 

which are not found in bacteria, are thought to act exclusively in organellar gene expression. 

This family consists of over 400 members in angiosperms, about half of which are predicted 

to be localized in the chloroplast and half in the mitochondria. They are defined by degenerate 

35-amino acid repeats, which most probably bind single stranded RNA in a sequence specific 

manner (Schmitz-Linneweber and Small, 2008; Williams-Carrier et al., 2008; Prikryl et al., 

2011). The other plant specific RNA binding domain protein families identified in the 

chloroplast have only few members (Amann et al., 2004; Barkan et al., 2007; Kroeger et al., 

2009; Watkins et al., 2011). In addition to the nuclear factors which are highly specific for  

individual processing events, a family of nucleus encoded chloroplast ribonucleoproteins 

(cpRNPs) are proposed to regulate larger sets of chloroplast transcripts (Nakamura et al., 

2004; Kupsch et al., 2012). 
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1.4 The psbB gene cluster 

The psbB gene cluster is a good example for the high complexity and divergence of 

transcriptional and posttranscriptional processes in the chloroplast. In land plants the inner 

core antenna of PSII, CP47 (PsbB), two low molecular weight subunits of PSII, PsbTc and 

PsbH, and the subunits of the cytochrome b6f complex, cytochrome b6 (PetB) and subunit IV 

(PetD) are transcribed from a single PEP promotor region. Additionally PsbN is located on 

the opposite strand in the intercistronic region between PsbTc and PsbH (Figure 3).  

PsbN encodes a low molecular weight protein of 4.7 kDa and was originally named 

open reading frame (ORF) 43 (Kohchi et al., 1988). Because it was identified by N-terminal 

sequencing in PSII fraction, it was given the name PsbN (Ikeuchi et al., 1989). Later on it 

turned out that PsbN was mistaken for PsbTc, as they share some weak homology in the N-

terminal part (Kashino et al., 2002). The PEP mediated expression of psbN was found to be 

regulated by the sigma-like transcription factor SIG3. The read-through transcripts of psbN 

are thought to function as a natural occurring antisense RNA to the psbB-psbT mRNA. It was 

suggested that the formation of RNA double strand hybrids under oxidative stress protects the 

psbTc mRNA from nucleolytic degradation by single-strand specific nucleases (Zghidi et al., 

2007; Zghidi-Abouzid et al., 2011). Recently, PsbN was proposed to be involved in the 

formation of both photosystems (Krech et al., 2013), although its precise molecular function 

remained unclear.  

Intergenic processing of the pentacistronic psbB-psbT-psbH-petB-petD transcripts and 

splicing of the group two introns in the petB and petD genes generates about 20 different 

mono, di-, and oligocistronic transcripts (Barkan, 1988; Westhoff and Herrmann, 1988; 

Stoppel et al., 2011). A nucleus encoded peptide chain release factor 2-like protein (PrfB), 

which specifically terminates UGA stop codons in the chloroplasts, affects the stabilization 

and translation of psbB transcripts (Meurer et al., 1996; Meurer et al., 2002; Figure 3).  

The TPR-like protein HCF107 was found to influence the stability and translation 

efficiency of the psbH mRNA by specific binding to its 5’ end (Felder et al., 2001; Sane et al., 

2005; Hammani et al., 2012). In addition, the intergenic region of psbH-petB is bound by the 

PPR protein HCF152, which is thought to define and protect the respective 5’ or 3’ RNA 

termini (Meierhoff et al., 2003a; Nakamura et al., 2003; Pfalz et al., 2009). The processed 3’ 

end of petB was shown to be stabilized by PrfB3, which is a vascular plant specific RNA 
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binding factor that shows high homology to a bacterial peptide chain release factors (Stoppel 

et al., 2011). The translation and processing of monocistronic petD transcripts seem to be 

dependent on the PPR protein CRP1, although it could be only proven that this protein is 

associated with petA and psaC transcripts, which accumulations were also affected in crp1 

mutants (Barkan et al., 1994; Fisk et al., 1999; Williams-Carrier et al., 2008; Figure 3).  

Furthermore, six proteins were found to be required for the splicing of petB and petD 

genes. Among these the APO domain family proteins APO1 and APO2 and the CRM domain 

family proteins CAF1 and CAF2 are specific for petB or petD, respectively. The other CRM 

domain family proteins CFM3 and CRS2 and the proteins WTF1 and RNC1 are involved in 

the splicing of both introns (Figure 3). Except CRS2, of which homologues are found in 

Chlorophyta, all of these factors are specific for Embryophyta. This agrees with the sole 

presence of both introns in land plants. 

Additionally, editing sites are found within the psbB gene cluster of some members of 

the Embryophyta. Recently, 116 C-to-U editing sites were identified in the psbB gene cluster 

of the moss Takakia lepidozoides. In contrast, tobacco and maize have only one of these 

editing sites in the coding region of petB (Figure 3) and none is present in Arabidopsis 

(Stoppel and Meurer, 2013). 
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Figure 3. Scheme of the tobacco psbB gene cluster and of trans-acting factors involved in transcriptional 

and posttranscriptional processes. For further details, see text.  

 

1.5 Photosystem II, the water splitting enzyme 

Photosystem II is a multiprotein pigment-containing complex, which consists at least of two 

dozen subunits as well as antenna proteins (Shi and Schröder, 2004; Komenda et al., 2012). 

The crystal structure of the phylogenetic highly conserved PSII complex was resolved in 

Thermosynecococcus vulcanus at a resolution of 1.9 Å (Umena et al., 2011). The PSII core 

consists of the two similar plastid encoded transmembrane subunits D1 (PsbA) and D2 

(PsbB), which form a heterodimer inside the membrane and bind all redox active co-factors 

needed for the photochemical charge separation, quinone reduction and water splitting. On the 

luminal side the manganese cluster and the extrinsic oxygen evolving complex (OEC), 

consisting of the nucleus encoded subunits PsbO, PsbP and PsbQ, are attached.  

The PSII core is flanked by the plastid encoded inner antenna proteins CP43 (PsbC) 

and CP47 (PsbB) which bind 14 and 16 chlorophyll-a molecules, respectively (Nelson and 

Ben-Shem, 2004). The core antenna passes the excitation energy to the pigments bound to the 

PSII core, which consist of 4 chlorophyll-a and 2 pheophytin-a molecules and absorb light 

around 680 nm (P680) (Saito et al., 2013). The heme cofactor binding cytochrome b599 

complex (cyt b599) is a heterodimer composed of PsbE and PsbF and is part of PSII core. 
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Although it seems not to be involved in the primary electron transport of PSII, as it shows 

very slow responding redox kinetics, it is essential for the PSII assembly. Furthermore, 

several low molecular weight subunits, that are involved in PSII assembly, stabilization, 

dimerization and photo-protection, are attached to Photosystem II (Shi and Schöder, 2004; Shi 

et al. 2011). 

1.6 Assembly and repair mechanisms of PSII 

The PSII de novo assembly as well as the insertion of newly synthesized D1 are assumed to 

take place in the unstacked thylakoid regions of chloroplasts, while the functional PSII 

complex is found mainly in the stacked grana regions. The association of polysomes to the 

exposed region of the thylakoids, the localization of the PSII assembly factor HCF136, the co-

translational assembly of the D1 protein and the existence of smaller PSII subcomplexes in 

the stroma lamellae corroborate this hypothesis (Yamamoto et al., 1981; Meurer et al., 1998b; 

Zhang et al., 1999). The PSII complex is thought to be assembled from independently formed 

modules. The assembly process is believed to occur in a stepwise manner and through a 

number of intermediate steps, which are to some extent translationally regulated (Nickelsen 

and Rengstl, 2013).  

First, the small precomplexes pre-D1 containing the precursor form of D1 (pD1) and 

most likely PsbI, and pre-D2 consisting of D2 bound to PsbE and PsbF are assembled to the 

heterodimeric reaction center of PSII (RC) (Figure 4). Subsequently pre-CP47 represented by 

the inner core antenna protein CP47 and probably together or accompanied with the low 

molecular weight subunits PsbH, PsbL, PsbM, PsbX and PsbTc bind to the RC forming the 

RC-47 (Figure 4).  

After the binding of the pre-CP43, consisting of the PSII core antenna CP43 and the 

small subunits PsbK and PsbZ, the PSII monomer (PSII-M) is formed (Figure 4). This is 

followed by the attachment of the oxygen-evolving complex on the luminal side of the PSII-

M. Now the PSII dimer (PSII-D) is formed and finally the outer antenna proteins CP29, CP26 

and CP24 and the trimeric light harvesting complex (LHCII) attach, thereby forming the PSII 

supercomplexes (PSII-SC) (Figure 4). This supramolecular organization of PSII was recently 

shown to be influenced by the small PSII subunit PsbW (Garcia-Cerdan et al., 2011).  
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Figure 4. Assembly of the PSII complex in higher plants. Proposed scheme for the sequential assembly of 

PSII complexes mediated by various nucleus encoded assembly factors. The question marks indicate that 

the attachment site and function of most nucleus encoded factors as well as of the small subunits to PSII-

precomplexes and PSII-complexes is largely unclear. For details, see text.  

 

Most of these highly complex steps, which are only poorly understood, are mediated by 

chaperones and assembly factors. The first factor identified, HCF136, resides mainly in the 

stroma lamellae and is required for an efficient formation of the PSII RC (Meurer et al., 

1998b; Plücken et al., 2002; Figure 4).  

After the formation of the PSII RC the C-terminal extension of pD1 is processed by 

the specific luminal protease CtpA. This event is mediated by LPA19, also called Psb27-H2, 

which shares about 30% sequence identity to Psb27-H1 another homolog to Psb27 of 

cyanobacteria (Wei et al., 2010; Chi et al., 2012; Mabbitt et al., 2014). The D1 synthesis as 

well as further PSII assembly steps are influenced by LPA1 (Peng et al., 2006). A similar 

function was suggested for PAM68 which probably interacts with LPA1 and D1 (Armbruster 

et al., 2010). The folding and insertion of D1 and supposedly also of CP43 is assisted by the 

immunophilin CYP38, which is presumably necessary for the correct assembly of the OEC 

(Sirpio et al., 2008; Figure 4).  
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The synthesis and stable insertion of CP43 depends on the cooperation of LPA2 and 

LPA3 and their interaction with the membrane insertase ALB3. Furthermore, TerC, which is 

required for efficient insertion of thylakoid membrane proteins, was recently shown to interact 

with ALB3 (Ossenbühl et al., 2004; Cai et al., 2010; Schneider et al., 2014; Figure 4). The 

biogenesis of CP47 is influenced by Psb28, which might be important for the synthesis of 

chlorophylls and/or apoproteins of the inner core antenna (Dobakova et al., 2009). The 

formation of PSII-SC was shown to be dependent on Psb29 and the immunophilin FKBP20-2 

(Keren et al., 2005; Lima et al., 2006; Fu et al., 2007; Figure 4). Due to the highly conserved 

structure and function of PSII most of the assembly factors were already present in 

cyanobacteria and preserved a similar function.  

The best-studied and probably most important protection mechanism against excess of 

light is the D1 repair cycle. Due to an increased charge separation and formation of reactive 

oxygen species (ROS) the D1 protein gets damaged and replaced. This mechanism is thought 

to protect the remaining PSII and the other components of the electron transport chain (Ohad 

et al., 1990). Most probably, many of the assembly factors involved in the de novo biogenesis 

of PSII are also involved in the D1 repair cycle. For this purpose PSII migrates to the stroma 

lamellae where the damaged D1 is exchanged (Mulo et al., 2008).  

The broken D1 is excised and degraded by Deg and FtsH proteases. This repair 

process is thought to be regulated by phosphorylation of the PSII RC proteins leading to 

conformational changes in the thylakoid membrane. Thereby, the access of the proteases and 

the migration of PSII to the stroma exposed membranes are facilitated (Haussuhl et al., 2001; 

Fristedt et al., 2009; Nixon et al., 2010; Komenda et al., 2012; Tikkanen and Aro, 2012). 

  



  Introduction S. 16 

1.7 Aim of this dissertation 

Among the plastid genomes of different algae and land plant species gene rearrangements, 

losses, gains and duplications can be observed (Wicke et al., 2011). Forward genetic 

approaches often identified novel plant-specific genes involved in the RNA metabolism of the 

chloroplast (Meurer et al., 1998a; Baginsky et al., 2007; Stoppel et al., 2011; Stoppel et al., 

2012). This suggests that beside the known RNA binding protein families, a large number of 

novel nuclear encoded proteins involved in the chloroplasts RNA metabolism remains 

elusive.  

The first part of this thesis is a continued approach of a forward genetic screen, which 

identified several mutants affected in photosynthesis due to their high chlorophyll 

fluorescence phenotype (hcf) (Meurer et al., 1996). The hcf145 mutant was proven to be 

affected in the accumulation of the psaA-psaB-rps14 transcripts, suggesting that the 

corresponding protein is involved in the stabilization of the psaA mRNA (Lezhneva and 

Meurer, 2004). Within this work further attempts were made to verify the assumed function 

and to get insights into the phylogenetic origin, conservation and regulation of this newly 

evolved factor.  

In contrast to the fast evolving RNA metabolism, most proteins directly involved in 

photosynthesis remained highly conserved. Reverse genetic approaches by plastid 

transformation in tobacco helped to study the function of many chloroplast encoded proteins 

in land plants in the past decades (Ruf et al., 1997; Kofer et al., 1998; Hager et al., 1999; 

Schwenkert et al., 2006; Umate et al., 2008). The second part of the thesis is part of a 

transplastomic approach, that addresses the function of low molecular weight proteins 

encoded in the chloroplast.  

A spectinomycin resistance marker (aadA) was inserted into the corresponding coding 

region to generate the plastid gene knockouts. To consider site effects onto adjacent genes, 

due to the extraordinary localization of PsbN on the opposite strand to the psbB gene cluster, 

the aadA cassette was inserted in both directions resulting in two lines ∆psbN-F and ∆psbN-R.  

Within this thesis the expression, localization, topology and association to 

photosynthetic complexes of PsbN was addressed. By minimizing the secondary effects due 

to light stress, the primary defect in the ∆psbN-F and ∆psbN-R mutants was investigated 

intensively using various spectroscopic, immunological and native PAGE analyses. To 
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reassure the revealed function of PsbN in PSII assembly, the ∆psbN-F and ∆psbN-R lines 

were complemented by a nuclear encoded version of PsbN fused to a transit peptide for 

chloroplast import. Furthermore, the ∆psbN-F and ∆psbN-R lines were preliminary compared 

to the ∆psbN lines described by Krech et al. (2013). Additionally, a semi-sterile culture 

technique was established for a rapid growth of the mutants on sucrose supplemented medium 

and flower development. 
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2. Materials and Methods 

General molecular methods were performed according to standard protocols (Sambrook and 

Russell, 2001) or using commercial kits. 

2.1 Database analysis 

Analyses of gene models and coverage by full-length mRNAs or expressed sequence tags 

(ESTs) 

NCBI     www.ncbi.nlm.nih.gov 

TAIR     www.arabidopsis.org 

DNA and amino acid sequence alignments 

NCBI Blast 2 sequences   http://blast.ncbi.nlm.nih.gov/Blast.cgi 

MultAlin     (Corpet, 1988) 

CLUSTAL-W2   http://www.ebi.ac.uk/Tools/msa/clustalw2/ 

Prediction of protein structure 

I-Tasser http://zhang.bioinformatic.ku.edu/I-

TASSER/output.html 

Prediction of transit peptides for organellar import 

BaCelLo     http://gpcr.biocomp.unibo.it/bacello  

ChloroP     http://www.cbs.dtu.dk/services/ChloroP  

MitoProt     http://ihg.gsf.de/ihg/mitoprot.html  

Predotar     http://urgi.versailles.inra.fr/predotar/predotar.html  

PSORT     http://psort.ims.u-tokyo.ac.jp/form.html  

TargetP     http://www.cbs.dtu.dk/services/TargetP  

Wolf Psort    http://wolfspsort.org/ 

http://zhang.bioinformatic.ku.edu/I-
http://zhang.bioinformatic.ku.edu/I-
http://wolfspsort.org/
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2.2 Vectors 

pENTR/D-TOPO   (Invitrogen) 

pB7FWG2    (Plant System Biology) 

pB7GWIWG2(I)   (Plant System Biology) 

2.3 Oligonucleotides 

Oligonucleotides used for amplification of DNA regions and as hybridization probes in RNA 

gel blot analysis were purchased through MWG Biotech AG or Metabion international AG. A 

list of all primers used in this work can be found in the appendix. 

2.4 Bacterial strains 

Agrobacterium tumefaciens: 

GV3101 (pMP90RK)   (Koncz et al., 1994) 

Escherichia coli: 

DH5α    Bethesda Research Laboratory 

2.5 Antibodies 

Antisera against PsbN were generated against the synthetic peptide QPSQQLRDPFEEHGD 

(Agrisera). Antisera against the HCF145 were generated against the synthetic peptide 

RQLNSRKDNGNTILRT (Pineda). Other antisera CP43, PsbH, and PsaA (Agrisera), anti-

phosphothreonine (Cell Signaling) and secondary antibodies (Sigma-Aldrich) were purchased, 

or described elsewhere (Umate et al., 2008; Qi et al., 2012). 

2.6 Plant materials and growth conditions 

The Arabidopsis hcf145-1 line, accession Wassilewskija originated from a T-DNA collection 

(Feldmann, 1991) as previously described (Lezhneva and Meurer, 2004). The T-DNA 
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insertion line hcf145-2 (SALK_011411), accession Columbia was obtained from SALK 

collection (http://signal.salk.edu). Unless stated otherwise selection, propagation and growth 

of the Arabidopsis wild-type and mutant plants was facilitated as previously described 

(Lezhneva and Meurer, 2004).  

For regulation experiments, Arabidopsis wild-type plants were grown on soil in a 17 h 

light (20°C)/8 h dark (18°C) cycle with a photon flux density (PFD) of 50 µmol 

photons m-2 s-1 for three weeks. For the treatments, the plants were carefully transferred to 

reaction tubes, with the roots into liquid medium and subjected to growth light (GL 24 h), 

dark (24 h), red light (660 nm; 20 µmol photons m-2 s-1; 24 h), far red light (720 nm; 1µmol 

photons m-2 s-1; 24 h), cold (4°C; GL; 24 h), heat (40°C; GL; 1 h), DCMU (50µM; GL; 24 h), 

Paraquat (MV) (50 µM; GL; 24 h).  

For co-immunoprecipitation analyses wild-type plants and complemented lines were 

grown on soil in a 17 h light (20°C) 8 h dark (18°C) cycle for one week and another 3-4 

weeks in a 8 h light 17 h dark cycle with a PFD of 100 µmol photons m-2 s-1. Nicotiana 

tabacum L. cv. Petit Havana (Wild type) and HCF145RNAi lines and ∆psbN tobacco plants 

were grown on sucrose supplemented medium in continuous light with a PFD of 6-10 µmol 

photons m-2 s-1 at 25°C as described (Torabi et al., 2014). Growth under preferential state I 

condition was achieved by covering the light source (HE 21W/60, Osram) with a dark-red 

filter (027 Medium Red, Lee Filters). 

2.7 Complementation of hcf145-1 and hcf145-2 

The cDNA of At5g08720 was obtained from the RIKEN BioResourse Center (Seki et al., 

2002). For complementation of hcf145-1 the cDNA was amplified using Pfu polymerase 

(Fermentas) and the primers 720-ATG-f-P and 720-3UTR-r-P. The purified PCR product was  

blunt-end ligated into the SmaI linearized pSEX001-VS (Reiss et al., 2000). For 

complementation of hcf145-2 the cDNA was amplified using the PhusionTM High-Fidelity 

DNA Polymerase (New England Biolabs) and the primers Cacc-145-for and 145-rev. The 

resulting PCR product was cloned into pENTR/D-TOPO (Invitrogen) followed by insertion 

into the binary Gateway vector pB7FWG2 (Plant System Biology) in frame with the GFP 

coding region using LR Clonase II (Invitrogen). Both vectors were introduced into 

Agrobacterium tumefaciens GV3101 (pMP90RK) and subsequently transformed into the 

corresponding heterozygous hcf145 mutants using the floral dip method (Clough and Bent, 
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1998). Transformed seedlings were selected with BASTA and the complemented 

homozygous mutants were identified by PCR analyses. 

2.8 Generation of HCF145 RNAi-lines in tobacco 

A 255 bp fragment of the Nicotiana tabacum EST (Accession, FG168642), which is highly 

homologous to the cDNA of AtHCF145, was reverse transcribed from total tobacco RNA 

using Titan One Tube RT-PCR Kit (Roche) with the primers A1-for and A1-rev. The 

resulting PCR product was cloned into pENTR/D-TOPO (Invitrogen) followed by insertion 

into the binary Gateway vector pB7GWIWG2(I) (Plant System Biology). Subsequently 

Agrobacterium tumefaciens mediated transformation of wild-type tobacco was performed.  

2.9 Complementation of ∆psbN mutants 

The cDNA of PsbN (ATCG00700) was amplified with the primer psbN-for and psbN-rev and 

the cDNA of the N-terminal transit peptide of PsbS (AT1G44575) was amplified with the 

primers psbS-for and psbS-rev. Both fragments were digested with HindIII and ligated using 

T4-Ligase (Fermentas). The ligation was purified using spin columns (Quiagen) and 

amplified by PCR with the primers psbS-for and psbN-rev. The resulting fragment of the right 

size was extracted from an agarose gel using spin columns (Quiagen). The fragment was 

cloned into pENTR/D-TOPO (Invitrogen) followed by insertion into pB7FWG2 (Plant 

System Biology) using LR Clonase II (Invitrogen). Subsequently Agrobacterium tumefaciens 

mediated transformation of wild type and ∆psbN mutants was performed. 

2.10 Agrobacterium tumefaciens mediated transformation of tobacco 

Leaves of 3-week-old in vitro cultured tobacco plants were cut into squares of about 

0.5x0.5 cm and placed on a petri dish with regeneration medium (RMOP) (Svab et al., 1990). 

Transformed agrobacteria were pre cultured in 4 ml LB Medium with 50 µg/ml of the 

antibiotics rifampicin (rif), gentamycin (gent) and spectinomycin (spec) (LB-RGS) for 15 h. 

25 ml of LB-RGS were inoculated with 1 ml of the pre-culture and grown until an optical 

density (OD) of 0.6-0.8. The bacteria were collected (4000 g; 20 min) and resuspended in 

25 ml agro-transformations media (MS medium or sterile ddH2O; 0.02% silvet). The explants 
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were vacuum infiltrated and incubated for 10 min in the bacteria suspension. The leaf pieces 

were dapped on sterile filter paper to remove residual liquid and placed on RMOP. After co- 

cultivation of 2 days the leaf pieces were washed two times (sterile ddH2O; 250 µg/ml 

carbenicillin [carb] and cefotaxime [cef]) and placed on selection medium (RMOP, 2.5 µg/ml 

phosphinotricine [ppt], 250 µg/ml carb and cef). The selection medium was refreshed weekly 

and the callus was cut to provide good contact with the medium. After 4-6 weeks resistant 

shoots were cut and placed on MS medium (5 µg/ml ppt; 250 µg/ml carb and cef). When the 

shoots developed roots they were transferred to soil or to semi sterile culture for seed 

production. 

2.11 Rapid DNA isolation for PCR analysis 

A small leaf piece (area ≤ 10 mm2) was homogenized in 400 µl extraction buffer (200 mM 

Tris/HCL; pH 7.5; 250 mM NaCl; 25 mM EDTA; 0,5% w/v SDS) using two stainless steel 

bearing balls (Ø = 4 mm), a 2 ml reaction tube (Eppendorf) and a bead-beater (MM300, 

Retsch) for 2 min at a frequency of 30 Hz. The homogenate was centrifuged (16,000 g; 4°C) 

for 10 min and 300 µl of the supernatant was mixed with 300 µl isopropanol in a new reaction 

tube. After 2 min incubation at room temperature the solution was spun (16,000 g; 4°C) for 

15 min, the supernatant was discarded and the pellet was air-dried. To dissolve the DNA from 

the dried pellet, 100 µl ddH2O was added without mixing and incubated at 4°C over-night. 

For one PCR reaction 1 µl of the DNA solution was used. The solution could be stored at 

minus 20°C.  

2.12 RNA isolation and gel blot analysis 

Total leaf RNA and immunoprecipitated RNA was isolated with TriPure Isolation Reagent 

(Roche) as recommended by the provider. For gel blot analyses glyoxylated RNA was 

electrophoresed as described (Westhoff and Herrmann, 1988) and transferred to a nylon 

membrane (Biodyne A® 0,45 µM, PALL) with a set up capillary blot using 20x saline 

sodium citrate (SSC) transfer buffer. After the transfer the membrane was washed in 2x SSC 

and UV-crosslinked (Stratagene UV 1800). Hybridization probes were generated by T4 

polynucleotide kinase (New England Biolabs) mediated end labeling of oligonucleotides with 

[32P] γ-ATP (Hartmann Analytic) or by random labeling of PCR products using Klenow 

fragment polymerase (Fermentas) with [32P] dCTP (Hartmann Analytic). Hybridization was 
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performed with ExpressHybTM hybridisation solution (BD Biosciences; USA) according to 

the user´s manual. 

2.13 Spectroscopic analysis 

Chlorophyll a fluorescence induction kinetics were measured using pulse modulated 

fluorometers (Imaging-PAM; Dual-PAM-100; PAM101, Walz). For the measurement of P700 

absorbance changes PAM101 was used. All spectroscopic analyses were performed as 

described (Meurer et al., 1996). The quantum yield of photochemical energy conservation 

(ɸPSI) and the quantum yield of non-photochemical energy dissipation due to donor side 

limitation (ɸPSI ND) were calculated as described (Klughammer and Schreiber, 1994). 

2.14 Fluorescence imaging 

The stable expressed HCF145-GFP fusion in the hcf145-2comgfp was visualized in guard cells 

using a fluorescence microscope (Axio Imager, Zeiss). 

2.15 Measurements of PSII photoinhibition and recovery 

Small leaves or leaf discs (Ø 8-10 mm) were pre-treated for 20 min in ddH2O or in 

lincomycin (200 mg/l) for 20 min in the darkness. The leaves were placed on wet filter paper 

(Whatman®) in a petri dish and were covered with wet lens tissue paper (Macherey-Nagel). 

The maximum quantum yield of PSII was measured after each hour of application of 

photoinhibitory light by the Imaging PAM (Walz). The recovery from photoinhibition was 

measured by application of low light (5 µmol photons m-2 s-1) from an external light source 

and the effective quantum yield of PSII was measured each hour by the Imaging PAM 

(Walz). 

2.16 77K fluorescence measurement 

Thylakoids set to a concentration of 10 µg chlorophyll/ml were transferred into a glass 

capillary (0.7-mm internal diameter) and were carefully frozen in liquid nitrogen. 

Fluorescence was excited at 430 nm and the slits used were in the range of 1 to 2 nm. The 
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emission was recorded between 670 and 770 nm using a Jobin Yvon Spex Fluorolog 

spectrofluorometer (Hamamtsu R 374).  

2.17 Protein analysis and immunoprecipitation 

Thylakoid membrane proteins and soluble chloroplast proteins were isolated as described 

(Stoppel et al., 2011). For total protein isolation fresh or frozen plant material was 

homogenized in isolation buffer (10 mM EDTA; 2 mM EGTA; 50 mM Tris-HCl; pH 8,0; 

10 mM DTT; proteinase inhibitor cocktail, Roche). Soluble and membrane proteins were 

separated in 10% and 15% SDS-PAGE (Laemmli, 1970) and transferred to 

polyvinylidenfluorid (PVDF) membrane (ImmobilonTM 0,45µm, Millipore). For the detection 

of small proteins (≤ 10 kda) Tricine-SDS-PAGE (≥ 15%), shorter transfer times and 

membranes with a smaller pore size were used (0,2 µm PVDF; 0,1 µm nitrocellulose 

membrane). Co-immunoprecipitation experiments were performed with soluble chloroplast 

proteins of wild type and hcf145-2comgfp using magnetic beads (GFP-Trap®, Chromotek) as 

recommended by the provider. 

2.18 Separation of thylakoid membrane complexes by BN-PAGE 

Thylakoid membranes were dissolved in ice-cold ACA Puffer (750 mM aminocaproic acid; 

50 mM Bis-Tris pH 7; 5 mM EDTA-Na2) to a concentration of 0,375 µg chlorophyll/µl. 

Subsequently, the thylakoids were solubilized on ice for 10 min by the addition of 10% β-

dodecyl-maltoside to a final concentration of 1%. After centrifugation (20 min; 14000 g; 4°C) 

the supernatant was mixed with BN-loading puffer (750 mM aminocaproic acid; 5% Serva-G 

250). Per lane solubilized thylakoid membrane complexes appropriate to 10-50 µg of 

chlorophyll were separated in a 4–12% BN-PAGE as described (Schwenkert et al., 2006). The 

gel was used for western blot of the first dimension or the lanes were cut and stored at -20°C. 

To perform a second dimension SDS-PAGE, the lanes were incubated 20 min at room 

temperature in denaturing buffer (2% SDS; 66,7 mM Na2CO3; 100 mM DTT). The separated 

proteins were transferred to PVDF or nitrocellulose membrane for western blot or the gels 

were stained with silver or colloidal coomassie. 
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2.19 Topology studies on PsbN 

Topology studies were basically performed as described (Karnauchov et al., 1997).  

Salt treatment of thylakoid membranes 

Freshly isolated thylakoid membranes were resuspended at 0.5 mg chlorophyll/ml in HS 

buffer (0.1 M sucrose; 10 mM HEPES-NaOH pH 8.0) or in HS buffer containing 2 M NaBr, 

2 M NaSCN, 0.1 M Na2CO3, and 0.1 mM NaOH, respectively. After 1 h incubation on ice, 

the samples were diluted with two volumes of HS buffer and separated into pellet and soluble 

fraction by centrifugation (20.000 g; 4°C; 10 min) 

Protease treatment of thylakoid membranes 

Freshly isolated thylakoids were resuspended at 0.5 mg chlorophyll/ml in HS buffer and 

sonified 20 times for 3 sec on ice, to form about 50% inside-out vesicles. Thylakoids and 

inside-out vesicle thylakoids were treated with the protease thermolysin (200 µg/ml) on ice. 

The proteolysis was stopped by supplementation of 20 mM EDTA. Thylakoids were washed 

with HS buffer containing EDTA (20 mM) and separated by SDS-PAGE.  

2.20 In vivo labeling of chloroplast proteins 

Leaf discs (Ø 4 mm) were incubated with labeling buffer (1 mM KH2PO4 pH 6.3; 0.1% 

Tween-20; cycloheximide 20 µg/ml) for 30 min to suppress protein synthesis in the cytosol. 

After addition of [35S]-methionine (Hartmann Analytics) at a final concentration of 

0.7 mCi/ml the leave discs were vacuum infiltrated and incubated in the light. Before protein 

isolation the leave discs were washed two times with 20 mM Na2CO3. 
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3. Results 

3.1 HCF145 stabilizes psaA-psaB-rps14 transcripts 

The previously described hcf145-1 mutant accumulates less than 10% of the tricistronic psaA-

psaB-rps14 mRNA as compared to the WT (Lezhneva and Meurer, 2004). This precursor 

RNA is produced by the plastid-encoded polymerase (PEP). Run on analysis revealed that the 

nucleus-encoded factor HCF145 is involved primarily in psaA-psaB-rps14 mRNA 

stabilization rather than in transcription of the tricistronic psaA gene cluster in Arabidopsis 

(Lezhneva and Meurer, 2004). Other deficiencies on the transcript and translational level were 

not observed at that time using RNA gel blot, array and in vivo labeling analyses (Lezhneva 

and Meurer, 2004; Cho et al., 2009).  

The tetracistronic ycf3-psaA-psaB-rps14 precursor which is generated by the NEP 

accumulates at slightly higher rates. Both precursors have the same 3’ end indicating that the 

determinant for RNA stabilization is located at the 5’ end of the tricistronic transcript 

(Lezhneva and Meurer, 2004). The monocistronic rps14, which results from cleavage of the 

precursor RNAs, accumulates at almost WT-comparable levels. According to reduced psaA-

psaB-rps14 mRNA levels, amounts of PSI were reduced to a similar degree. In order to 

identify the nuclear HCF145 gene the hcf145-1 mutant has been mapped roughly on the upper 

arm of chromosome 5 in-between the molecular SSLP markers nga158 and nga151 

(http://www.arabidopsis.org) located at positions 1.69 and 4.67 Mbp, respectively (Lezhneva 

and Meurer, 2004).  

Further mapping using 1281 F2 mutant plants derived from backcrosses to the 

Arabidopsis accession Landsberg erecta localized the mutation at the map position of about 

2.8 Mbp with zero recombinants in the region covered by the two bacterial artificial 

chromosomes T2K12 and T5E8. A dozen T-DNA insertion lines around this region were 

ordered and analyzed preliminary by chlorophyll fluorescence imaging. One Salk_01411 line 

of the AT5G08720 locus (hcf145-2) showed all characteristics of a seedling lethal 

photosystem I mutant, which all resembled the hcf145-1 phenotype (Lezhneva and Meurer, 

2004). Sequencing of the AT5G08720 locus in hcf145-1 identified a deletion of 39 nucleotides 

including the guanine residue of the 3’ junction of intron eight. 
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3.1.1 Comparison of two allelic mutations in the AT5G08720 locus 

3.1.1.1 Genotyping analysis 

To confirm the 39 nucleotide deletion in intron 8 of the AT5G08720 locus in the previously 

described hcf145-1 line (Lezhneva and Meurer, 2004), a polymerase chain reaction (PCR) 

analysis using the oligonucleotides ex8-for and ex10-rev2 was performed (Figure 5A/B). The 

reaction amplified a fragment of 409 bp for the wild type and a fragment of 372 bp for 

hcf145-1 mutants. In the heterozygous mutants the PCR amplified as expected both 

fragments. Furthermore a third band migrating at higher molecular weight appeared which is 

likely to represent mismatching annealing products of the larger wild-type and smaller mutant 

allele fragments (Figure 5B).  

To approve the presence of the T-DNA insertion in exon 8 of the hcf145-2 mutant, two 

separate PCR reactions were carried out. The first reaction with the oligonucleotides ex7-for 

and ex10-rev1 amplified a fragment of 850 bp in the wild type and heterozygous mutants, 

while no fragment was obtained from T-DNA insertion line hcf145-2. In the second reaction 

with the oligonucleotides ex10-rev1 and LBb1, a fragment of 582 bp was only obtained from 

the heterozygous and homozygous hcf145-2 mutants, confirming a T-DNA insertion in the 

exon 8 of the AT5G08720 locus (Figure 5C). 
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3.1.1.2 Spectroscopic analysis 

The hcf145-1 and hcf145-2 mutant plants displayed a comparable phenotype. Both lines 

appeared pale and were only able to survive on sucrose-supplemented medium (Figure 6A). 

Also the photosynthetic performance was comparable as revealed by chlorophyll a 

fluorescence measurements and P700 absorbance kinetics. The singlet-excited states of 

chlorophyll could hardly be quenched upon application of actinic light in both hcf145 mutant 

lines resulting in a strong hcf phenotype (Figure 6A/B). The maximum and the effective 

quantum yield of PSII was 0.54 ± 0.05 and 0.11 ± 0.04 as compared to 0.81 ± 0.01 and 0.76 ± 

0.03 in the WT, respectively.  

The P700 absorbance kinetics was below the limit of detection as shown before in hcf145-1 

and other PSI mutants (Meurer et al., 1996; Lezhneva and Meurer, 2004; Figure 6C). 

Figure 5. Genotyping of two allelic mutants in the AT5G08720 locus. (A) Scheme of the HCF145 gene, 

consisting of ten exons (1-10). The positions of the 39 base pair (bp) deletion mutation in hcf145-1 and 

the T-DNA insertion in hcf145-2 as well as the binding sites of oligonucleotides used for PCR analysis 

are indicated. RB, right boarder of the T-DNA. LB, left boarder of the T-DNA. (B) and (C) PCR 

analysis to identify wild type (WT), heterozygous mutants (Het), hcf145 mutants and complemented 

(com) lines using the oligonucleotides indicated on the left. Fragment sizes are indicated on the right. 

Asterisks mark mismatching annealing products of wild-type and mutant allele fragments. For details, 

see text. 
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3.1.1.3 Complementation analysis 

The generation of hcf145-1com mutants was performed by Dr. Lina Lezhneva. The full-

length hcf145 cDNA was used for complementation test in heterozygous hcf145-1 plants, 

while the cDNA fused to GFP was used in heterozygous hcf145-2 plants. The transgenes 

were expressed under the control of the cauliflower mosaic virus 35S promoter. Transformed 

plants were selected after the treatment with “BASTA” and homozygous mutants were 

identified by PCR analysis (Figure 5A).  

In the PCR analysis of the hcf145-1com lines a fragment of the same size as in the 

hcf145-1 line and a fragment from the transformed cDNA of 243 bp were amplified. Similar 

to the heterozygous hcf145-1 lines a third mismatching annealing product of larger size 

appeared in the hcf145-1com lines (Figure 5B). The first PCR reaction of the complemented 

line hcf145-2comgfp amplified only a fragment corresponding to the size expected from the 

hcf145 cDNA. In the second PCR analyses a fragment with the same size as in the mutant and 

heterozygous lines was obtained (Figure 5C). The constitutive expression of the introduced 

cDNA restored the wild-type growth and hcf phenotype in both hcf145 lines (Figure 6A). This 

proved that the observed defects of the mutants are solely caused by the lack of HCF145. 

3.1.1.4 Immunological analysis 

Previously, the impaired accumulation of PSI proteins in the hcf145-1 line was extensively 

studied (Lezhneva and Meurer, 2004). To confirm a similar PSI deficiency in both allelic 

hcf145 lines, immunological analyses with total protein extracts were performed (Figure 6D). 

In the extracts of both mutant lines PsaA was hardly detectable, while in both complemented 

lines a signal with higher intensity than 50% of wild-type levels was observed. The PSII 

subunit PsbH accumulated in both mutant lines to amounts comparable to those in the wild 

type and complemented lines. This again shows that both allelic mutations cause a primary 

defect in the accumulation of PSI and that the overexpression of the hcf145 cDNA could 

nearly fully restore this defect in both mutants.  
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Figure 6. Spectroscopic and immunological analyses of Arabidopsis hcf145 mutants. (A) Photographs and 

chlorophyll a fluorescence image of dark adapted 3-week-old plants grown on sucrose supplemented 

medium at 10 µmol photons m-2 s-1. The color gradient bar scales the relative fluorescence values. (B) 

Chlorophyll a fluorescence kinetic and (C) P700 redox kinetics. (B) and (C) Strokes indicate saturating 

light pulses and the grey bars indicate the duration of actinic light (AL) or far red light (FR) application. 

(D) Immunoblot analyses using the antisera for the PSI core subunit PsaA and the PSII subunit PsbH. 

Protein loading correspond to 4, 2 and 1µg of chlorophyll (100, 50 and 25 respectively). CBB, Coomassie 

blue 
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3.1.2 HCF145 is localized to the chloroplast 

Although many public available prediction programs proposed a chloroplast localization of 

HCF145, in the Arabidopsis Information Resource (TAIR) and the Universal Protein 

Resource (UniProt) it is also predicted to be localized in mitochondria. This is because 

peptides of HCF145 were found in a proteome analysis in the mitochondria (Heazlewood et 

al., 2004). Expression of the HCF145-GFP fusion in the hcf145-2 lines showed a spotted GFP 

fluorescence exclusively in chloroplasts of stomata cells, confirming the subcellular 

localization within this organelle (Figure 7A).  

3.1.3 HCF145 consists of two duplicated and conserved domains 

HCF145 has a modular organization and consists of an N-terminal transit peptide for 

chloroplast import (TP) followed by two highly conserved motifs (145motif-1 and 

145motif-2/Figure 7B/Appendix), which belong to the SRPBCC (START/RHO 

alpha C/PITP/Bet v1/CoxG/CalC) ligand-binding domain superfamily (Radauer et al., 2008). 

Furthermore two additional unknown repeated motifs (TMR1 and TMR2) with the consensus 

sequence MP4xL3xGRxDLxxAI2-3xHGG3xVAxL5-27xGYW were identified at the C-

terminus (Figure 7B/Appendix). In Arabidopsis 37 proteins, most of them with unknown 

function, belong to the SRPBCC superfamily. Notably, this annotation is rather based on 

proposed structural than on sequence similarities. Among these structurally related SRPBCC 

superfamily proteins found in Arabidopsis only one protein 145motif-like (145motif-L) shows 

some sequence similarities to HCF145 (Figure 7B). 145motif-L also contains an N-terminal 

extension but otherwise consists of only one SRPBCC domain with about 60% similarity to 

both 145-motifs. A homologous protein of 145motif-L could also be found in some 

cyanobacteria (Figure 7B).  

The two additional repeated motifs at the C-terminus of HCF145 consist of 68 and 69 

amino acid residues and are separated by only one amino acid residue (Figure 7B). 

Remarkably, similar C-terminal motifs are found as multiple repeats in quite diverse proteins 

of some algae and one protein with three repeated TMR motifs in the cyanobacteria 

Microcoleus sp. PCC 7113. Homologues of HCF145 found in some members of the green 

algae have a modular organization like HCF145 with two truncated forms of the SRBPCC 

domains and two TMR motifs (Figure 7B). But except these, none of the TMR proteins found 

in algae and cyanobacteria contain sequences with similarities to the SRPBCC domain. 
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Figure 7. Subcellular localization and structure of HCF145. (A) Fluorescence microscope pictures of the 

HCF145-GFP fusion in the chloroplasts of hcf145-2comgfp guard cells (B) In Embryophyta HCF145 

proteins have a N-terminal chloroplast transit peptide (TP), two duplicated ligand-binding domain 

superfamily motifs (SRPBCC) called 145motif-1 and 145motif-2 (145-1 and 145-2), and two duplicated 

transcript binding motif repeat (TMR) domains. The mutations found in the hcf145-1 and hcf145-2 lines 

are localized in the TMR motifs. HCF145 proteins of Chlorophyta have truncated versions of the 

145motifs. One related plant protein 145motif-like (145motif-L) has a predicted transit peptide and a 

homologous SRPBCC motif (145-L). A homologue of 145motif-L is present in cyanobacteria. TMR 

proteins with TMR motifs of diverse compositions are found in cyanidiales, chlorophyta and 

cyanobacteria. 
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3.1.4 The function of HCF145 is conserved among Embryophyta 

To prove conservation of function HCF145 knockouts were investigated in an early member 

of land plants, the moos Physcomitrella patens (Figure 8 and Figure 9, collaboration with 

Prof. W. Frank, LMU, Biocenter). The pphcf145 mutants were less green and grew slower 

than the wild type, and showed a hcf phenotype (Figure 8A/B). In strong contrast to 

Arabidopsis hcf145 and other PSI mutants, the maximum quantum yield of PSII was 

unchanged in Physcomitrella hcf145 knockouts (0.70 ± 0,00 and 0.69 ± 0.01, respectively) as 

compared to the WT (0.69 ± 0.02) demonstrating a functional PSII activity. Upon application 

of actinic light the fluorescence could hardly be quenched in the mutants, indicating 

disturbances in the photosynthetic electron transport rate (Figure 8C). 

PSI activity was estimated by measuring light-induced P700 absorbance changes. The 

detected signal in the WT was comparable to that obtained in Arabidopsis (Lezhneva and 

Meurer, 2004). Under growth light conditions PSI was about 18% oxidized and short 

saturating light pulses of 600 ms were sufficient to induce a complete reduction of PSI in far 

red background light. In the mutants the signal was below the limit of detection, even when 

using a higher sensitivity for measurements, demonstrating a severe loss of PSI activity 

(Figure 8C). A specific PSI deficiency could also be confirmed by immunological analysis of 

three independent pphcf145 mutants. All mutants accumulated only about 25% of PsaA, while 

levels of the PSII core subunit D2 (PsbD) were unchanged, as compared to the WT (Figure 

9A).  

The organization of the plastid ycf3-psaA-psaB-rps14 gene cluster, the localization of 

the two ycf3 introns, and the psaA 5’ UTR are conserved in land plants including mosses 

(Figure 9B/ Appendix). Hybridization with specific probes of the ycf3 and psaA genes yielded 

two lower and two higher abundant transcripts in RNA gel blot analysis of the WT, 

respectively (Figure 9C). According to their sizes, the higher abundant transcripts are most 

likely produced by the PEP.  

A marked difference to higher plants is the presence of two instead of one abundant 

transcript which is generated by the PEP (Lezhneva and Meurer, 2004; Cho et al., 2009). 

Therefore, it is likely that endonucleolytic processing in the psaB-rps14 intergenic region 

results in the accumulation of a second abundant transcript generated by the PEP in 

Physcomitrella patens. This was tested by using a specific probe of the rps14 gene, which 

resulted in only one tetracistronic and one abundant tricistronic transcript (Figure 9C). 



  Results S. 34 

 

Figure 8. Growth and spectroscopic phenotype of pphcf145. (A) Wild type (WT) and pphcf145-1 grown 

with and without glucose (Glu) at 80 and 10 μmol photons m-2s-1. (B) Chlorophyll fluorescence of WT and 

the pphcf145-1. (C) Chlorophyll a fluorescence and P700 redox kinetics in WT, pphcf145-1 and pphcf145-2. 

Strokes indicate saturating light pulses and the bars indicate the duration of actinic light (AL) or far red 

light (FR) application. The pphcf145 mutants were generated and photographed by Dr. Muhammad Asif 

Arif. 

 

Accordingly, processing of both precursor transcripts produces tricistronic ycf3-psaA-psaB 

and dicistronic psaA-psaB transcripts. The three mutants were unable to accumulate the two 

abundant psaA-psaB-rps14 and psaA-psaB transcripts both generated by the PEP, while the 

larger low abundant transcripts of the NEP appeared at normal levels (Figure 9C). As 

observed in the Arabidopsis hcf145 mutant (Lezhneva and Meurer, 2004), precursors 

generated by the NEP are stable and only transcripts starting with the psaA 5’ UTR are 

unstable in the corresponding Physcomitrella mutants.  

The specificity of this phenotype was tested using a psbA specific probe. As expected, 

psbA transcripts were unchanged in the pphcf145 mutants (Figure 9C). This illustrates that the 

function of HCF145 is conserved among Embryophyta and that the target of HCF145 is very 

likely located in the psaA 5’ UTR. Inspection of this region in Embryophyta demonstrates a 

high conservation directly downstream of the psaA transcription start (Appendix). 
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Figure 9. Immunological and RNA gel blot analyses of pphcf145. (A) Immunoblot analysis with specific 

antibodies for PsaA and D2. CBB, Coomassie blue. (B) Gene model of the NEP generated tetracistronic 

ycf3-psaA-psaB-rps14 transcripts and the PEP generated tricistronic psaA-psaB-rps14 transcripts. The ycf3 

introns (I1 and I2) and the rps14 processing site (arrow) are indicated. (C) RNA gel blot analysis using 

10 µg total RNA of wild type and pphcf145 lines and hybridization probes specific for psaA, rps14 and 

psbA. rRNA, ribosomal RNA. Unprocessed NEP (N+) and PEP (P+) generated transcripts and processed 

NEP (N-) and PEP (P-) transcript are indicated next to the corresponding band. RNA gel blot analyses 

were performed by Dr. Muhammad Asif Arif. 
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3.1.5 Light-induced accumulation of HCF145 

Antibodies were raised against an epitope of the C-terminus of HCF145 partially covering the 

second TMR domain. The limit of detection of HCF145 lay in the range of about 20 fmol as 

revealed by titration analysis indicating an exceedingly satisfactory sensitivity of the 

antibodies. Since the endogenous HCF145 could not be detected in Arabidopsis wild-type 

plants using various growth conditions and isolation methods, the light induced expression of 

HCF145 was investigated.  

For that purpose, total protein extracts of seedlings germinated for 8 days in the light, 

for 8 days in darkness and after exposure to 4, 8, 24 and 96 hours of light, were analyzed 

immunologically. Most chloroplast proteins usually accumulate after several hours of light 

induction of dark-grown seedlings (Meurer et al., 1998; Torabi et al. 2014). In contrast, 

HCF145 accumulated in dark grown seedlings and the signal disappeared during light 

induction, whereas the nucleus encoded subunit of the water splitting complex PsbP and the 

PSII core antenna CP47 could not be detected in the dark samples but accumulated upon light 

induction (Figure 10A).  

To address the question whether HCF145 is a soluble or a membrane associated 

protein, the protein extracts of 8 hour illuminated seedlings were fractionated into soluble and 

membrane proteins. The immunological analysis revealed that HCF145, migrating at about 

75 kDa, is mainly found in the soluble protein fraction (Appendix). The specificity of the 

antibody was tested by the comparison with complemented lines expressing various tagged 

versions of HCF145. All three recombinant forms could be identified by their size, whereas 

the WT version was lacking in all complemented lines (Appendix).  

3.1.6 Light- and stress-dependent expression of HCF145  

To investigate the regulation of hcf145 and psaA transcript levels under different 

environmental conditions, 3-week-old Arabidopsis plants were subjected to various light and 

stress conditions (Figure 10B). After 24 h of dark, far red light (FR) and red light (RL) the 

hcf145 transcript levels decreased notably, while the psaA transcript levels significantly 

increased in the dark and were unchanged in FR and RL. Cold incubation at 4°C for 24 h did 

not show any effect whereas 40°C heat stress for 1 h induced a significant down regulation of 

hcf145, while the psaA transcript levels remained stable.  
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Upon treatment with the PSII inhibitor DCMU (Hsu et al., 1986), hcf145 and psaA transcript 

levels increased substantially. The stressor paraquat, which induces oxidative stress by H2O2 

production (Laloi et al., 2007), led to a significant decrease of both transcript levels (Figure 

10B).  

 

 

Figure 10. Changes in the expression level of HCF145 under various conditions. (A) Immunological 

analysis of HCF145, PsbP and CP47 accumulation during deetiolation. 8-day-old etiolated Arabidopsis 

seedlings were illuminated with 50 μmol photons m-2s-1 for 4, 8, 24 and 96 hours. Seedlings grown for 8 

days in the light were used for comparison. (B) HCF145 and PsaA transcript accumulation in 3-week-old 

Arabidopsis plants grown at 50 μmol photons m-2s-1 and after 24 h incubation in the dark, in far red light 

(720 nm, 1 µmol photons m-2s-1), in red light (660 nm, 20 μmol photons m-2s-1), at 4°C (cold), in 50 µM 

DCMU and Paraquat, and after 1 h incubation at 40°C (heat). MB, Methlyene blue. The RNA gel blot 

analyses were performed by Dr. Nikolay Manavski.  
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3.1.7 HCF145 is a rate limiting factor of PSI accumulation 

RNAi lines in tobacco were generated to compare different suppression levels of HCF145. 

Most of the lines had a paler appearance than the wild type and displayed a hcf phenotype. 

For further analyses, four different lines were selected according to their growth rate and 

paleness.  

Fluorescence analysis clearly showed that all these RNAi lines (nthcf145i1-

nthcf145i4), were unable to fully quench singlet-excited states of chlorophyll upon application 

of actinic light. The P700 redox kinetic measurements of PSI approved that all lines exhibited 

a significantly reduced PSI activity (Figure 11 A/B). In nthcf145i-1 and nthcf145i-2 P700 

activity was reduced to about 40% and 8% as compared to the WT, respectively. In 

nthcf145i-3 and nthcf145i-4 the signal was at the limit of detection even when using a higher 

sensitivity for measurements (Figure 11B).  

To test if the reduced PSI activity measured in the RNAi lines is linked to a loss in PSI 

accumulation, immunological analyses using antisera specific for PsaA were performed. In 

the lines nthcf145i-1 and nthcf145i-2 PsaA accumulated to about 50% and less than 25% as 

compared to the WT levels, respectively. In nthcf145i-3 and nthcf145i-4 the PsaA signal was 

barely detectable (Figure 11D). Thus the reduced PSI activity corresponds to reduced PSI 

levels in the RNAi lines. 

RNA gel blot analyses were then performed to investigate psaA/B transcript levels in 

transgenic knock down lines. In all four lines amounts of psbB RNAs were not changed but 

those of psaA transcripts were considerably reduced with the lowest reductions in nthcf145i-1 

(~75%) and the strongest in nthcf145i-4 (<25%) (Figure 11C). This demonstrates that even 

slight reduction of psaA RNA levels induces a considerable loss of PsaA and PsaB proteins 

and that the function of HCF145 in regulating psaA-psaB-rps14 transcript levels is likely to 

be rate limiting for the amounts of PSI. 
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Figure 11. Various degrees of PSI deficiencies among HCF145 RNAi lines in tobacco. (A) Chlorophyll a 

fluorescence kinetic and (B) P700 redox kinetics in 6-week-old wild type and nthcf145i lines grown at 

10 μmol photons m-2s-1 on sucrose supplemented medium. Strokes indicate saturating light pulses and the 

bars indicate the duration of actinic light (AL) or far red light (FR) application. (C) RNA gel blot analysis 

of wild type and nthcf145i lines using strand specific 80mer oligonucleotides for psaA and psbB. Total RNA 

loading correspond to 8, 4, and 2 µg (100, 50, 25 respectively). Ribosomal RNA (rRNA) was stained with 

Methylen blue. (D) Immunological analysis of thylakoid membrane proteins isolated from wild type and 

nthcf145i lines using specific antisera for PsaA. Protein loading correspond to 4, 2 and 1 µg of chlorophyll. 

CBB, Coomassie blue  
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3.1.8 HCF145 is associated to the 5’ UTR of psaA transcripts 

To prove whether HCF145 is associated with the 5’ UTR of psaA transcripts in vivo, RNA co-

immunoprecipitation studies were performed. For this purpose, HCF145-GFP fusions were 

immunoprecipitated from chloroplast extracts of hcf145comgfp and WT control plants using 

GFP-Trap®. This successfully resulted in an enrichment of the HCF-GFP fusion in the pellet 

fraction when using hcf145comgfp line (Figure 12A). No signal was obtained in the WT 

sample. Subsequently, co-precipitated RNA was isolated from the supernatants and the pellets 

and spotted on a nylon membrane using a slot blot apparatus. Hybridization of the slots with 

radiolabelled probes revealed that HCF145-GFP fusions preferentially precipitated the psaA 

5’ UTR and much less efficiently the petB 3’ UTR indicating that HCF145 is specifically 

associated to the psaA 5’ UTR (Figure 12A).  

To narrow down the target site of HCF145 within the psaA 5’ UTR, the precipitated 

RNAs were hybridized with probes subdividing the entire UTR into three non-overlapping 

parts (Figure 12B). It appeared that HCF145-GFP precipitated the very 5’ part of the psaA 5’ 

UTR with much higher specificity than the middle and the 3’ part. Therefore it could be 

assumed that HCF145-GFP is specifically associated with the 5’ region of the psaA 5’ UTR. 

 

Figure 12. HCF145-GFP fusion is associated with the 5’ UTR of psaA. (A) Immunoprecipitation (IP) 

analysis with solubilized chloroplasts of wild type (WT) and hcf145comgfp lines. Immunological analysis of 

IP protein fractions separated by SDS-PAGE with specific antisera against GFP (upper part). Slot blot 

analysis of RNA isolated from the IP using probes specific for psaA and petB (lower part). (B) Slot blot 

analysis using three hybridization probes (psaA-1, -2, -3) covering the psaA 5’ UTR. The analyses were 

performed by Dr. Nikolay Manavski. 
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3.2 PsbN is required for the assembly of the PSII RC 

3.2.1 Localization and topology of PsbN 

For biochemical studies antibodies against the short hydrophilic C-terminal part of PsbN were 

raised. Washing experiments with different chaotropic and alkaline salt solutions proved the 

predicted hydrophobic membrane spanning helix in the N-terminal part of PsbN. The 

periphery thylakoid membrane protein PsbO could be washed off to different extents, while 

PsbN stayed completely in the thylakoid fraction irrespective off the salt solution used for 

washing (Figure 13A).  

The localization of PsbN within the thylakoid system, was investigated by our 

collaboration partners in the lab of Prof. Wolfgang P. Schröder. Therefore, thylakoids 

separated into grana and stroma lamellae were analyzed immunologically. Interestingly, PsbN 

was highly enriched in the stroma lamellae, showing that this protein is not co-localized with 

PSII in the grana regions of the thylakoid membranes (Torabi et al., 2014).  

To reveal the orientation of PsbN in the membrane, thylakoids were treated with the 

protease thermolysin followed by immunodecoration (Figure 13B). The lumenal PsbO protein 

was protected inside the thylakoid vesicles whereas PsbN was digested within 60 sec 

demonstrating that its C-terminus is exposed to the stroma. To strengthen this finding, inside-

out vesicles were generated by sonication of the thylakoids prior the protease treatment. This 

resulted in a partial digestion of PsbO and a partial resistance of PsbN, showing that the 

C-terminus of PsbN was now to some extend protected inside the vesicles (Figure 13B).  

Figure 13. Topology and localization of PsbN 

in the thylakoid membrane. (A) Thylakoids 

were fractionated into pellet (P) and 

supernatant (S) after washing with different 

salt-containing buffers, and analyzed 

immunologically with specific antisera 

against PsbN and the luminal extrinsic PSII 

protein PsbO. (B) Thylakoids and inside-out 

vesicles obtained after sonication of 

thylakoids were incubated with (+) and 

without (-) thermolysin for 1 min and 

analyzed using specific antisera for PsbN and 

PsbO. 
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3.2.2 Light-induced expression of PsbN 

The expression of the PsbN protein was followed in greening experiments with etiolated 

Arabidopsis seedlings and compared with the expression of the light-responsive thylakoid 

proteins PsaA, HCF136, D1, and PsbH (Figure 14). The plastid-encoded subunits PsaA of 

PSI, D1 and PsbH of PSII were first detectable after 24 hours of light exposure. The nucleus 

encoded factor HCF136 required for early PSII assembly (Meurer et al., 1998b), was already 

detectable in dark grown seedlings and accumulated continuously after light induction. In 

contrast significant amounts of PsbN were already present in the etiolated seedling and 

increased rapidly within 4 hours reaching the maximum after 8 hours illumination. Levels of 

PsbN decreased after 24 hours illumination and remained constant thereafter (Figure 14).  

 

 

 

3.2.3 Targeted inactivation of the PsbN gene 

To elucidate the function of PsbN, transplastomic PsbN knock-out tobacco plants were 

generated by Dr. Pavan Umate. Therefore a spectinomycin resistance cassette (aadA cassette) 

was introduced into the 5’ region of the PsbN gene (Figure 15A). To consider possible effects 

of the transcription direction on the other genes of the psbB operon, the cassette was 

introduced in forward and reverse direction into PsbN.  

 

Figure 14. Light dependent expression of PsbN. 

Eight-day-old etiolated seedlings grown in the 

dark were illuminated for 4, 8, 24, and 96 h 

respectively and compared with eight-day-old 

seedlings grown in the light. Total proteins 

extracts were analyzed with specific antisera for 

PsbN, PsaA, HCF136, D1 and PsbH. For loading 

control the transferred proteins were stained 

with Coomassie blue (CBB). 
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PCR analysis using the oligonucleotides psbTc-for, psbH-rev, and aadA-for confirmed the 

homoplastomic state and the orientation of the aadA cassette insertion in the transplastomic 

∆psbN-F and ∆psbN-R lines (Figure 15B).  

The PCR amplified a 569 bp product in the wild type and an aadA-containing 

fragment of 1.504 bp in the ∆psbN-F and ∆psbN-R lines. The aadA specific oligonucleotide 

aadA-for amplified only fragments for the ∆psbN-F and ∆psbN-R templates with sizes of 

846 bp and 778 bp, respectively. This confirmed the insertion and orientation of the selection 

cassette in both mutant lines (Figure 15B). 

3.2.4 Transcript profile of the psbB operon in ∆psbN-F and ∆psbN-R  

The transcript accumulation of genes located upstream and downstream of psbN within the 

psbB operon was estimated by RNA gel blot analysis using strand-specific probes (Figure 

15C).  

The prominent 2.0 kb dicistronic psbB-psbTc transcript is not processed further to 

monocistronic transcripts in tobacco (Umate et al., 2008; Krech et al., 2013). Expression of 

this mRNA was not affected in both mutant lines (Figure 15C). As desired, the monocistronic 

psbN transcript could not be detected in both mutant lines, while it was present in the wild 

type. A strong signal of about 1.5 kb, corresponding to aadA transcripts containing truncated 

psbN sequences, was obtained in ∆psbN-F when using psbN specific oligonucleotides (Figure 

15C).  

The psbH and petB transcript levels were reduced in ∆psbN-F and several fold 

increased in ∆psbN-R (Figure 15C). This up-regulation of the downstream located gene 

expression in ∆psbN-R, is likely caused by the introduction of the constitutively strong 

expressed aadA cassette into the psbB gene cluster. Probably, the introduction of an additional 

promotor on the opposite strand to the psbB gene cluster in ∆psbN-F might partially inhibit 

the transcription of the downstream located genes of the insertion site. 
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Figure 15. Disruption of the plastid PsbN gene. (A) Strategy to insert a spectinomycin resistance marker 

(aadA) cassette into an artificial HpaI site into the 5’ region of psbN within the psbB gene cluster. 

Plasmids (pDrive) carrying the aadA cassette in forward (F) or reverse (R) orientation to the PsbN 

coding frame were used for transformation of the wild-type (WT) tobacco plastome resulting in two 

knockout lines ∆psbN-F and ∆psbN-R, respectively. Arrows indicate the position of primers used for 

cloning and PCR analysis. (B) Oligonucleotides psbTc-for, psbH-rev, and aadA-for were used to confirm 

the homoplastomic state of ∆psbN-F and ∆psbN-R. (C) RNA gel blot analysis using strand specific 

oligonucleotides for psbB, psbN, psbH and petB. Loading correspond to eight and one microgram of total 

leaf RNA (1 and 1/8). Ribosomal RNA (rRNA) was stained with methylene blue. 
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3.2.5 Establishment of a semi-sterile culture technique 

Two independently generated transplastomic lines, ∆psbN-F and ∆psbN-R, were selected and 

back-crossed three times with the WT for a detailed investigation. Since the psbN knock-out 

lines were extremely light sensitive and their growth was very retarded on soil, a new 

technique was invented which accelerated growth and flower development under semi-sterile 

conditions. 

Therefore the lower part of the stem and the roots were kept under sterile conditions, 

in a glass jar with sucrose supplemented medium, while the upper part of the plant could grow 

outside of the culture vessel in a non-sterile environment (Figure 16). This allowed a fast 

development of the stem, leaves and fertile flowers of the mutants, thus facilitating the 

backcrossing experiments with WT pollen in a short period of time.  

After transfer to the semi-sterile conditions most ∆psbN plants began to flower already 

within 4 weeks compared to several month if at all on soil. The collected seeds germinated 

efficiently on both medium and soil and all the resultant progeny showed the same phenotype 

as the parental lines confirming that no background mutation contributed to the observed 

defects.  

  

Figure 16. Semi-sterile culture of ∆psbN 

mutants. Flowering ∆psbN-R mutant 8 

weeks after transfer to semi-sterile 

culture (left) and ∆psbN-F mutant one 

week after transfer to semi-sterile 

culture (right). For further details, see 

text. Bar = 5 cm 
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3.2.6 Growth phenotype of the ∆psbN plants 

PsbN mutant seedlings were solely able to develop to maturity on soil when grown under low 

light conditions that preferentially favor PSI excitation (state I). However, it took 3 month 

until they reached a size of about one cm in diameter. Also the wild-type growth, which was 

several fold faster than the growth of the mutants, was extremely retarded under the state I 

favored conditions, demonstrating the low excitation energy of this light (Figure 17). This 

primarily indicates that PSII is prone to photoinhibition even at low light intensities in plants 

lacking PsbN.  

 

To demonstrate the light sensitivity of the ∆psbN mutants, in vitro cultured seedlings of 

∆psbN-F and ∆psbN-R were subjected to different light conditions and compared to the wild 

type and to the ∆psbN and aadA-control lines recently described (Krech et al., 2013) with 

respect to their growth phenotype (Figure 18). The ∆psbN mutants reached maturity only 

under low light and rapidly bleached when light intensities were increased above 40 µmol 

photons m-2 s-1. This agrees with the recently reported findings that the growth of young 

∆psbN seedlings was retarded and seedlings were more sensitive to light than mature plants 

(Krech et al., 2013).  

  

Figure 17. PsbN knock-out seedlings could only 

develop on soil under preferential state I light. 

Tobacco wild type (WT), ∆psbN-F, ∆psbN-R and 

∆psbN (Krech et al., 2013) were germinated on 

soil and grown under low light (State II) and 

under a dark red filter (State I) with 15 µmol 

photons m-2 s-1 , respectively. 
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Figure 18. PsbN mutant seedlings are extremely light sensitive. In vitro culture of tobacco seedlings under 

continues light on sucrose supplemented medium. Wild type (WT), aadA-control and ∆psbN plants as 

described by Krech et al., 2013, ∆psbN-F, ∆psbN-R, ∆psbN-Fcom and ∆psbN-Rcom were germinated for 10 

days under 10 µmol photons m-2 s-1, piqued and subjected to 10, 40, and 80 µmol photons m-2 s-1 for 

additional 20 days. The respective maximum quantum yield of PSII (Fv/Fm) and the standard deviation 

(n=4) are indicated below. Bar=1 cm. 

3.2.7 PSII activity is reduced in the ∆psbN mutants 

The maximum quantum yield of PSII (Fv/Fm) was reduced to about 60% in ∆psbN-R and 

∆psbN and to about 50% in ∆psbN-F as compared to the WT and the aadA-control line when 

grown at 10 µmol photons m-2 s-1 (Figure 18/Table 1/Appendix). The Fv/Fm of the WT and of 

the aadA-control line remained between 0.82 and 0.72 when 10-day-old seedlings were 

subjected to 40 and 80 µmol photons m-2 s-1 light intensity during growth for additional 20 

days. In contrast, the Fv/Fm of the mutants significantly decreased already at 40 µmol 

photons m-2 s-1 light intensity and reached almost zero at 80 µmol photons m-2 s-1 growth light 

(Figure 18/Table 1). This emphasizes that PSII is prone to photoinhibition in the mutants.  

In order to minimize secondary effects caused by extensive photodamage of the 

mutants, the grow light intensities were set to 10 µmol photons m-2 s-1 for all further analyses. 

Under this condition the chlorophyll content was only slightly decreased in the mutants but 

the chlorophyll a/b ratio was significantly reduced in the mutants (Table 1). This reconfirms 

that photodamage is diminished and indicates reduced PSII levels in the mutants.  



  Results S. 48 

 

 

Table 1. Photosynthetic parameters of the wild type, ∆psbN mutants and complemented lines 

  

 

 

 

 

 

  

 Wild type  ∆psbN-F ∆psbN-R ∆psbN-Rcom 

Parameter (n=4)a (n=4) (n=4) (n=4) 

Chlorophyll a+b 1.32 ± 0.13 1.03 ± 0.19 1.27 ± 0.22 1.22 ± 0.23 

Chlorophyll a/b 3.10 ± 0.06 2.41 ± 0.11 2.43 ± 0.12 3.10 ± 0.11 

Fv/Fmb (10µEc) 0.81 ± 0.01 0.41 ± 0.02 0.46 ± 0.03 0.77 ± 0.02 

Fv/Fm (40µE)d 0.79 ± 0.02 0.19 ± 0.03 0.12 ± 0.04 0.73 ± 0.03 

ɸ PSII
e 0.76 ± 0.01 0.32 ± 0.03 0.35 ± 0.02 0.72 ± 0.02 

NPQf 0.03 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 

ɸ PSI
g 0.78 ± 0.02 0.73± 0.06 0.70 ± 0.03 0.73 ± 0.04 

ɸ PSI ND
h 0.02 ± 0.01 0.10 ± 0.04 0.17 ± 0.04 0.03 ± 0.01 

an, number of plants measured. 
bFv/Fm, maximum quantum yield of PSII. 
cµE, μmol photons m-2s-1. 
dAfter germination for 10 days at 10 μmol photons m-2s-1 seedlings were subjected to  

40 μmol photons m-2s-1 for 18 days. 
eɸPSII, effective quantum yield of PSII.  
fNPQ, non-photochemical quenching. 
eɸ PSI, quantum yield of PSI. 
hɸ PSI ND, quantum yield of non-photochemical energy dissipation due to donor side limitation. 
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The minimal fluorescence (Fo) levels were two-fold-increased in ∆psbN-R and ∆psbN 

and threefold-increased in ∆psbN-F as compared to the wild type and the aadA-control line 

(Appendix). Furthermore the chlorophyll fluorescence level tended to drop below the Fo level 

upon induction with actinic light in the mutant lines (Appendix). The strength of this effect 

appeared to be a function of light intensity and is indicative of a defective photosynthesis 

(Meurer et al., 1996; Peng et al. 2006; Armbruster et al. 2010). However, non-photochemical 

quenching (NPQ) appeared not to be altered in the mutants (Table 1/Appendix).  

The PSII yield (ΦPSII) was also severely reduced in the ∆psbN mutants as compared to 

the WT and the aadA-control lines suggesting that the electron flow towards PSI is 

diminished most likely due to a reduced activity of PSII (Table 1/Appendix). To reinforce this, 

the yield of PSI (ΦPSI) and the donor side limitation of PSI (ΦPSI ND) were measured in the 

∆psbN-F and ∆psbN-R mutants (Table 1). The ΦPSI was only slightly reduced but ΦPSI ND was 

several fold increased in the mutants as compared to the WT, demonstrating that electron flow 

towards PSI is affected.  

3.2.8 Levels of PSII proteins were reduced in ∆psbN-F and ∆psbN-R 

To determine whether the impaired PSII activity found in the psbN mutants also reflects a 

reduction in the abundance of PSII subunits and to estimate the levels of representative 

members of other thylakoid membrane complexes, immunoblot analyses were performed 

(Figure 19). As expected, PsbN could not be detected in ∆psbN-F and ∆psbN-R. Levels of 

PSII proteins D1, D2, CP43, CP47, PsbH, and PsbO were reduced to about 25% or below in 

both mutants (Figure 19A).  

Notably, PsbH amounts were reduced irrespective of the difference in psbH mRNA 

levels in both mutants (Figure 19A). This shows that the down regulation of PsbH is 

independent of the orientation of the aadA cassette and that a secondary effect caused by the 

aadA insertion can be excluded. Therefore, it is likely that the observed deficiencies in 

proteins levels can be attributed solely to the loss of PsbN.  

The content of PSI subunits PsaA, PsaC, and PsaF was always around or above 50 % 

in the mutants as compared to the WT (Figure 19). Levels of outer antenna proteins of both 

photosystems, LHCa1 and LHCb1, as well as of the AtpC subunit of the ATP synthase were 

not reduced in both mutants (Figure 19A).  
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According to the petB mRNA levels (Figure 3C), the amounts of Cyt b6 were also 

reduced in ∆psbN-F and slightly increased in ∆psbN-R as compared to the WT (Figure 19B). 

Taken together, our results imply that disruption of psbN specifically affects the accumulation 

of chlorophyll a-containing PSII core proteins irrespective and independent of the orientation 

of the aadA cassette within the psbB gene cluster. This is also consistent with a decreased 

chlorophyll a/b ratio in the mutants (Table 1). 

3.2.9 Translation of chloroplast encoded proteins in ∆psbN mutants 

In vivo labeling experiments using [35S]-methionine were performed, to uncover alterations in 

the chloroplast protein translation caused by the insertion of the aadA cassette into the psbB 

gene cluster in ∆psbN-F and ∆psbN-R. The translation rates of the PSI proteins PsaA and 

PsaB, the α and β subunits of the ATP synthase, and the PSII proteins CP43, CP47, D1 and 

D2 were comparable to the rates observed in the wild type (Figure 19C).  

Corresponding to the changed levels of transcripts, the translation of PsbH and subunit 

IV of the cytochrome b6f complex (PetD) was decreased in ∆psbN-F and enhanced in 

∆psbN-R. In contrast, PsbH levels were reduced to the same extent in both mutants (Figure 

19A), indicating that this is a PsbN specific defect, which is independent from the changes 

observed in the transcript levels and translation rates of the downstream located genes of 

psbN. 
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Figure 19. Thylakoid membrane protein levels and translation of chloroplast encoded proteins in ∆psbN. (A) 

Comparison of wild-type and ∆psbN thylakoid membrane protein levels by immunoblot analyses using 

specific antibodies for the PSII core antenna CP47 and CP43, the PSII core subunits D1 and D2, the small 

subunit of PSII PsbH, the subunit of the OEC PsbO, the low molecular weight protein PsbN, the PSI core 

subunit PsaA, the small subunit of PSI PsaC, the antenna proteins LHCa1 and LHCb1, the subunit of Cyt b6/f 

Cyt b6, and the ATPase subunit AtpC. CBB, Coomassie blue staining. (B) Immunological analysis of the 

complemented ∆psbN-R mutant (∆psbN-Rcom). Unspecific cross-reactions of the PsbN antibody and 

degradations products of the PsbN-GFP fusion are indicated by the star. The native PsbN protein is indicated 

by the lower arrow, while the upper arrow marks the PsbN-GFP fusion protein. (C) In vivo pulse labeling of 

chloroplast encoded proteins for 30 min, using [35S]-methionine in the presence of cycloheximide. Thylakoid 

membrane proteins were adjusted to incorporated radioactivity of 100.000 cpm, 50.000 cpm and 25.000 cpm 

(1, 1/2, and 1/4, respectively), separated by SDS-PAGE and transferred to a nitrocellulose membrane. The 

most prominent appearing bands are indicated. 
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3.2.10 PSII complex formation is affected in ∆psbN mutants 

Blue-Native PAGE (BN-PAGE) analyses were performed to test, if the reduced stability of 

PSII proteins is caused by an impaired complex assembly in the psbN knock-out lines. In the 

upper part of the native gel PSII supercomplexes (PSII-SC) were barely detectable in the 

mutants, while in the WT two distinct and one weak PSII-SC band appeared. This indicates 

that assembly of higher order PSII complexes is severely abolished in the ∆psbN mutants 

(Figure 20A). Furthermore the PSI monomer and PSII dimer band was slightly decreased and 

an additional band shifted to higher molecular weight appeared in both mutants. To separate 

the subunits of the thylakoid membrane complexes distributed in the BN-PAGE a second 

dimension SDS-PAGE was performed. In the colloidal blue staining of the second dimension 

gel the levels of PSII monomers and dimers were reduced and only minute amounts of 

proteins assembled to PSII-SC were detectable in both mutants (Figure 20).  

The amount of the PSI monomer was also slightly reduced in ∆psbN-F and ∆psbN-R 

and the additional band of higher molecular weight could be identified as PSI complex. 

Furthermore a small fraction of the PSI antenna proteins was not associated with PSI but 

accumulated in a subcomplex in both mutants (Figure 20). The appearing spots were 

identified immunologically and by mass spectrometric analyses as LHCa2 and LHCa3 (data 

not shown). To proof weather this is caused by the lack of PsbN, the previously described 

∆psbI line, was analyzed by two dimensional BN-/SDS-PAGE (Torabi et al., 2014). The 

function and accumulation of PSII in the ∆psbI mutants is less affected than in the ∆psbN 

mutants, as they exhibit a higher Fv/Fm ratio of about 0.74 and their PSII subunits are 

reduced by only 50% (Schwenkert et al., 2006). The analysis showed a similar appearance of 

smaller LHCa2 and LHCa3 subcomplexes in the plants lacking PsbI, approving that the 

observed effect can be generally caused by a reduced PSII activity in tobacco (Torabi et al., 

2014).  

It has to be taken into consideration that the Rubisco, the ATP synthase complexes, and 

the LHCII assemblies also accumulated to higher amounts in the mutants. This was caused by 

the adjustment of WT and mutant thylakoid protein amounts to equal chlorophyll contents and 

the fact, that the chlorophyll levels of both ∆psbN and ∆psbI mutants were reduced due to the 

lack of chlorophyll containing PSII proteins. Furthermore as revealed by western analysis also 

the chlorophyll containing PSI subunits are slightly decreased in the psbN mutants but 
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compared to that the LHCa2 and LHCa3 protein levels are not reduced (Figure 19). Thus 

these preassemblies might only reflect the imbalance between the amount of PSI antenna 

proteins and the PSI monomers in the ∆psbN mutants.  

Additionally immunological analyses of the second dimension were carried out to 

determine the protein composition of the appearing complexes with a higher sensitivity 

(Figure 20A). Both mutants had reduced levels of PsbI and PsbH which were found 

predominantly in PSII monomers and to some extent in RC47, confirming the low abundance 

of PSII dimers and supercomplexes in ∆psbN-F and ∆psbN-R. In addition a part of PsbI could 

barely be detected in a complex streaking in the low molecular range in both mutants but not 

in the WT. Notably a part of PsbH was found as a distinct spot in the free fraction of the 

separated thylakoid membrane proteins in the WT. In both mutants no free PsbH could be 

found and the detected signal in the LMW range smeared towards higher molecular weight, 

indicating an impaired assembly of this subunit and a stable association with smaller 

precomplexes.  

PsbN could only be detected in the unassembled fraction of thylakoid proteins in the 

WT and was absent in the mutants (Figure 20A), confirming previous data based on mass 

spectrometric analysis (Plöscher et al., 2009). Accordingly it can be expected that PsbN is not 

or only loosely and/or transiently associated with other proteins or complexes. Additionally 

the lack of PSII supercomplexes and dimers in ∆psbN-F and ∆psbN-R could be confirmed 

immunologically using antisera for the PSII core antenna proteins CP47 and CP43 and the 

PSII core protein D2 (Figure 20B). Therefore the ratios of pre-CP43/PSII monomer and 

RC47/PSII monomer were more pronounced in the mutants than in the WT. The accumulation 

of pre-CP43 and pre-CP47 in both mutant lines demonstrates the stable assembly of these 

precomplexes, and suggests a defect in the further efficient assembly and/or stability of PSII 

complexes. 
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Figure 20. Accumulation of thylakoid membrane complexes in ∆psbN mutants. (A) Thylakoid membrane 

complexes were solubilized with 1% n-dodecyl-β-D-maltoside (β-DM), separated by BN-PAGE (top part) 

and after separation in a second dimension SDS-PAGE, stained with coomassie blue (middle part). The 

outstanding complexes and proteins are listed on top and on the right, respectively. Circles outline spots of 

Lhca2 and Lhca3 assemblies in the mutants, verified by mass spectrometry. Replicate gels were used for 

immunoblot analyses of PsbI and PsbH (bottom part). (B) Immunological analyses of the second 

dimension BN/SDS-PAGE using specific antisera for CP47, CP43, D2, PsaD, and PsbN. 
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3.2.11 Time-resolved assembly studies in ∆psbN mutants 

To follow the assembly and the stability of PSII complexes in vivo radiolabeling of thylakoid 

membrane proteins was combined with subsequent two dimensional BN-PAGE analysis 

(Figure 21). Depending on the incorporation time with [35S]-methionine this method allows 

the detection of the PSII precomplexes, like pre-D1, pre-D2, pre-CP43, pre-CP47 and PSII 

RC (D1/D2 heterodimers), as well as their further assembly into the stable accumulating PSII 

complexes, such as RC47, PSII-M, PSII-D and PSII-SC, in statu nascendi. Thus the 

complexes detected after the radiolabeling represent real assembly intermediates and not 

solubilized subcomplexes.  

After the pulse labeling the [35S]-methionine was mainly incorporated into newly 

synthesized PSII precomplexes, the lower and higher order PSII complexes and into the 

nucleus encoded LHCII proteins. Similar as in the BN-PAGE analysis of the stationary 

protein levels, the radiolabeled RbcL and the ATP synthase complex appeared to be more 

abundant  in the ∆psbN mutants based on equal loading of chlorophyll. In order to highlight 

the proteins synthesized in the chloroplast, the cytoplasmic translation was inhibited with 

cycloheximide. After this treatment a clear discrimination between the PSII RC and the 

LHCII trimer as well as between the pre-D1 complex and other nuclear encoded proteins 

could be achieved already in the first dimension of the BN-PAGE (Figure 21A).  

In comparison to the wild type, the mutants accumulated considerably less 

radioactivity in the lower and higher order PSII complexes (PSII RC, RC47, PSII-M, PSII-D 

and PSII-SC) and more in the PSII precomplexes (pre-D1, pre-D2, pre-CP43 and pre-CP47) 

(Figure 21A). As pre-D1 and pre-D2 complexes are not detectable in the immunological 

analysis of stationary protein levels (Figure 20B), it can be concluded that they reflect 

transient assembly intermediates, which are impaired to assemble into PSII RC if PsbN is 

absent.  

The identities of the protein complexes were confirmed by separating the radiolabeled 

proteins in a second dimension SDS-PAGE. To get an idea about how fast the assembly 

process occurs, two different labeling times were chosen (Figure 21B). After a short labeling 

of 15 min, without inhibition of the cytoplasmic translation, the wild type and the mutant 

plants incorporated comparable amounts of radiolabel into the PSII precomplexes (pre-CP43 

and pre-CP47). Additionally, in the mutants high amounts of pre-D1, pre-D2, free LHCII and 

LCHII trimer accumulated but barely no radioactivity was detectable in their lower and higher 
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PSII complexes. In contrast, in the wild type less pre-D1, pre-D2 and unassembled LHCII 

accumulated and already considerable amounts of radiolabel could be detected in the PSII 

RC, RC47, PSII-M and PSII-SC (Figure 21B). Even after a longer incubation time of 30 min 

only minute amounts of radiolabeled PSII complexes could be found in the mutants while 

they were more pronounced in the wild type. Notably, the assembly of pre-CP43 and pre-

CP47 occurred efficiently in the mutants and they accumulated to higher amounts than in the 

wild type after extensive labeling (Figure 21B). This indicates that their further assembly into 

PSII complexes is impaired and that the formation of the PSII RC, which is the first 

outstanding PSII assembly intermediate, is hindered due to the lack of PsbN.  

Caused by the lower labeling efficiency of PSI and the noisy background in the higher 

molecular range, no clear picture about PSI assembly could be drawn (Figure 21B). To reduce 

the background signals, the cytoplasmic translation was inhibited with cycloheximide and the 

labeling time was increased from 30 min to 1h for a better labeling of PsaA and PsaB. In the 

subsequent BN-PAGE analyses, again mainly PSII precomplexes accumulated while barely 

any lower and higher order PSII complexes could be detected in the mutants. In the area 

between the pre-D1, pre-D2 and RC the radiolabel appeared smeary indicating an impaired 

formation of the RC (Figure 22).  

The radiolabeled PSI core proteins PsaA and PsaB appeared in five different 

complexes, the major PSI-M complex, which is attached to the LHCI and four additional PSI 

precomplexes. Interestingly in the mutants the fully assembled PSI-M and the two next 

smaller precomplexes were mainly labeled, while in the wild type the two smallest PSI 

precomplexes showed the highest incorporation of radioactivity (Figure 22). Thus the ∆psbN 

mutants assemble the PSI-M faster than the wild type.  
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Figure 21. Photosynthetic complex assembly in the ∆psbN mutants. (A) Radiolabeled thylakoid 

membrane complexes of wild type (WT) and ∆psbN mutants were isolated after a pulse of 15 min, 

solubilized with 1% β-DM and separated by BN-PAGE. To inhibit the labeling of nuclear encoded 

proteins the leaves were pretreated with cycloheximide. (B) 2D BN-/SDS-PAGE analysis of radiolabeled 

thylakoids isolated after a pulse of 15 and 30 min in the absence of cycloheximide. The incorporated [35S]-

methionine was detected by phosphor imaging and the prominent complexes are indicated on the right. 

The arrow outlines the PSII RC. 
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Figure 22. PSI assembly in ∆psbN mutants. 2D BN-/SDS-Page analysis of radiolabeled chloroplast encoded 

thylakoid membrane proteins isolated from tobacco wild type (WT) and ∆psbN mutants after a pulse of 30 

and 60 min in the presence of cycloheximide. The incorporated [35S]-methionine was detected by phosphor 

imaging. The smeary area, caused by the impaired RC formation after 60 min labeling, is encircled in the 

mutants. Asterisks indicate different PSI complexes. For details, see text.  
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3.2.12 Low temperature chlorophyll fluorescence analysis 

By measuring the low temperature emission spectra (77K measurement) of isolated 

thylakoids, the energy distribution between the two photosystems gives information about the 

intactness of the photosystems and the association of the LHC proteins. In both mutants the 

PSI signal at 735 nm was shifted by maximal 1 nm to shorter wavelengths (Figure 23). The 

relatively higher abundance of unbound LHCa2 and LHCa3 subcomplexes to the PSI core 

complex in the mutants might be an explanation for this observation.  

As expected the intensity of the PSII emission between 685 and 695 nm was massively 

reduced in the mutants. Furthermore when the curves were normalized to the PSII peak it 

became obvious that the emission shoulder of the LHCII at 680 nm is more distinctive in the 

mutants (Figure 23B). In summary this supports the previous data that both ∆psbN lines 

contain less intact PSII and that they accumulate more unassembled LHCII relative to the 

fully assembled PSII complex as compared to the wild type. 

  
Figure 23. Low temperature (77K) chlorophyll a fluorescence spectra. (A) In liquid 

nitrogen frozen thylakoids of wild type (WT), ∆psbN mutants, and complemented 

∆psbN-R lines (∆psbN-Rcom) were excited at 440 nm and the chlorophyll emission spectra 

was recorded between 670 and 770 nm. At least four independent measurements were 

averaged and the fluorescence curves were normalized to the maximum PSI signal at 735 

nm. (B) To highlight the LHCII emission shoulder at 680 nm the maximum PSII peak at 

685 nm was used for normalization. 
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3.2.13 The thylakoid ultrastructure is changed in ∆psbN mutants 

To get insights to which extent the absence of PsbN influences the ultrastructure of the 

chloroplast, electron microscopic pictures were taken (Figure 24). The chloroplasts of the 

mutant plants were comparable to the WT in size and shape. Interestingly the thylakoid 

membrane was dominated by the stacked grana regions, which were larger in size and densely 

packed, while the stroma lamellae was less pronounced in the ∆psbN-lines.  

 

Figure 24. Electron microscope pictures of the thylakoid membranes of wild type and ∆psbN-R. 

Preparations and pictures were made by the group of Prof. Wanner. 

3.2.14 Photosensitivity of ∆psbN mutants  

Inhibition experiments were performed to investigate the photosensitivity of the ∆psbN 

mutants, which is presumably a consequence of the affected PSII assembly. Therefore leaves 

were illuminated with a 5-fold higher light intensity relative to the growth light and the 

changes in the Fv/Fm were measured during the treatment (Figure 25A). While the Fv/Fm 

ratio of the WT leaves changed inappreciably within 12 h of light exposure, the Fv/Fm ratio 

decreased dramatically to about 50% of its initial value in the mutants. This decline could be 

caused by an increased photosensitivity and/or by a defect of the mutants to recover their 

damaged photosynthetic apparatus.  

To figure out the reason for the observed photosensitivity the recovery process of the 

leaves was blocked with lincomycin prior the light treatment (Figure 25A). The affected 

chloroplast protein synthesis resulted in an enhanced photodamage in the lincomycin treated 

WT leaves. In contrast no significant change in the decline of the Fv/Fm values was observed 

when the protein synthesis was blocked in the chloroplasts of the mutants. Thus it can be 

concluded that the recovery process is mainly affected in the mutants.  
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To investigate the recovery process in more detail, WT and mutant leaves were treated with 

inhibitory light until the Fv/Fm decreased to about 50% of the original value and the 

regeneration process under growth light conditions was monitored. Additionally the WT 

leaves were further treated with high light to reach the same Fv/Fm value than the 

photodamaged ∆psbN mutants, which was about 25% of their initial value (Figure 25B).  

In comparison to the mutants longer light exposure times and increased light 

intensities (500 µmol photons m-2 s-1) were necessary to reduce the Fv/Fm values in the WT. 

The recovery rates of the WT leaves were independent of the grade of the light damage and 

reached about 85% and 65%, respectively, within 14 h. In contrast, both mutants which were 

very light sensitive even under low light intensity did not show any recovery of the Fv/Fm 

during the measurements (Figure 25B). 

To evaluate whether PSII or PSI is more prone to photoinhibition in ∆psbN-F and 

∆psbN-R, plants were treated with 100 μmol photons m-2s-1 for 3 and 6 h. Subsequent 

immunoblot analysis revealed just minor decreases of the core subunits PsaA, CP43, and D1 

in wild-type plants after the light stress treatment (Figure 25C). In contrast, the levels of PsaA 

did not change significantly in both mutants, while the amounts of the PSII core proteins D1 

and CP43 considerably decreased already after 3 h treatment, indicating that PSII is primarily 

prone to light damage in the mutants. 
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Figure 25. Light sensitivity and recovery of PSII in ∆psbN mutants. (A) Fv/Fm measurements of untreated 

and lincomycin treated (+) wild type and mutant leaves during photoinhibition caused by the 6-fold higher 

intensity of the growth light for 12 h. (B) The recovery process of PSII was measured within 14 h after 

wild-type (a) and mutant leaves had been treated with photoinhibitory light until the Fv/Fm was reduced 

to 50% of the original value. In addition the Fv/Fm of the wild type (b) had been reduced to 25%. (A/B) 

Standard deviations (n = 12) are indicated by the error bars. Light treatments and fluorescence 

measurements were performed using Imaging Pam (Walz). (C) Thylakoid membrane protein levels of 

wild-type and ∆psbN mutant leaves before (0) and after photoinhibition for 3 and 6 h using 100 μmol 

photons m-2s-1. Immunological analysis was performed using specific antisera for PsaA, CP43, and D1. 

Sample amounts correspond to 2.5 µg of chlorophyll per lane, and protein loading and transfer was 

checked by coomassie blue (CBB) staining. 
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3.2.15 Phosphorylation of the PSII antennae is altered in ∆psbN mutants 

Short-term adaptation of the photosynthetic apparatus to changing environmental conditions 

is mediated by reversible protein phosphorylation. The main trigger for the phosphorylation 

cascade is the redox state of the plastoquinone pool. According to the state transition theory, 

an emerging imbalance in the excitation of the two photosystems is compensated by a mobile 

part of the LHCII. Its connection to PSII or PSI is regulated by its phosphorylation or 

dephosphorylation by the STN7 kinase and PPH1/ TAP38 phosphatase, respectively (Pribil et 

al., 2010; Shapiguzov et al., 2010). Furthermore, changes in the thylakoid folding and the 

repair cycle of PSII are accompanied by reversible phosphorylation of the RC proteins D1, D2 

and CP43 by the STN8 kinase and PBPC phosphatase (Vainonen et al., 2005; Rochaix et al., 

2012).  

Three different light conditions, dark, red light and far-red light, were chosen to 

compare the levels of reversible phosphorylation of PSII in the ∆psbN mutants with the wild 

type by immunological analyses (Figure 26). In the dark-adapted mutant samples the 

phosphorylation signal of the LHCII appeared to be higher than in the wild-type sample but 

this was rather based on the increased outer antenna protein levels as a consequence of equal 

chlorophyll loading (Figure 26). By increasing the dark-adapted wild type sample to 125% the 

same amounts of LHCII and same level of phosphorylation were achieved as in the mutant 

(Figure 26B). In contrast under red light the phosphorylation of the LHCII decreased 

significantly in the mutants while it increased in the wild type. Due to the exposure to red 

light the PSII core protein D1 and D2, which accumulate only to about 25% of the wild-type 

levels in the mutants, were phosphorylated to a comparable extent in the mutant and the wild 

type (Figure 26). This was reinforced by comparison of the mutant samples with 25% of the 

wild-type sample (Figure 26B).  

The phosphorylation of the PSII core antenna CP43 did not change significantly in 

both mutants and wild type under all three conditions. Taken together the decrease of LHCII 

phosphorylation under red light in the mutant can be explained by a higher activity of PSI 

even under light which preferentially excites PSII. The fact that the plastoquinone pool gets 

more oxidized under red light supports the previous finding of a severely affected PSII in the 

mutants. With the application of far red light dephosphorylation of the PSII core proteins D1, 

D2 and the LHCII was induced in the mutants and in the wild type, indicating a functional 

redox control in both. 
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Figure 26. Light induced changes of thylakoid membrane protein phosphorylation. Immunological 

analyses of thylakoid membrane proteins isolated from 4-week-old tobacco wild-type and ∆psbN mutant 

plants using phosphothreonine specific antibodies. (A) Plants were first kept in the dark for 24 h (D) and 

subsequently illuminated with red (RL) and far-red (FR) light for 2 h. Each lane corresponds to 3 µg of 

chlorophyll. (B) To consider increased LHCII and reduced PSII protein levels in the ∆psbN samples, 

caused by the adjustment to equal amounts of chlorophyll (100% = 3 µg) and by the PSII defect, titrations 

of the D and RL WT samples were compared with the mutant samples. CBB, coomassie blue staining. 

3.2.16 Allotopic complementation of ∆psbN mutants 

The characterization of nuclear mutant plants commonly involves a complementation analysis 

to prove the correlation between the mutated gene and the observed phenotype. Since plastid 

gene knockouts are produced straightforward by a targeted transformation based on 

homologous recombination, the complementation of a plastid knockout mutant is usually not 

necessary. But to consider concerns about to which extent the observed phenotype in the 

∆psbN mutants is caused by the disruption of the psbB operon structure, a complementation 

study was performed with the ∆psbN mutants. In order to avoid an additional time-consuming 

plastid transformation, the PsbN gene was integrated into the nuclear genome of the mutants 

using Agrobacterium tumefaciens-mediated transformation. To enable the chloroplast import, 
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the transit peptide of PsbS was fused to the N-terminus of PsbN. Furthermore, a GFP was 

attached to the C-terminus of PsbN in order to follow its expression and localization within 

the chloroplast. The PsbN-GFP fusion could be localized in the chloroplast of the transformed 

plants by confocal laser scanning microscopy (CLSM) (Torabi et al., 2014).  

Several independent transformed lines containing either the mutant or wild-type 

plastome, were regenerated and transferred to semi-sterile culture or to the greenhouse to 

produce seeds. The transformed lines carrying the wild-type plastome were furthermore used 

to pollinate flowering ∆psbN mutants in semi-sterile culture. The transformed mutant lines, 

were called ∆psbN-Fcom and ∆psbN-Rcom as they showed a better growth and a reduced 

light sensitivity than the mutants under different light intensities (Figure 18).  

Fluorescence analysis of ∆psbN-Fcom revealed a partial complementation of the 

photosynthetic activity of PSII, reflected by a slight increase of the Fv/Fm and a significant 

drop of the Fo level (Appendix). In contrast the PSII specific fluorescence signals measured in 

the ∆psbN-Rcom line were nearly indiscernible from the wild type, suggesting that the PSII 

defect is fully complemented (Table 1/Appendix). To confirm the successful PSII 

reconstitution the nuclear PsbN expression was further investigated in the ∆psbN-Rcom lines. 

A recovery could be observed in the chlorophyll a/b ratio, the PSII specific fluorescence 

signals, and all other photosynthetic parameters measured (Table 1/Appendix).  

By immunological analysis of thylakoid membrane proteins the expression of the 

chimeric PsbN-GFP fusion protein was proven. In the thylakoids of ∆psbN-Rcom plants the 

PsbN specific antibody detected one band with the expected size of 33 kDa corresponding to 

the PsbN-GFP fusion and a smaller band which might represent a degradation product. Using 

specific antibodies for the PSII core antenna CP43 and the PSI subunit PsaF a restoration of 

the PSII and PSI complex accumulation could be demonstrated in ∆psbN-Rcom plants. The 

∆psbN-Rcom lines showed the same slight over accumulation of the cytochrome b6/f complex 

like the ∆psbN-R mutants, tested with the specific antibody against the cytochrome f subunit 

(Figure 19B).  

Also the assembly of PSII dimers and supercomplexes was recovered in ∆psbN-Rcom 

lines as revealed by two-dimensional BN-PAGE analyses (Figures 20A). In summary, this 

provides evidence that the lack of PsbN is exclusively responsible for the mutant phenotype 

observed in ∆psbN-R. 
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4. Discussion 

4.1 HCF145 is a nuclear-encoded factor affecting psaA-5’ UTR stability 

Recently, the nuclear hcf145 locus was described to encode an unknown trans-acting factor 

specifically involved in protecting the psaA-psaB-rps14 mRNA from degradation (Lezhneva 

and Meurer, 2004). The analysis and complementation studies of two allelic lines hcf145-1 

and hcf145-2 demonstrated that HCF145 is encoded by the locus AT5G08720. HCF145 is 

specific for the green lineage and has a modular composition of cyanobacterial origin 

consisting of tandem repeated SRPBCC and TMR domains.  

4.1.1 SRPBCC superfamily domains have diverse functions 

Two conserved tandem duplicated domains 145motif-1 and 145motif-2 in the N-terminal part 

of HCF145 show high homologies to polyketide cyclases. This ubiquitous protein family is a 

member of the SRPBCC (START/RHO alpha C/PITP/Bet v1/CoxG/CalC) superfamily. The 

SRPBCC domain consists of a structurally highly conserved versatile hydrophobic scaffold 

which binds quite diverse ligands such as lipids, polyketides, plant hormones, flavonoids and 

other metabolites. Members of the SRPBCC superfamily were found in many organisms and 

many of them were crystallized for structural analyses. The pocket represents a lipid transfer 

domain of mammalian proteins (Yoder et al., 2001), the catalytic center of aromatic ring-

hydroxylating oxygenases (Martins et al., 2005) and is found in phosphatidylinositol transfer 

proteins (Tsujishita and Hurley, 2000), polyketide cyclases (Sultana et al., 2004) and many 

other proteins with still unknown function. A phylogenetic analysis on the major birch pollen 

allergen Bet v1, classified eleven families with SRPBCC domains and found related proteins 

among all superkingdoms, suggesting a Bet v1-like protein in the last universal common 

ancestor (Radauer et al., 2008). 

Among the 37 structurally related polyketide cyclases annotated in Arabidopsis only 

145motif-L (At4g01650) showed sequence similarities to both motifs in HCF145 (Figure 

7B/Appendix). Therefore, 145motif-1 and 145motif-2 most probably arose by a duplication of 

145motif-L. Homologues of 145motif-L are also found in algae and cyanobacteria. The fact 

that not all cyanobacteria possess a 145motif-L homolog indicates that the function is 

dispensable in individuals of this taxon.  
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4.1.2 The TMR motifs confer RNA binding specificity to HCF145 

Many of the SRPBCC superfamily members have a modular composition with multiple 

domains, which provide them additional features such as enzymatic activity, signaling, 

protein localization and nucleotide binding affinity (Radauer et al., 2008; Clark, 2012). The 

same might be true for HCF145 as two unknown tandem repeats motifs could be identified in 

its C-terminus (Figure 7B/Appendix). In vitro RNA binding studies could prove a high 

affinity of this C-terminal part of HCF145 to the psaA 5`UTR, confirming that these motif 

repeats are truly able to confer specific RNA binding affinity (data not shown). Therefore, the 

TMR motifs represent a new class of repeated RNA binding domains specific for 

photosynthetic organisms. 

Recently, it could be shown, that degenerated repeats found in the Puf domain and the 

PPR domain family bind single stranded RNA in a nucleotide specific manner. The Puf 

domain can bind 8-9 nucleotide sites and it consists of eight 30-40 amino acid repeats of 

which each forms a triple-helix motif (Lu et al., 2009). The PPR domain, which is the most 

prominent RNA binding motif found in many proteins of chloroplasts and mitochondria, 

occurs as 2-30 repeats of about 35 amino acids. Each repeat forms two antiparallel helices, 

which were shown to bind one nucleotide (Barkan et al., 2012; Yin et al., 2013). Interestingly 

one TMR motif spans about twice the length of a Puf or a PPR repeat and they most probably 

form four alpha helices as predicted by the I-Tasser algorithm (data not shown). This raises 

the interesting question, whether TMR motifs also provide a combinatorial amino acid code 

for RNA recognition, as it was shown for the Puf and PPR domains (Lu et al., 2009; Barkan et 

al., 2012).  

4.1.3 Phylogenetic conservation of HCF145 

In contrast to PPR proteins, which were found only in eukaryotic organisms, TMR proteins 

are of cyanobacterial origin and seem to be restricted to organisms performing oxygenic 

photosynthesis. The TMR motifs in HCF145 most likely originate from cyanobacteria, as 

three C-terminal TMR motif repeats can be found in one protein of Microcoleus sp. PCC 

7113 (Appendix). The most diverse TMR proteins with up to ten repeated motifs were found 

in the red algae Cyannidioschyzon merolae and Galdieria sulphuraria (Appendix). 

Homologues of the modular HCF145 can only be found in vascular plants and in some green 

algae. From available sequence data we concluded that HCF145 homologues are restricted to 

members of viridiplantae, which all encode PsaA in a tricistronic operon together with PsaB 
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and Rsp14. The high diversity of the chloroplast genome organization found among green 

algae (Letsch and Lewis, 2012), can explain why HCF145 became dispensable in individual 

members. A co-evolution of HCF145 with its mRNA target is supported by a conserved psaA 

5’ UTR and highly homologous HCF145 proteins among land plants (Appendix).  

Mosses are the oldest clade of land plants and they diverged more than 400 million 

years ago from the vascular plants (Theißen et al., 2001). Homologous recombination and a 

dominant haploid gametophyte make the moss Physcomitrella patens best suitable for reverse 

genetic approaches (Schaefer, 2001). Targeted inactivation of HCF145 in Physcomitrella 

patens resulted in knockout lines, that displayed a similar photosynthetic and molecular 

phenotype as the Arabidopsis hcf145 mutants (Figure 8/9). This provides strong evidence, that 

the function of HCF145 in the stabilization of the psaA 5’ UTR is highly conserved among all 

land plants.  

It is widely accepted that plants and green algae share a common ancestor (Qiu and 

Palmer, 1999; Turmel et al., 2006) and that most probably a single green algae-like progenitor 

gave rise to the monophyletic group of land plants. The most challenging requirement upon 

the conquest of the land was to cope with dramatically changing environmental conditions 

(Karol et al., 2001; Waters, 2003). The resulting high evolutionary pressure was proposed to 

be a bias for the invention of RNA editing (Freyer et al., 1997), the dispersion of an 

exceptionally high number of PPR proteins (O'Toole et al., 2008), the evolution of a plastidal 

NEP polymerase (Hedtke et al., 1997; Hedtke et al., 2000), and the recruitment of land plant 

specific nucleus encoded factors (Meurer et al., 1998a; Stoppel et al., 2011; Stoppel et al., 

2012).  

One possible explanation for the fast evolving RNA metabolism is that these nuclear 

factors counteract mutations, which proliferated in the water-to-land transitions (Maier et al., 

2008). Contemporary evidences for this hypothesis is the constitutive expression of many 

PPR proteins (Lurin et al., 2004), the restoration of mitochondrial cytoplasmatic male sterility 

(Wang et al., 2006; Chase, 2007), the secondary loss of organellar RNA editing in the 

liverwort Marchantia polymorpha (Groth-Malonek et al., 2007) and the predominance of 

posttranscriptional, translational and posttranslational regulation in the chloroplast (Deng and 

Gruissem, 1987; Marin-Navarro et al., 2007).  

Beside the abovementioned debugging hypothesis, it is widely accepted that many 

species specific regulatory factors evolved in plants to balance the nuclear and organellar gene 



  Discussion S. 69 

expression on the transcriptional and posttranscriptional level (Puthiyaveetil and Allen, 2009; 

Barkan, 2011; Manavski et al., 2012; Schwarz et al., 2012). The evolution of HCF145 in the 

ancestor of the green lineage and its high conservation among all photosynthetic land plants 

might be an indication that it provided an important positive selection to the divergence of 

land plants. This is supported by the fact that many factors that took over a regulatory 

function in the chloroplast gene expression on the transcriptional and posttranscriptional level 

of vascular plants could not be found even in any of the sequenced genomes of green algae 

(Karcher and Bock, 1998; Emanuel et al., 2004; Liere and Börner, 2007; Stoppel et al., 2011).  

4.1.4 The low abundant HCF145 accumulates already in eoplasts 

In large-scale expression data only poor information is available about the At5g08720 locus, 

indicating a low expression and abundance of HCF145. Northern analysis with Arabidopsis 

plants and RT-PCR analyses confirmed that hcf145 transcripts were barely detectable (Figure 

10; data not shown). The protein was found in a proteome analysis of Arabidopsis 

mitochondria (Heazlewood et al., 2004) leading to a miss-assignment in the TAIR and Uni-

prot databases. This finding could be disproven by localization of the HCF145-GFP fusion in 

the chloroplasts of stomata cells (Figure 7).  

In another large-scale proteome approach peptides of HCF145 were found in triton-

insoluble extracts, representing mainly the nucleoid fraction of the chloroplast (Phinney and 

Thelen, 2005). Many proteins involved in posttranscriptional processes were found in the 

nucleoid fraction (Majeran et al., 2012). The localization of HCF145 in nucleoids might 

explain the spotted GFP signals observed within the chloroplast of the hcf145-2comgfp plants 

(Figure 7). Since the GFP fluorescence signals were only detectable in stomata cells, which 

turned out to be inaccessible for DAPI staining in a non-fixed state, this hypothesis has not yet 

been proven by microscopic imaging in the hcf145-2comgfp plants.  

Immunological analysis with a peptide specific antibody against HCF145 confirmed a 

low abundance of HCF145 in light-grown plants. The native HCF145 protein accumulates in 

etiolated seedlings and the amount declines upon illumination (Figure 11). Studies with 

germinating Arabidopsis seeds showed that the PEP starts to transcribe photosynthesis-related 

genes during light-induced germination and early seedling out-growth (Demarsy et al., 2012). 

Thus, the function of HCF145 might be most important before photosynthetic protein 

synthesis takes place during illumination.  
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4.1.5 HCF145 protects the psaA-psaB-rps14 transcripts at the 5’ UTR 

Nucleus-encoded factors involved in the posttranscriptional regulation of plastids mainly 

interact with cis-regulatory elements (Stern et al., 2010). Co-immunoprecipitation analysis of 

the HCF145-GFP fusion confirmed the very 5’ UTR of psaA as the putative target of HCF145 

(Figure 12). A destabilization of mRNA at the 5’ UTR is often accompanied by an impaired 

translation (Barkan, 1993; Meurer et al., 2002). Northern analysis with inhibitors of protein 

synthesis, in vivo labeling studies of chloroplast encoded proteins and ribosomal loading of 

psaA mRNA gave no hints about a primary defect of PsaA synthesis in hcf145 mutants 

(Lezhneva and Meurer, 2004; data not shown). As revealed by primer extension analysis the 

mature 5’ end of psaA appeared shorter and much less abundant in hcf145 mutants than in the 

wild type (data not shown). Since the transcription rate of psaA was not significantly altered 

in the hcf145 mutants, it can be expected that this 5’ end represents a meta-stable degradation 

product.  

In vitro experiments with PPR proteins showed that site specific binding to 5’ and 3’ 

UTRs can protect mRNAs from 5’→3’ and 3’→5’ exonucleases (Pfalz et al., 2009; Prikryl et 

al., 2011; Hammani et al., 2012; Zhelyazkova et al., 2012). The same might be true for 

HCF145 as the recombinant protein showed a high affinity to the psaA 5’ UTR and protected 

the psaA 5’ UTR from an exonucleolytic attack in vitro (data not shown). Some chloroplast 

specific RNases were shown to be activated in the dark (Baginsky and Gruissem, 2002; Qi et 

al., 2012). Taken into account that HCF145 could only be detected in etiolated seedlings 

(Figure 10A), it might be possible that HCF145 accumulates in the dark or is already present 

at the onset of germination, to protect the psaA 5’ UTR against unspecific nucleolytic 

degradation. 

4.1.6 PSI biogenesis highly depends on HCF145 

Interestingly, the half-live of psaA mRNA appeared to be much shorter than that of other 

chloroplast mRNAs after illumination of etiolated barley seedlings, suggesting a coregulation 

of transcription activity and stability of psaA mRNA (Klein and Mullet, 1987; Mullet and 

Klein, 1987). HCF145 RNAi lines in tobacco showed gradual variations of the hcf phenotypes 

(Figure 11), implying that the repression of HCF145 directly limits the accumulation of PSI. 

Treatment with different light conditions and stressors showed that the hcf145 

transcript accumulation is responsive to the redox state of the chloroplast within several 
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hours. After 24 h of darkness, red light and far-red light treatment the levels of hcf145 

transcripts decreased while the psaA mRNA levels increased only in the dark and remained 

stable under the other light conditions (Figure 10B). It can be assumed that the levels of 

hcf145 mRNA change in response to light quality and stress faster than those of the psaA 

mRNA. The hcf145 and psaA mRNA levels rapidly increased and decreased after induction of 

massive stress conditions by DCMU and Paraquat, respectively (Figure 10B). This 

demonstrates that the regulation of hcf145 and psaA mRNA accumulation respond to the 

status of the chloroplast in a concerted manner.  

4.1.7 HCF145 might be linked to a metabolic pathway 

The modular nature of HCF145 with its hydrophobic ligand binding domains homologous to 

polyketide cyclases makes a metabolic control of psaA mRNA accumulation very likely. The 

previous findings that DPT1, which is related to prokaryotic UMP-kinases, is involved in the 

stabilization of psaA-psaB-rps14 transcripts supports this suggestion (Hein et al., 2009). 

UMP-kinases are involved in the pyrimidine metabolism, which is linked to the citric acid 

cycle. The citric acid cycle can be seen as a metabolic hub to regulate energy homeostasis and 

overall cell metabolism (Krebs, 1970). The biosynthesis of polyketides initiates with acetyl-

CoA or malonyl-CoA. The citric acid cycle as well as the fatty acid synthesis also begins with 

acetyl-CoA and malonyl-CoA is the first product in the fatty acid synthesis. In terms of their 

phylogenetic background, HCF145 and DPT1 are obviously related to enzymes of eubacterial 

origin, which catalyze primary or secondary metabolites.  

Different developmental stages of plants produce various metabolic cell environments, 

which have to be connected to the expected photosynthesis activity in the chloroplast. To link 

the cell homeostasis with the accumulation of PSI at the level of mRNA stability makes 

economically sense. In comparison to PSII the PSI is much more stable and additionally it is 

protected by PSII from excess light (Tikkanen et al., 2014). Therefore, it seems obvious that 

plants need to regenerate a vast number of PSII complexes to cope with harmful light 

intensities, which can change within seconds under natural conditions. This is reflected by the 

high accumulation and stability of the psbA mRNA encoding for D1, the chloroplast protein 

with the highest turnover in the light (Mattoo et al., 1984; Bate et al., 1991). In contrast, the 

synthesis of the iron sulfur (Fe-S) clusters within PSI needs high reducing power and is 

limited by the iron availability. Furthermore, the number of newly synthesized PSI complexes 

has to be adapted to the amounts of PSII complexes for balancing the light reactions and 

avoiding photoprotection. 
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4.1.8 HCF145 might be integrated into a signal transduction pathway 

Future studies will address the question, whether the SRPBCC domains of HCF145 confer an 

authentic metabolic control for binding to and stabilization of the psaA mRNA and, hence, 

adaptation of PSI levels. One recent study might have answered already part of this question. 

In a larger scale split ubiquitin analysis, with the purpose to create an interaction map of the 

two-component signaling (TCS) pathway, HCF145 showed interaction to several Arabidopsis 

response regulators (ARR) (Dortay et al., 2008). All these regulators are thought to be 

involved in the cytokinin response. 

HCF145 showed interactions with ARR15 using cDNA libraries isolated from flowers, 

5-7-day-old hormone treated seedlings and 5-day-old seedlings. ARR5, ARR9 and ARR16 

showed interactions with HCF145 using cDNA libraries isolated from roots, and ARR7 

interacted with HCF145 using cDNA libraries isolated from flowers (Dortay et al., 2008). 

Interestingly, the interaction with the ARR15 response regulator showed only three other 

interactions, each in a different tissue: (1) with Lhcb1 in 5-7-day-old seedlings; (2) with zinc 

finger protein 3 (ZFP 3), a stress responding DNA binding protein in flowers; (3) with an 

unknown zinc ion-binding protein containing an ubiquitin-associated domain, which might be 

involved in protein targeting to the vacuole, in 5-7-day-old hormone treated seedlings (Dortay 

et al., 2008).  

If these interactions were true, the accumulation of HCF145 in the chloroplast could 

be regulated by the secondary metabolite cytokinin in the cytosol. Furthermore, the 

stabilization of the psaA mRNA via HCF145 and the import of the outer PSII antenna protein 

Lhcb1 could be regulated at the same branch point. The cytokinin signaling pathway was 

recently shown to be dependent on proteasome-mediated degradation (Kurepa et al., 2013). 

The unknown protein, with the ubiquitin-associated domain, could therefore be involved in 

the degradation pathway of ARR15, HCF145 and/or Lhcb1.  

If we further speculate an interesting phylogenetic aspect could be found between 

ARR15 and the TMR domain of HCF145. ARR15 belongs to the CheY-like superfamily of 

two component response regulators of bacteria. Interestingly one of the three different TMR 

domain proteins, found in the red algae Cyanidoschyzon merolae shows homology to a CheY-

like response regulator receiver domain. This raises the questions whether all TMR domain 

proteins connect mRNA stability to a specific signal transduction pathways. Dramatic changes 

in the signal transduction pathways of plants (Pils and Heyl, 2009) could explain why only 
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HCF145 remained in land plants and why the TMR domain did not spread as a general 

nucleotide binding domain like the PPR domain.  

4.1.9 Outlook of the HCF145 project 

Further in vivo and in vitro studies will be performed to narrow down the RNA binding 

site of HCF145 in the 5’ UTR of psaA and to clarify if HCF145 has additional RNA target 

sites. For this purpose, RNA immunoprecipitation sequencing, using the complemented 

hcf145-2comgfp plants, and Electrophoretic Mobility Shift Assay (EMSA) analyses are in 

progress. In addition, these analyses could be used to elucidate the general function of the 

TMR domain in RNA binding. Therefore, further TMR domain proteins of algae and 

cyanobacteria have to be investigated.  

To find a possible interaction partner and/or ligand of HCF145 further co-

immunoprecipitation analyses with mature plants as well as etiolated seedlings, roots and 5-7 

day old seedlings could be performed, followed by mass spectrometric analyses.  

To test if HCF145 is integrated into a signaling pathway, the molecular and 

biochemical analyses could be extended by treatments with cytokinines or other 

phytohormones. Furthermore ubiquitin pathway inhibitors could be used to investigate, if the 

observed light induced decrease of HCF145 levels is mediated by degradation in the cytosol.  

4.2 PsbN is required for the assembly of PSII  

4.2.1 PsbN is not a constituent subunit of PSII 

The assembly of PSII is widely accepted to occur in a stepwise manner. First cofactor-

containing intermediate precomplexes are formed which sequentially assemble forming 

higher order PSII complexes together with the outer antenna system. In the last years many 

factors were identified to be involved in the PSII assembly, like HCF136, LPA1, LPA2, 

LPA3, PAM68, HCF243, Psb27, Psb28, CYP38, and RBD1 (Calderon et al., 2013; Nickelsen 

and Rengstl, 2013). Due to the highly conserved function, structure and composition of PSII 

most of the assembly factors are highly conserved in structure and function from 

cyanobacteria to plants. Many of these proteins were first described in cyanobacteria and all 

of them found in plants so far are encoded in the nuclear genome.  
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In this work the first plastid encoded factor necessary for the accumulation of PSII was 

described. To decipher the function of PsbN, its gene was knocked out in tobacco by plastid 

transformation and antibodies were raised against its C-terminal part. The antibody 

production was proven to be successful as it detected a protein of the right size which was 

lacking in both generated knock out lines ∆psbN-F and ∆psbN–R (Figure 19A/B). Unlike as 

in the case of most mutants specifically affected in the accumulation of PSII, the ∆psbN 

mutants showed no significant defect in the translation of PSII core subunits. 

PsbN was found to mainly reside in the stroma lamellae, the place were PSI resides 

and were PSII assembly and repair occurs. Furthermore it turned out, that PsbN is not or only 

loosely associated with other proteins and or complexes. As it could be proven that PsbN is 

not a constituent subunit of PSII, the involvement of PsbN in the PSII accumulation could be 

restricted to the subunit and or precomplex assembly. The functional part of PsbN is most 

likely its highly conserved C-terminus, which was shown to be exposed to the stromal face of 

the thylakoids, while the N-terminal hydrophobic part function as an integral membrane 

anchor. A 3D model predicted by the I-Tasser algorithm showed a flexible spacer between the 

longer N-terminal hydrophobic helix and the shorter C-terminal hydrophilic helix, which 

might enable a dynamic transaction of the PsbN C-terminus (Torabi et al., 2014).  

Most cyanobacteria and plastids of plants express psbN next to psbH from the opposite 

strand. The transcription of psbN in the psbB gene cluster of chloroplasts was shown to be 

mainly regulated by a single transcription factor, SIG3 (Zghidi et al., 2007). The psbN 

transcripts are supposed to function as a natural occurring antisense RNA to the psbTc 

transcripts, as they influence the PsbT accumulation in SIG3 mutants (Zghidi-Abouzid et al., 

2011). Due to the high complexity of the posttranscriptional processes found within the psbB 

gene cluster (Stoppel and Meurer, 2013), it can be expected that additional factors are 

required for fine-tuning and adjusting the expression of PsbN. Upon light induction hundreds 

of coregulated nuclear and plastid encoded genes were found in tight transcriptional clusters 

(Cho et al., 2009). In contrast PsbN was found to accumulate already in dark grown seedlings 

uncoupled from the general expression network of photosynthetic genes.  

To consider possible effects of the psbN transcription on the other genes in the psbB 

gene cluster two orientations of the aadA cassette insertion were chosen to knockout psbN, 

resulting in the two lines ∆psbN-F and ∆psbN–R. The fact that PsbN is one of the few plastid 

genes that has never been transferred successfully to the nucleus or was lost during the 
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evolution, suggests that its expression in the plastid is necessary for efficient early PSII 

assembly. Remarkably it was possible to substitute the lack of PsbN in the mutants by the 

import of a nuclear encoded form equipped with a transit peptide. Under controlled conditions 

the ectopic PsbN expression partially restored the PSII defect in ∆psbN-F and completely 

recovered the wild-type phenotype in ∆psbN-R. 

The Arabidopsis mutant hcf107, which is impaired in the accumulation of translation-

competent psbH transcripts, is severely affected in PSII accumulation (Felder et al., 2001; 

Meierhoff et al., 2003b; Sane et al., 2005; Hammani et al., 2012). Therefore the still observed 

PSII deficiency in ∆psbN-Fcom might be a consequence of the aadA cassette insertion, which 

caused reduced psbH transcript levels (Figure 19C).  

Recently this problem was completely avoided by a co-transformation approach, in 

which the PsbN translation was cut-off by the insertion of a premature stop codon, without 

disturbing the transcription of the psbB gene cluster (Krech et al., 2013). A preliminary 

comparison of this ∆psbN mutant with the ∆psbN-F and ∆psbN–R lines showed a similar 

growth and fluorescence phenotype (Appendix). Thus the disordered psbB gene cluster in 

∆psbN-F and ∆psbN–R caused only minor effects compared to the primary role of PsbN in 

the PSII assembly.  

Nevertheless a regulatory reason of the opposite transcription of psbN should not be 

disregarded, since all experiments were performed under controlled conditions. Using 

complemented versions of all three ∆psbN mutants one could compare the impact of the over 

expressed psbB/psbTc antisense transcription in ∆psbN-Fcom, the absent psbB/psbTc 

antisense transcription in ∆psbN-Rcom, and the unchanged transcription of the psbB gene 

cluster in a complemented version of the ∆psbN, under various growth and stress conditions 

and at different developmental stages.  

4.2.2 PsbN is specifically required for PSII RC formation 

In Synechocystis sp PCC6803, no obvious additional phenotypic effects were observed under 

controlled conditions when deleting psbN alongside psbH (Mayers et al., 1993). This is in 

accordance with the only slightly increased PSII defect observed in the ∆psbN-F line, 

although the synthesis of PsbH was additionally affected (Figure 18). The lack of PsbN could 

therefore be contributed to an inefficient assembly of the dimeric co-factor-containing PSII 

RC, but had no influence on the synthesis of PSII proteins and the assembly of the 
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intermediate precomplexes pre-D1, pre-D2, pre-CP43, and pre-CP47 under low light 

intensities (Figure 18-21). This was reflected by a transient accumulation of all PSII 

precomplexes while the assembly of the higher PSII complexes was retarded.  

On the stationary protein levels less higher order PSII complexes were found in the 

mutants compared to the wild type, and only the PSII core antenna precomplexes stably 

accumulated. Furthermore streaking signals of the small PSII subunits PsbI and PsbH could 

be found in the low molecular weight range. The instability of the pre-D1 and pre-D2 

complexes in the mutant might be caused by impaired folding, membrane integration, 

association of small subunits, cofactors or lipids. Although the formation of the PSII RC 

appeared to be the first step affected due to the lack of PsbN, it could not be excluded that 

PsbN guides the whole PSII formation process as well as taking part in the PSII repair cycle 

after photoinhibition.  

4.2.3 PsbN shares functional characteristics with HCF136 

The functional characterization of PsbN revealed several similarities with the nuclear encoded 

protein HCF136, which was shown to be required for PSII formation (Meurer et al., 1998b). 

Both proteins are conserved from cyanobacteria to higher plants, mainly reside in the stromal 

lamellae and are required for the formation of the dimeric PSII RC. In comparison to most 

known PSII assembly/repair factors, the loss of PsbN as well as of HCF136 showed more 

dramatic effects on plant growth and photosynthetic performance, suggesting their role in the 

early stages of PSII assembly.  

Interestingly also the thylakoid ultrastructure with more pronounced stacked grana 

regions was similar in both mutants (Meurer et al., 1998b; Figure 23). Both mutants 

assembled pre-D1 and pre-D2 at wild-type comparable rates but were impaired in the efficient 

formation of the RC (Plücken et al., 2002; Figure 20/21). Also the PSI-M formation which 

appeared to be enhanced in ∆psbN mutants compared to the wild type (Figure 21), showed 

similar characteristics in the analysis of thylakoid membrane complex assembly in hcf136 

mutants (Plücken et al., 2002). Therefore it can be expected that the observed higher assembly 

efficiency of PSI in both mutants, might be a secondary effect caused by the impaired PSII 

RC formation.  

Of course it could not be excluded that HCF136 and PsbN directly influence PSI 

assembly, but at least it could clearly be shown that this must be of less importance for the PSI 
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biogenesis and functionality. Neither PSI precomplexes stably accumulate nor the formation 

of the PSI-M is hindered in the mutants. Furthermore in contrast to the PSII proteins, the PSI 

core subunit PsaA is stable upon light stress in the ∆psbN mutants (Figure 24). The 

assumption that both PsbN and HCF136 mainly function in the early PSII biogenesis is 

supported by their similar expression pattern. While the expression of most thylakoid 

membrane proteins was highly light dependent, PsbN and HCF136 were already found in 

dark-grown seedlings (Meurer et al., 1998b; Figure 14). The early expression of PsbN could 

also explain why older plants transferred from in vitro culture to soil where able to survive 

under low and even moderate light, while mutant seedlings could only develop under low 

light in state I favored conditions (Figure 17).  

The membrane integral protein PsbN and the membrane associated HCF136 protein 

might therefore function in parallel to assemble the PSII RC. As the highly conserved part of 

PsbN was found to be exposed to the stromal face of the thylakoids (Figure 13) and as 

HCF136 was shown to be a luminal membrane associated protein, a direct interaction of both 

is unlikely. Furthermore the PsbN protein showed to reach maximum levels between 8 and 

24 h of illumination, while HCF136 protein levels were further increasing, suggesting that 

they do not form a complex together (Figure 14). Therefore it can be expected that the 

formation of the PSII RC is guided on both sides of the stroma lamellae without direct 

physical contact of PsbN and HCF136.  

If PsbN is associated to any protein or complex stays an open question, as PsbN was 

always found in the unassembled state even under very mild detergent concentrations or when 

using cross-linkers. This might imply a transient and/or very loose association of PsbN to its 

interaction partners. In contrast, all other PSII assembly factors investigated were found to 

form stable complexes, indicating a tight interaction with PSII subunits and/or other 

chaperones (Nickelsen and Rengstl, 2013). Because of the small size of PsbN and the only 17 

amino acid long conserved C-terminal part, which is most probably the transacting domain it 

is no wonder that associated proteins could get easily lost during preparation. Furthermore the 

small amount of crosslinkable amino acid residues in the functional part of PsbN could get 

inaccessible upon protein binding.  

Apparently, it could not be solved how exactly PsbN acts as a low molecular weight 

chaperone in the efficient assembly of the PSII RC. It could either interact with its own or in 

transient association with other factors and/or PSII subunits. The formation of the complexes 
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and the surrounding lipid composition within the thylakoids was shown to be very flexible 

upon different light and stress conditions, to enable proper photosynthesis and repair 

mechanisms (Kirchhoff, 2014). Therefore the changed ultrastructure and the impaired PSII 

RC formation observed in ∆psbN mutants, might also be caused by a direct influence of PsbN 

on the thylakoid membrane properties and/or lipid composition. 

4.2.4 The ∆psbN mutants are extremely light sensitive 

PsbN was found to mainly reside in the stroma lamellae, the place where the PSII RC 

formation and the PSII repair cycle occurs. It can be assumed that both the RC formation and 

the PSII repair cycle share identical steps in which PsbN is involved. This became obvious 

because the inhibition of the chloroplast protein synthesis showed no additional effect on the 

light sensitivity of PSII in the mutants. Furthermore the ∆psbN mutants failed to recover from 

photoinhibition and D1 was very prone to degradation upon treatment with moderate light.  

To avoid secondary effects caused by excess light, the mutants were cultivated under 

low light intensities of 10 µmol photons m-2 s-1. Due to that it was possible to define the 

primary function of PsbN, which appeared to be involved in the assembly and function of 

PSII while the other thylakoid membrane complexes were unaffected. This could be proven 

by measurements of chlorophyll fluorescence induction, PSI yield, fluorescence emission at 

77K, assembly studies, and by immunological analysis of various thylakoid membrane 

proteins. 

Recently it was concluded, that the lack of PsbN affects PSII as well as PSI 

accumulation (Krech et al., 2013). This preliminary analysis showed a about 5 times lower 

Fv/Fm, a lower chlorophyll content and a several fold larger shift of the PSI peak at 77K to 

shorter wavelength and stronger reduced levels of PSII and PSI proteins compared to this 

analysis. These results can be explained by the 5 times higher growth light intensities used in 

this analysis (Krech et al., 2013). An identical growth and fluorescence phenotype could be 

observed in a preliminary comparison of the ∆psbN line with the ∆psbN-F and ∆psbn-R lines 

(Figure 18/Appendix).  

For several reasons it is likely that the PSI defect observed in ∆psbN mutants grown 

under higher light intensities is mainly of secondary nature. The influence on PSI was 

compared with a psbD knockdown mutant, which is much milder affected in PSII 

accumulation than the ∆psbN mutants (Krech et al., 2013). Several studies showed that 
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already moderate light intensities are harmful to PSI when PSII assembly is affected (Meurer 

et al., 1998b; Plücken et al., 2002; Swiatek et al., 2003). Furthermore the treatment with 

inhibitory light for six hours affected PSII but not PSI accumulation in the ∆psbN mutants 

(Figure 24). Moreover the accumulation of unassociated PSI antenna subcomplexes found in 

the ∆psbN mutants was most likely caused for secondary reasons. This was revealed by 

comparison with ∆psbI, which shows a milder PSII defect compared to the psbN knockouts. 

But, as already mentioned, a minor role of PsbN in the PSI assembly cannot be 

excluded completely. This could also be taken into consideration for hcf136 mutants, which 

showed a strong PSI deficiency when grown at 50 - 70 µmol photons m-2 s-1 (Plücken et al., 

2002). The localization of PsbN and HCF136 in the stroma lamellae and the effects seen on 

the thylakoid ultrastructure could of course directly or indirectly influence PSI formation. 

Although it is hard to draw a line between direct and indirect effects on the two photosystems, 

it was finally proven that PsbN is an essential factor for an efficient PSII RC formation 

already in early stages of thylakoid membrane formation.  

4.2.5 Outlook of the PsbN project 

Further studies which are already in progress, will address possible interactions of PsbN with 

other proteins and/ or specific classes of lipids. The complemented ∆psbN lines, which 

express a functional chimeric PsbN-GFP fusion will be best suitable for this aim. For 

successful immunoprecipitation and/or crosslinking experiments, the short C-terminal 

functional domain of PsbN should not be targeted by the antibodies and/or crosslinkers. This 

will make the capture of a possible interaction partner more likely. Furthermore, recombinant 

PsbN can be used for pull down, overlay assays and lipid binding assays. The PsbN gene was 

cloned into pray and bait vectors for split ubiquitin analyses, which are already in progress in 

the cooperation with Prof. Danja Schünemann (Ruhr-University Bochum). 

4.2.6 Establishment of a semi-sterile culture system 

Due to the extreme light sensitivity of the ∆psbN-F and ∆psbN-R mutants, their propagation 

on soil turned out to be difficult and time consuming. The same was reported for the ΔpsbN 

mutants, which took 9 month to flower (Krech et al., 2013). To overcome this problem a new 

technique was developed, which allowed a semi-sterile culture on sucrose supplemented 

medium. This allowed a rapid growth and flower development and enabled several crossing 

experiments with sufficient quantity of viable seeds (Figure 16).  
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A similar culture technique was developed for the sterile co-cultivation of potato 

plantlets and mycorrhiza without addition of a carbon source (Voets et al., 2005). The 

application of sucrose in a semi-sterile manner might enable also many other photosynthetic 

vascular plant mutants to develop flowers and to set seeds. Additionally, this cultivation 

technique allows to generate more biomass, with a greater age gradient between and within 

leaves from a photosynthetic mutant plant. It also enables the measurements of photosynthetic 

parameters, removal of leaf probes, and the application of different substrates to the culture 

medium. All these actions can be performed with plants grown on a carbon source without 

opening or exchanging the culture vessel. Further improvements could therefore help 

researchers to use this technique for a wide range of plants and purposes by having less effort 

and tissue culture work. 
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Summary 

The biogenesis of photosynthetic complexes in plants depends on the gene expression in two 

genetic compartments, the nucleus and the plastid. To maintain photosynthesis in the plastid, 

nuclear encoded proteins have to be imported into the plastid were they act in transcriptional 

and posttranscriptional processes or are directly involved in complex assembly or 

photosynthesis. 

Due to changes in the organization and the divergence of sequences in the untranslated 

regions of the plastid genome, especially the RNA metabolism turned out to be a fast evolving 

process. HCF145 is a nuclear encoded factor which was proven to specifically affect the 

stability of the tricistronic psaA-psaB-rps14 transcripts. HCF145 most probably evolved in 

green algae and consists of two duplicated domains of bacterial origin. Two homologous 

domains of the polyketide cyclase family, a ubiquitous motif found in all superkingdoms, 

comprising 37 annotated Arabidopsis proteins of unknown function.  

Two further unknown tandem repeated motif at the C-terminus confer RNA binding 

capability to HCF145. These motifs were therefore designated as transcript binding motif 

repeat (TMR). TMR motifs are mainly found as multiple repeats and seem to be specific for 

photosynthetic organisms. In higher plants HCF145 represents the only TMR protein. The 

analysis of hcf145 mutants in Arabidopsis thaliana and Physcomitrella patens and knock 

downs in Nicotiana tabacum indicate that HCF145 has been recruited to protect the psaA-

psaB-rps14 mRNA by binding to the 5’ UTR. The Photosystem I biogenesis highly depends 

on HCF145, which is regulated in a developmental, light, temperature, stress, and 

photosynthesis dependent manner.  

In contrast to the fast evolving RNA metabolism the assembly and the function of 

photosynthetic complexes remained highly conserved from cyanobacteria to higher plants. 

Mainly proteins of high demand like the core subunits of the photosynthetic complexes and 

ribosomal proteins are still encoded in the plastid, while many genes encoding for accessory 

subunits and assembly factors were transferred to the nucleus.  

Plastid transformation in tobacco helped to study the function of most genes that 

remained in the chloroplast of higher plants. The chloroplast-encoded low molecular weight 

protein PsbN was misleadingly annotated as a photosystem II (PSII) subunit, although its 

function, localization and topology remained elusive. The gene which is encoded on the 
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opposite strand of the psbB gene cluster was deleted in Nicotiana tabacum by insertion of a 

spectinomycin resistance cassette into PsbN in both directions. The resulting homoplastomic 

mutants ∆psbN-F and  ∆psbN-R showed essentially the same PSII deficiencies as revealed by 

spectroscopic and biochemical analysis.  

Immunological analyses with a peptide specific antisera against the C-terminal part of 

PsbN, confirmed a transmembrane helix in the N terminus of PsbN and the localization of the 

highly conserved C-terminus in the stroma. PsbN was mainly found in the stroma lamellae not 

associated to any complex, approving that PsbN represent not a constituent subunit of PSII. In 

vivo labeling experiments combined with native PAGE analyses helped to follow the 

synthesis and assembly of photosynthetic complexes in statu nascendi, uncovering a specific 

defect in the formation of the PSII RC in the both ∆psbN mutants. PsbN that accumulated to 

high amounts already in dark grown seedlings, showed many phenotypic similarities to the 

PSII assembly factor HCF136, which is also important for efficient PSII RC assembly.  

To consider concerns about the disruption of the psbB gene cluster induced by the 

insertion of the spectinomycin resistance marker, the mutant plants were complemented by 

allotopic expression of the PsbN gene fused to the sequence of a chloroplast transit peptide in 

the nuclear genome. This resulted in a full complementation of the ∆psbN-R and a partial 

complementation of the ∆psbN-F line. A preliminary comparison of the ∆psbN mutants with 

the translational incompetent ∆psbN lines described by Krech et al. (2013), showed a similar 

phenotype. For backcrossing experiments of the severely light sensitive and photosynthetic 

impaired ∆psbN mutants, a semi-sterile culture technique was developed. This allowed the 

supply of sucrose under sterile conditions and a rapid plant and flower development outside 

the culture vessel. 
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Zusammenfassung 

Die Entstehung von Photosynthese-Komplexen in Pflanzen hängt von zwei genetischen 

Kompartimenten, dem Zellkern und den Plastiden ab. Um Photosynthese im Plastiden zu 

betreiben, müssen im Zellkern kodierte Proteine importiert werden, welche an der 

Transkription, an posttranskriptionellen Prozessen, der Komplexassemblierung oder direkt an 

der Photosynthese beteiligt sind. Aufgrund der variablen Genanordnung und den divergenten 

nicht kodierenden Sequenzbereichen (UTR) in pflanzlichen Plastidengenomen, erweist sich 

besonders der RNA Metabolismus als ein schnell evolvierender Prozess. HCF145 ist ein im 

Kern kodierter Stabilitätsfaktor für die tricistronischen psaA-psaB-rps14 Transkripte. HCF145 

besteht aus zwei duplizierten Domänen bakteriellen Ursprungs und entstand 

höchstwahrscheinlich in Grünalgen. Zwei homologe Domänen gehören zu der Polyketide 

Zyklase Familie, dessen ubiquitäres Motiv in allen Artenreichen einschließlich 37 annotierten 

Arabidopsis Proteinen mit unbekannter Funktion zu finden ist.  

Zwei weitere unbekannte aufeinanderfolgend wiederholte Motive am C-terminus 

verleihen HCF145 RNA-Bindekapazität. Daher wurden diese Motive als „transcript binding 

motif repeat“ (TMR) bezeichnet. Die TMR Motive werden meist als multiple 

Wiederholungen gefunden und scheinen spezifisch für photosynthetische Organismen zu sein. 

In höheren Pflanzen repräsentiert HCF145 das einzige TMR Protein. Die Analysen der hcf145 

Mutanten in Arabidopsis thaliana und Physcomitrella patens sowie die Analyse von RNA-

Interferenz Linien in Nicotiana tabacum zeigten, dass HCF145 entstanden ist, um die psaA-

psaB-rps14 mRNA zu schützen, indem sie deren 5’-UTR bindet. Die Photosystem I 

Biogenese hängt stark von HCF145 ab, dessen Expression Entwicklungs-, Licht-, 

Temperatur-, Stress- und Photosyntheseabhängig reguliert wird. 

Im Gegensatz zu dem schnell evolvierenden RNA Metabolismus blieben die Assemblierung 

und die Funktion der Photosynthese-Komplexe von Cyanobakterien bis zu den höheren 

Pflanzen stark konserviert. Hauptsächlich Proteine von hohem Bedarf wie die 

Kernuntereinheiten der Photosynthese-Komplexe und Ribosomale Proteine sind noch im 

Plastiden kodiert, während die Gene von vielen angrenzenden Untereinheiten und 

Assemblierungsfaktoren in den Kern transferiert wurden.  

Die Plastiden Transformation in Tabak ermöglichte es die Funktion der meisten im 

Chloroplasten verbliebenen Gene in höheren Pflanzen zu studieren. Das im Chloroplast 
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kodierte Protein PsbN, mit geringem Molekulargewicht, wurde fälschlicherweise als kleine 

Untereinheit von PSII annotiert, obwohl seine Funktion, Lokalisation und Topologie 

unbekannt blieben. PsbN befindet sich auf dem gegenüber liegenden Strang im psbB 

Genecluster und wurde in Nicotiana tabacum ausgeschaltet. Dafür wurde eine 

Spectinomycin-Resistenz-Kassette in das PsbN Gen in beiden Orientierungen inseriert. Die 

daraus resultierenden homoplastomischen Mutanten ∆psbN-F und ∆psbN-R zeigten in den 

spektrometrischen und biochemischen Analysen einen vergleichbaren PSII Defekt. 

Immunologische Analysen mit einem peptidspezifischen Antikörper gegen den C-

terminalen Teil von PsbN bestätigte eine Transmembranhelix im N-Terminus und lokalisierte 

den C-terminalen Teil von PsbN im Stroma. PsbN wurde hauptsächlich in der Stromalamelle 

gefunden und war nicht an einem Komplex assoziiert. Dies zeigte, dass PsbN keine 

wesentliche Untereinheit von PSII ist. Radioaktive Markierungsexperimente in Kombination 

mit nativen Gelanalysen ermöglichte es die Synthese und Assemblierung von 

Photosyntesekomplexen während ihrer Entstehung zu verfolgen und zeigte bei beiden ∆psbN 

Mutanten einen Defekt in der Formation des PSII RC. PsbN welches schon in hohen Mengen 

in etiolierten Keimlingen angereichert war, zeigte viele phänotypische Ähnlichkeiten zu dem 

PSII Assemblierungsfaktor HCF136, welcher auch wichtig für eine effiziente Assemblierung 

des PSII RC ist.  

Um Bedenken wegen der Unterbrechung des psbB Geneclusters durch die Insertion 

der Spectinomycin-Resistenzkassette zu berücksichtigen, wurden die Mutanten 

komplimentiert. Dazu wurde das PsbN Gene mit der Sequenz von einem Transitpeptid für den 

Chloroplastenimport fusioniert und allotopisch im Zellkern exprimiert. Damit konnte eine 

vollständige Komplementierung von ∆psbN-R und eine teilweise Komplementierung von 

∆psbN-F erzielt werden. Ein vorläufiger Vergleich der ∆psbN Mutanten mit der Translations-

inkompetenten ∆psbN Line, welche von Krech et al. (2013) beschrieben wurde, zeigte einen 

vergleichbaren Phänotyp. Für Rückkreuzungsexperimente der extrem lichtsensitiven und 

photosynthetisch defekten ∆psbN Mutanten wurde eine semi-sterile Kultivierungstechnik 

entwickelt. Diese ermöglichte die Verabreichung von Zucker unter sterilen Bedingungen und 

eine schnelle Wachstums- und Blütenentwicklung der Pflanzen außerhalb der Kulturgefäße. 
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Abbreviations 

µg    microgramm 

µl    microliter 

Å    Ångstroem (10-10 m) 

aadA    aminoglycoside3’-adenylyl-transferase 

ATP    adenosine triphosphate 

BN-PAGE   blue native polyacrylamide gel electrophorese 

bp    base pairs 

CBB    Coomassie Brilliant Blue 

cDNA    complementary DNA 

Cyt b6f    cytochrome b6f complex  

DAPI    4′,6-Diamidin-2-phenylindol, 

ddH2O    double distilled water 

DNA    deoxyribonucleic acid 

EDTA    ethylenediaminetetraacetic acid 

EST    expressed sequence tag 

FNR    ferredoxin (NADP+) reductase 

Fo    minimal fluorescence 

FR    far red 

Fv/Fm    maximum quantum yield of PSII 

g    gravitational acceleration 

GFP    green fluorescent protein 

GL    growth light 
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h    hour 

hcf    high chlorophyll flourescence 

HEPES   N-(2-hydroxyethyl)-piperazine-N’-(2-ethanesulfonic-acid) 

Hz    Hertz 

kb    kilobases 

LHC    light harvesting complex 

LMW    low molecular weight 

MB    methylene blue 

mol   amount of substance (SI base unit) 

mRNA    messenger ribonucleic acid 

NADP+   nicotinic adenine dinucleotide phosphate 

NEP    nuclear encoded RNA-polymerase 

nm    nanometer 

NPQ    non-photochemical chlorophyll a fluorescence quenching 

OEC    oxygen evolving complex 

OPR    octotricopeptide 

ORF    open reading frame 

ɸ PSI     quantum yield of PSI 

ɸ PSI ND   quantum yield of nonphotochemical energy dissipation due to 

donor side limitation 

ɸ PSII     quantum yield of PSII 

P680    PSII primary electron donor (chlorophyll dimer)  

P700    PSI primary electron donor (chlorophyll dimer)  

PC    plastocyan 
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pD1    precourser D1 

PEP    plastid encoded RNA-polymerase 

Pet    cytochrome complex subunit 

PFD    photon flux density 

PPR    pentatricopeptide repeat 

psa    gene coding for a photosystem I subunit 

psb    gene coding for a photosystem II subunit 

PSI    photosystem I 

PSII    photosystem II 

PSII-D    photosystem II dimer 

PSII-M   photosystem II monomer 

PSII-RC   photosystem II reaction center 

PSII-SC   photosystem II supercomplexes 

PVDF    polyvinylidenfluorid 

Q    plastoquinone pool 

RL    red light 

RMOP    plant regeneration medium  

RNA    ribonucleic acid 

ROS    reactive oxygen species 

rRNA    ribosomal ribonucleic acid 

RT    room temperature 

SC    supercomplexes 

SDS    sodium dodecyl sulfate 
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SRPBCC   (START/RHO alpha C/PITP/Bet v1/CoxG/CalC) 

superfamily 

T-DNA   transfer deoxyribonucleic acid 

TMR    transcript binding motif repeat 

TPR    tetratricopeptide repeat 

Tricine    N-(Tri-(hydroxymethyl)-methyl)glycine 

Tris    tris-(hydroxymethyl)-aminomethane 

Tween    polyoxyethylenesorbitan monolaurate 

UTR    untranslated region 

w/v    weight per volume 

WT    wild type 

β-DM    n-doceyl-β-d-maltoside 
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Appendix 

145motif-1 (134 AA) 
At VWNVLTDYERLADFIPNLVWSGRIPCPHP-----GRIWLEQRGLQRALYWHIEARVVLDLHECLDSPNGRELHFSMVDGDFKKFEGKWSVKS-GIRSVGTVLSYEVNVIPRF---NFPAIFLERIIRSDLPVNLRAVARQAEK 
Gm VWNALTDYEHLADFIPNLVWSGRIPCPYP-----GRIWLEQRGFQRAMYWHIEARVVLDLQEVVNSAWDRELHFSMVDGDFKKFDGKWSVKS-GTRSSTAILSYEVNVIPRF---NFPAIFLERIIRSDLPVNLRALAYRAER 
Pt VWNSLTDYERLADFIPNLVCSGRIPCPHP-----GRVWLEQRGLQRALYWHIEARVVLDLQEFPHSANNRELHFSMVDGDFKKFEGKWSLRS-GTRHGTTTLSYEVNVMPRY---NFPAIFLERIIGSDLPVNLRALACRAER 
Bd VWRIITDYERLAEFVPNLVHSGRIPCPHE-----GRIWLEQRGLQQALYWHIEARVVLDLREVPDAVNGRELHFSMVDGDFKKFEGKWSVRS-GPRSASAILLYEVNVIPRF---NFPSIFLERIIRSDLPVNLRALAFRSEK 
Os VWRVITDYERLAEFIPNLVHSGRIPCPHQ-----GRVWLEQRGLQQALYWHIEARVVLDLKEVPDAVNGRELHFSMVDGDFKKFEGKWSIRS-GPRSSSAILLYEVNVIPRF---NFPAIFLERIIRSDLPVNLGALACRAEN 
Sb LWQVITDYERLADFIPNLVQSGTIPCPHE-----GRIWLEQRGLQQALYWHIEARVVLDLQEIHDSINGRELHFSMVDGDFKKFEGKWSIRS-GPRSSSAVLLYEVNVIPRF---NFPAIFLEKIIRSDLPVNLGALACRAEK 
Sm VWEVLTDYERLAEFIPNLIHSARIPCPYP-----GRIWLLQRGLHTAMYWHIEATVVLDLEEFPHLTDGRSLQFCMVDGDFKKYAGRWLLQA-GTRPGTTDLHYEVNVIPRL---LLPGVFVEGIIKSDLPVNLRAIAERAEK 
Pp VWEVLTDYGRLAEFIPNLTRSEQIPCPHP-----GRTWLLQEGKQSAMYWQIEARVVLDLEEFLDAKDGRELRFSMVDGDFKRYVGRWYLRP-DVRPGTIILHYEVNVTPRL---LFPAAFVEKIIKSDLPTNLRAIAARAED 
:*. :*** :**:*:***  *  ****:      ** ** *.* : *:**:*** *****.*      . .*:*.*******:: *:* ::  . *     * ***** **     :*. *:* ******* ** *:* ::* 
Cs VWAVLTDYDRLVEFVPNLEVCEKLPGGSA-----TRYRLRQQGCSQSLYLRLEASAVLDVQEVKGPLGRRELRFAMVESPNLKFSGQWTVEPDPTVRDGRSLGTTKLRYEIS---VAPKWSIPSTLVSKVVKSGLPANICAIA 
Cv VWRVLTNYERLADFVPNLESCERLPSPRT-----GRVWIRQRGCSQGVLWRLEAEAVIAVEEVRLPLGRREARFNMVDGDFKEMSGRWVVEPDP---SSAVGMATLLRFDIT---VQPKISLPSSVVSYVVRAGLPANIQAVS 
145motif-2 (129-130 AA) 
At VWKVLTSYESLPEIVPNLAISKILSRDNN----KVRI--LQEGCKGLLYMVLHARAVLDLHEIRE----QEIRFEQVEGDFDSLEGKWIFEQLGSHHTLLKYTVESKMRKDS---FLSEAIMEEVIYEDLPSNLCAIRDYIEK 
Gm VWNILTAYETLPKIVPNLAISKVVSRDNN----KVRI--LQEGCKGLLYMVLHARVVLDLCEYLE----QEISFEQVEGDFDSFRGKWIFEQLGNHHTLLKYSVESKMRKDT---FLSEAIMEEVIYEDLPSNLSAIRDYIEN 
Pt VWNVLTAYESLPEFVPNLAISKILSRENN----KVRI--LQEGCKGLLYMVLHARVVLDLCEHLE----QEISFEQVEGDFDSFQGKWILEQLGSHHTLLKYNVESKTHRDT---FLSEAIMEEVIYEDLPSNLCAIRDYIEK 
Bd VWNVLTAYE-LPEIIPNLAISRILLRDNN-----VRI--LQEGCKGLLYMVLHARVVM-LREKLE----REISFEQVEGDFFSFKGKWRLEQLGDQHTLLKYMVETKMHKDT---FLSESILEEVIYEDLPSNLCAIRDYVEK 
Os VWNILTAYEKLPEFVPNLAISRIIRRDNN----KVRI--LQEGCKGLLYMVLHARVVMDLREKLE----REISFEQVEGDFYSFKGKWRLEQLGDQHTLLKYMVETKMHKDT---FLSESILEEVIYEDLPSNLCAIRDYIEK 
Sb VWNVLTAYENLPEFVPNLAISRIVLRDNN----KVRI--MQEGCKGLLYMVLHARVVMDLREKFE----QEIRFEQVEGDFYSFKGKWRLEQLGDQHTLLKYMVETKMHRDT---FLSESILEEVIYEDLPSNLCAIRDYIEK 
Sm VWNVLTSYETLSEFVPNLSSSKIVSRHGN----HARV--LQEGCKCLLYMVLHARVVLELQELPP----NEITFQQVEGDFDVFSGKWTLESLGAEHTLLRYSVDMKMHNDF---LLPREIIEEIVYEDLPENLCAIRARVEL 
Pp VWAVLTAYESLQEFIPNLAICKVLTREKN----KVRL--LQEGCKCLLYMVLHARVILDLWERPQ----YEILFQQVEGDFDSFQGKWTLEPLGAQHTLLKYLVDTKMHKDS---LLAEALVEEVIYEDLPANLCAIRDRVEL 
   **::**:** * :::***: .::: *. *    :.*:  :***** *********.::   *        ** *:*.****  : *** :* ** .****:* *: * :.*    :*.. ::**::***** *:.***  :* 
Cs VWDVLTDYEALPEFVPNLAVCERLPVPAGMESRLTRL--RQVGFKDMVFMQLHAEAVLDLHERPH----REIQFRAVAGDFGVLQGKFMLSEPERKETHLKYAVEVKIPRSTPMMGLLEPILERMVYEDIPFNLAALKQR 
Cv VWDVLTDYNRLAEFIPNLAVSQRIALPSNAPANIIRI--RQVGYKRMLYMCLHAESVLDLIEKPQ----GEIQFRQVAGDFERFQGKWMLQGLPLSGNSSSTTSDAEPSASQTQLKYAVEIVIPRSTRMLGVLEPLLERT 
TMR1 (68 AA) 
At EVLKSEILKFISEHGQE-GFMPMRKQLRLHGRVDIEKAITRMGGFRRIALMMNLSLAYKHRKPKGYWDN 
Gm KVLESELLKFIAEHGQE-GFMPMRKQLRLHGRVDIEKAITRMGGFRKIATILNLSLAYKHRKPKGYWDN 
Pt DVLKSELLKFISEHGQE-GFMPMRKQLRLHGRVDIEKAITRMGGFRRIATLMNLSLAYKHRKPKGYWDN 
Bd EVLKSELGSFISKYGQN-GFMPKRKHLRTHGRVDIEKAITRMGGFRKIASIMNLSLSYKNRKPRGYWDN 
Os EVLKSELEKFIAKYGQD-GFMPKRKHLRLHGRVDIEKAITRMGGFRKIASIMNLSLSYKNRKPRGYWDN   
Sb EVLKSELENFIAEYGQY-GFMPKRKHLRSHGRVDIEKAITRMGGFRKIASIMNLSLSYKNRKPRGYWDN  Embryophyta    Accession 
Sm KVLERELEGFVAKAGKE-RVMPVRAELRKNGRVDLEKAIRRFGGFRSIAERLNMSLAYKRRKPRGFWQN  At:  Arabidopsis thaliana  At5g08720 
Pp NILQQELLKFIAEKGTK-GVMPLRCELREAGRVDLEKAITRNGGFGPVASKLNLSLAYKERKPRGYWDN  Gm:  Glycine max    XM_003528024 
   .:*: *:  *::: *    .** * .**  ****:**** * ***  :*  :*:**:**.***:*:*:*  Pt:  Populus trichocarpa   XM_002307027 
Cs EDFGLLAAELERCFGGT-GTMPTRAQLRAITRTDLEKAMVAHGGPAAVAKRMGWKLAYKAKAPRGYWDK  Bd:  Brachypodium distachyon  XM_003559134 
Cv VGRKCRLPYLAFSPVLE-ALCPQKMTLYGAGRYDIARAVERWGGLYELAGELGYAVTGSRKPGFSEWQE  Os:  Oryza sativa    Os03g0837900 
           Sb:  Sorghum bicolor   XM_002466088 
TMR2 (67-69 AA)         Sm:  Selaginella moellendorffii  XM_002987569 
At ENLQEEIGRFQQSWGMDPSFMPSRKSFERAGRYDIARALEKWGGLHEVSRLLALNVRHPNRQLNSRKDN  Pp:  Physcomitrella patens   XM_001783694 
Gm ENLQEEISRFQRGWGIDPSFMPSRKSFERAGRYDIARALEKWGGLHEVSRLLSLKVRQRSRQDNLAKDK  Chlorophyta  
Pt ENLQEEISRFQRSWGMDLSFMPSRKSFERAGRYDIARALEKWGGLHEVSRLLALKVRHPNRQANSIKDR  Cs:  Coccomyxa subellipsoidea  XM_005645014 
Bd ENLQEEI-RFQ-NWGIDPSYMPSRKSFERAGRYDIARALEKWGGIQEVSRLLSLEPRRPRRQADSDSEK  Cv:  Chlorella variabilis   XM_005849478 
Os ENLQEEIRRFQKNWGMDPAYMPSRKSFERAGRYDIARALEKWGGVHEVSRLLSLELRRPRRRANSDDES    
Sb ENLQEEISRFQKSWGMDPSYMPSRKSFERAGRYDIARALEKWGGVQEVSRLLSLKLRRPRRQGDLDDES 
Sm ENLKREIQLFQKKLRSDPSRMPSRRTLERAGRY-IARALEKWGGLHEVAKVLNLQTKRKRCLEEPEEGW 
Pp QNVHKEILLFQKEHGNDRTTMPTRQSLERAGRYDLARSLEKWGGLREVARVLGLQVKKRQKSRTAKTDV 
   :*::.**  **     * : **:*:::****** :**:******::**:::* *: ::   
Cs KNVEREIAEFCEQEGLPPRIMPLKMDFVRANRYDLAHVVERWGGLSELAELLEYQACTCRSVSPHVCKE 
CV HISELAASTGLSGREGLFELASKTYAARRSMQGSVDGGEDMALADILTADAVGARAASANSKASAENGA 

 

Appendix 1. Multiple amino acid sequence alignment of conserved motif 

repeats found in HCF145 proteins of green plants.  
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A 
Np: EKIWKVLTDYEALPDFLPNLAKSRLIEHPNGG-IRLEQVGSQ-RLLNFNFSARVVLDLEECFP------------REINFR-MVEGDFKGFSGSWCLEPYSLG-----------EYIGTNLCYTIQV--WPKLTMPVGIIENRLSKDLRLNL 
Csp: EKTWQVLTDYEALADFIPNLIKSRLLEHPDGG-IRLEQIGSQ-RLLNFNFCARVVLDLEEYFL------------KEINFR-MIEGDFKGFSGSWCLKPYSFG-----------DLVGTDLCYTIQV--WPKLTMPLKIIEPRLTNDMHVNL 
Cst: EKIWQILTDYESLADFIPNLAQSRLLAHPQGG-IRLEQIGSQ-RLLNFKFCARVVLDLEELFP------------KEINFQ-MVEGDFKGFSGKWCLEPYSLG-----------AAQGTNLCYTIQV--WPKLTMPISILENRLSNDLRLNL 
Ds:  EAVWQVLTDYESLPEFIPSLEKSQRLEHPEGEKVRLEQVGKQ-RLFKVNFSARVVLDLTEMPP------------SRIDFE-MVEGDFKAFSGYWSLEEADQ---------------KTELIYSIFV--WPPRTMPVSLIERRLSLDLSLNL 
Gs: KAVWDLLTDYEHLAEFIPNLAVSRLRYHPQGG-IRLEQEGVQ-SVLGFRFRASVILDMYEKFS---------EDRAEIDFVLADSQDFDVFEGSWLMYPMKR--------------NWTHLIYQVTV--QPKRFVPVQAVEWRIREDVPSNL 
Pt:  DTVWKILTDYEKLADFIPGLAVSKLIDKKDKF-ARLYQIGQQNLAFGLKFNAKAILDCYERDLQTLAS----GEKRDIEFK-MTEGDFQFFEGMWSIEQLAK----PKTEDSVGQEYETTLSYLVDV--KPKMWLPVNLIEGRICKEIKSNL 
Vv:  HTVWSILTDYEGLADFIPGLAVSQLVEKGEKF-ARLFQIGQQDLAFGLKFNAKGIVDCYEKDLESLPF----GEKRDIEFK-MIEGDFQIFEGKWSIEQRNTNT-WEGKDSSVGQEFYTTLTYVVDV--EPKRWLPVYLVEGRLSREIKMNL 
At:  DSVWSVLTDYEKLSDFIPGLVVSELVEKEGNR-VRLFQMGQQNLALGLKFNAKAVLDCYEKELEVLPH----GRRREIDFK-MVEGDFQLFEGKWSIEQLDKGI-HGEALDLQFKDFRTTLAYTVDV--KPKMWLPVRLVEGRLCKEIRTNL 
Os:  DAVWATLTDYEGLAGFIPGLSECRLLDQSDCF-ARLYQVGEQDLALGFKFNARGTIDCYEGELQLLP---AGARRREIAFN-MIDGDFKVFEGNWSVQEEVD-----GGEISADQEFQTILSYVVEL--EPKLWVPVRLLEGRICNEIKTNL 
Bd: EAVWATLTDYEGLAGFIPGLSECRLLHQDAAF-ARLYQVGEQDLALGFKFNAKGTIDCYEGEMEVLP---AGARRREIAFN-MVEGDFKVFEGKWSVEEVEDSL-DEGGENPTGQEFQTTLSYVVEL--EPKLWVPVRLLEGRICKEIKTNL 
Sb:  EAVWATLTDYEGLADFIPGLSECRLLDQHDGF-ARIYQVGEQDLALGFKFNAKGTIDCYEGDMEVLPD--AGARRREIAFN-MIDGDFKLFQGKWSVEEVDGSI-VEGGGNSEEQEFQTTLSYLLEL--EPKLWVPVRLLEGRICSEIKNNL 
Si: EAVWATLTDYEGLADFIPGLSECRLLDQAQGF-ARLYQVGEQDLALGFKFNAKGTIDCYEGDLESLPDAQGNARRREIAFN-MIDGDFKVFQGKWSVQESVEQEQGGGDSDEGQESQTTTLSYLVEL--EPKLWVPVRLLEGRICSEIKNNL 
Sm:  ETVWGVLTDYEGLADFIPGLASSKVLERRENG-AQLLQIGEQELALGVKFRAKGVIEVTELPLELLDNG----CRRDIGFD-MVEGDFNLFRGIWRIEQILHG--------VEDATTQTSLTYILEV--QPKIWIPVALLEGRLQKEVSNNL 
Pp: EAVWGVLTDYDHLADHIPGLAESSVLQRRSNG-ARLKQIGQKNFALGVKFKAKAVVEVTEEAAQDLDDG----TLRDLHFE-TVEGDFQVFKGTWRMLEKSLE--------SNDAKVETYLSYILEV--QPKRWMPVALIEGVLGQEITCNL 
Cr: SAVWLALSDYDNLGKFIPSLVENRCLERGGRT-AVLYQVGAQDVAMGVKFSA-ALASVEALFP-YPLTSAPGVSSSDITFE-LVEGDFQAFRGVWRMQQT--------------GEATTLLSYALFV--KPQAWLPVALIQGRIENEVVRNL 
Cs: EVIWGALTDYDSLGTFIPGLAENRCLERRAQG-AQLLQIGEQEIAFGAKFRARVVLDIEEHWSGVPG 35 aa  HDIAFC-ACEGDFQVFRGVWRIQEGSR------------GEGSSRLSYALFV--RPQIWLPVRLVQGRIESEIKNNL 
Pm: DSLWSVLTDYDRLNLYIPNLLSSKKIFQKGNN-VHLKQVGAQ-DFLGMKFSAEVTIDLFEN-----------KELGLLKFN-LIKGDFRKFEGSWKIQNIKNTS-------------TNSLIYDLTV--QGCQWMPIGMIEKRLKKDLSENL 
Ss: DELWEVLTDYENLSKFIPNLSSSQLVHREGHT-VRLQQVGSQ-QLLGLRFSAQVQLELTEF-----------RSEGLLSFK-MVKGDFRRFEGAWRVNELADG---------------CSLVYELTV--QGCIGMPIALIEERLRDDLSSNL 
AtM1: QSVWNVLTDYERLADFIPNLVWSGRIPCPHPGRIWLEQRGLQ-RALYWHIEARVVLDLHECLDSPNG--------RELHFS-MVDGDFKKFEGKWSVKSGIR-------------SVGTVLSYEVNV--IPRFNFPAIFLERIIRSDLPVNL 
AtM2: CEVWKVLTSYESLPEIVPNLAIS-KILSRDNNKVRILQEGCK-GLLYMVLHARAVLDLHEIRE------------QEIRFE-QVEGDFDSLEGKWIFEQ-LG-------------SHHTLLKYTVESKMRKDSFLSEAIMEEVIYEDLPSNL 
Ct: KHVWAAITDYNNHKSFVPKLIDSGLISDNGRE-QVMFERGKTGIFLFRKTVYIKLSLQGEY-------------PKRLDFH-QIEGDFKVYEGDWLIERASDG---------------KGSILTFRAKIKPDFFAPAMFVRKVQQNDLPMVL 
Pa: ETIWNLLTDYNNLSTIIPKVIDSRLIEDNGSH-KIIDQTGKSGILFIEKSVRIVLKVTEKF-------------PNALLFE-MVEGDFSTYTGSWSFRPGSSR---------------EQTFVSWQTDFKPTFFAPPFLVSFLQHQDLPVVM 
       *  *:.*: :   :*.:               : * * :   :   : :    .                    : *   .. **  : * * .                       : : :         . .  ::  :  ::  ** 

 

B          C 
AtM1: Arabidopsis thaliana Motif 1  At5g08720 
AtM2: Arabidopsis thaliana Motif 2  At5g08720 
Np: Nostoc punctiforme PCC73102  CP001037 
Csp: Calothrix sp. PCC7507  CP003943 
Cst: Cylindrospermum stagnale PCC7417 CP003642 
Ds:  Dactylococcopsis salina PCC8305 CP003944 
Gs: Galdieria sulphuraria                    XM_005707359 
Pt:  Populus trichcarpa    XM_002320890 
Vv:  Vitis vinifera    XM_002280685 
At:  Arabidopsis thaliana                   At4g01650 
Os:  Oryza sativa   AK059198 
Bd: Brachypodium distachyon  XM_003567477 
Sb:  Sorghum bicolor   XM_002459131 
Si: Setaria italica   XM_004971363 
Sm:  Selaginella moellendorffii  XM_002987229 
Pp: Physcomitrella patens                  XM_001775661 
Cr: Chlamydomonas reinhardtii  XM_001699680 
Cs: Coccomyxa subellipsoidea  XM_005645755 
Pm: Prochlorococcus marinus sp. AS9601 CP000551 
Ss: Synechococcus sp. CC9902  CP000097 
Ct: Chlorobium tepidum   AE006470 
Pa: Prosthecochloris aestuarii  CP001108 

                                         
Appendix 2. Phylogenetic origin of the SRPBCC domains of HCF145. (A) Multiple sequence alignment of SRPBCC 
domains homologous to At145motif-1 (AtM1) and At145motif-2 (AtM2). (B) Organisms and accession numbers used for 
(A). (C) Phylogenetic tree of (A).  
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Transcript Binding Motif Repeat (TMR) Proteins 
 Consensus sequence: 

 MP-x4-L-x3-GR-x-DL-x2-AI-x(2-4)-HGG-x3-VA-x4-L-x(5-27)-GYW 

Plants 
Arabidopsis thaliana HCF145 At5g08720 
1.           FMPMRKQLRLHGRVDIEKAIT--RMGGFRRIALMMNL-SLAYKHRKPKGYWD 
2.           FMPSRKSFERAGRYDIARALE--KWGGLHEVSRLLAL-NVRHPNRQLNSRKD 

Green algae 
Chlorella variabilis XM_005846292 Chlorellales 
1.           TMPTSAQLEAAGRRDLVAAVRA--AGGFLEVAQALGLR----SQRKPAGYWE 
2.           VMPSRSALQAAGRYDLHHAVML--HGGYTVASQSLDR----------RPAWP 
3.           CLPTASQLLEAGRGDLYQASRW--GGGAIVRRGGFCA-------AGQALGWE 
4.           RMPTHLQLASAGRHDLKYALQL--HGSASIAAM-LGLQ------GNTQGAHN 
Bathycoccus prasinos CCO17813 Mamiellales 
1.           GMPSKRSLEKENRKDLIKRVEK--LFGYDWLTMAVLLDF--EPFRKPFYYWD 
2.           VMPTRRDLIDARRWDLHHAVVL--HGGYGAVAKTLKWPR--ARWAEDRHLLN 
3.           RLPSALELRNVGRDDLARHMVE--HGGPVTVAKRMRMKP-------GKGAWI 
4.           YMPTDEELINAGRHDLRYRVKE--IGSATVAKYAKLQNRTEKMSLAEARAFL 
Coccomyxa subellipsoidea C-169 XP_005645828 Coccomyxaceae  
1.           RMPSCTELREAGAFTLYSAISK--HGGVGAFARQLGLDP----KRRDSGYWE 
2.           GMPTIQDLQRSGHNSLIKAINH--WGGRSAVARRLGLACSPTRRLMTLGDLS 
3.           VMPSRTQLLEAGRPDLLQAVKR--MGGFKRVAAALELAF----LPARRGRSA 
Ostreococcus lucimarinus XM_001415510 Mamiellophyceae 
1.           CMPTREQLR-GGRHWDAIQQIE-SLGGFVKVAQLLDWSG---AKTRPRGYWT 

Red algae 
Cyanidioschyzon merolae XM_005538035 Cyanidiales 

1.           TMPTAGQLAAHHRSDLIRAIR-KHGGFP-KVAEQLGLK----AHRRPNGYWN 
Cyanidioschyzon merolae XM_005538687 Cyanidiales 
1.           YMPTSNELREAKRSDLVRAIIV--HGGYAKVAERCGL--QPHR--RSFGYWR 
2.           RMPTYNELVAAKKRILAYAIAE--NGGFLEVARRMNLQLSSDE-----TPWR 
3.           RFPRQQDLVRLGRYDLDWAIHRW-HGGYTRLAAELGYLRSRLPC-KPRNFWS 
4.           RMPNRKELEALDRHDLIYAIRK--FGGFLTVATKLGLSRDALTHTRPRGYWS 
5.           IMPRLEQLRMYNREDLINAIHR--HGGAANVARRLHLFWY-----GPKTFWR 
6.           KMPTQQELISAGRVDVAYGVHL--HGGVYEVARRLRLQVLDPP--RAPFYWN 
7.           VMPTSMTIVRSGRRDLAAAIRR--HGGWDAFARRLNLRPAAPK--RPKGYWN 
8.           FVRNYAADFVRRPGDDEDDPDAAGKIAYSDVSEILAGNVGNKRCRTVVGAIR 
9.           VMPTAEELRLDGRADLVFACERI-HGGLATVARGLGWPLLAER--LPPESLK 
10.          EMPTEADLLRTGGIDIHEAIVC--HGGYVEVARSLNLRHPEDP---EWTDWS 
Galdieria sulphuraria XM_005705295 Cyanidiales 
1.           SVHLLQVKKSGGECPLPRSSTKCYYGGGTPSFELLVP-20aa-VRDVRGYWK 
2.           RMPSANELRKSGRYALALAISSH-HGGFHAVAREIGLQPNHHS----SGYWD 
3.           YMPTYHQLLKARRLDLAKAIHK--YGGFPAVAEKLGR---IPN--KRRKYWH 
4.           QLPTMTLLSTCKRWDLMGAIRL--HGGLYEVSRKTQIPLSKSTR-QPRGYWS 
5.           IVPTLSNLKRNQRQDLVEAIRK--HGGVQTVAAKLYMLRQSKR--KAKGYWN 
6.           VMPLGHELRRHQRRDLCYAIQL--HGGFSVVAGKLHL---NWI--GPISFWR 
7.           RMPTLNDLVIRGRVDLAFGIRL--HHGFPAVAKAFGLEWTIPS--RPRMYWN 
8.           YMPSNETLYQLGRGDLADAIRD--TKGWVYYAKRLGLVPHYRCI-SSHKLWK 
9.           AVASVEELYRDGRGDIAFAIMKY-HQGATQLAHRLKWKAPHMRP-LPPAYYR 
10.          LMPSKKELFQTGYRDLVFVIYR--HGGFQKVACRMGWTIHEDNP-HWLTQWL 

Cyanobacteria 
Microcoleus sp. PCC 7113 CP003634.1 Oscillatoriales 
1.           VMPKAAQLRQLGRYDLA-MAISKYHGGYRSVASRLGLTYT----GQRFGYWH 
2.           VMPSRQQLEQAGEKPLAAAIG-LHGGVL-AVARRLGFKLP--YGRKPRGYWK 
3.           VMPTREQLVQIQRAELISAIA-TNGGWP-SVARRFGL------ANPNKGYT 

Appendix 3. Multiple amino acid sequence alignment of transcript binding motif repeats (TMR). 



  Appendix S. 103 

A 
                                                          Promoter            Transcription start 
Physcomitrella patens  TGTGTAATAATAAGTTTTAATACCTGCCCCAGAG-AACTTCTCTATCATAGTCGTTCCGGTTCTAAAC---TGATCGAAA------------------------AGGAGT-- 

Marchantia polymorpha  TGTGTCATAATAAATTTGAAGACCTGCCT-AGGT-AATTTCTGTATAATAGTTGTTCCAGTTTTAAAC---TGA--GAAA------------------------GAGATCTA 

Psilotum nudum         TGTGTCATAATAAATTTGAATACCTGCCCTAGGT-AACTTCTGTATTATAGTTGCTCCAGTTTTAAAC---TGAA-AAAA------------------------AAGATC-A 

Sorghum bicolor        TATGTCATAATAGATCCGAACACTTGCCTTGGATTGACTTCAATAT-ATAATTGCTCCAGTGAATAAC---TAAAAAAAA---ATAGAAGGACGGTAGATAGTAAAGAAA-- 

Oryza sativa           TATGTCATAATAGATCCGAACACTTGCCTCAGATTGACTTCAATAT-ATAATTGCTCCAGTGAATAAC---TAAAAAAAA---ATAGAAGGACGGTAGATAGTAAAGAAA-- 

Polupus trichocarpa    TATGTCATAATAGATCCGAACACTTGCCCTGGATCGACTTCCAGATCATAATTGCTCTAGTGAATAAC---TAACGAAAC---------------TAGATA-----GAAA-- 

Arabidopsis thaliana   TATGTCATAATAGATCCGAACACTTGCCCCAGATCGACTTCCAGATCATAATTGCTCTAGTGAATAAC---TAAAGAAAATAGATGAATAGATGGAAGATAGAAGAGAAAGA 

Selaginella b.         CATGCCATACTGAGATCGAGTACCCGCCCGAG-----CTCCCGCATCATAGCTGCTCCGGTCTCGGACGAATGAGTGGAA-----------------------GGTGTAGTT 

                         **  *** *       *  **  ***   *      * *   ** ***   * **  **     **   * *    *                           *      

              Shine Dalgarno     Start 

Physcomitrella patens  --AGTC--TT----------TAAAG---ATTTCCTAGAAGTTTCCTATTAA---------TTGCTGGCAGGT-TGTTGCTATTCCTCGTCTCGAGAGAGGAGAATCTCAATG 

Marchantia polymorpha  AAAGTT--ATA---------TATGG---ATCTCTCAGAAGTTTACTAATTA---------TTGTTGGTAGGT-TTTTCCTATGCCTCGTCTGAAGAGAGGAGAACCTCGATG 

Psilotum nudum         AAAGTTGGATAATAAAATAATAAGT---ATCTTTTAGAAGTTTACTATTCA---------TTATTGGTGGGT-TTTTCCTATGCCTCGTCTGAAGAGAGGAGAACCTCGATG 

Sorghum bicolor        AGGACTAATCA---------TAATATCTATCTTTAAAAGATTCAATAAAAA-------GACAGTTGGCGGGTCTCTTTGTATGTCTTGTCCGGAAAGAGGAGGA-CTTAATG 

Oryza sativa           AGGACTAATCA---------TAATATCTATCTTTCAAAGGTTCACTAAAAA-------G----TTGGCGGGTCTCTTTGTATGTCTTGTCCGGAAAGAGGAGGA-CTTAATG 

Polupus trichocarpa    AAAACTAATTA---------GAAAA---ATCTCTCATGGGTTCACTAATTACTT----GACTGTTGGCGGGTCTCTTTGTATGTGTTGTCCGGAAAGAGGAGGA-CTCAATG 

Arabidopsis thaliana   AAAAAAAATTC---------TAAG---TATCTATCATCGGTTCACTAATTACTTGAGTGACTGTTGGCGGGTTTCTTTGTATGTGTTGTCCGGAAAGAGGAGGA-CTCAATG 

Selaginella b.         GGGGGAAATTC---------CGAAG-----CTCACGGGAGTTTACTAATCA---------CTATCGGCGGGT-TTCTTCTGTGCTTCATCCGGAAAGGGGAGAACCCCGACG 

                                                      *        **   **   *              **  *** *  *  * *   *  **   * ** **** * *   * * 

B 
                                Promoter           Transcription start 

Arabidopsis thaliana   TATGTCA----------TAATAGATCCGAACACTTGCCCCAGATCGACTTCCAGATCATAATTG----CTCTAG-----TGAATAACTAAAGAAAATAGATGAATAGATGGAAGAT 

Populus trichocarpa    TATGTCA----------TAATAGATCCGAACACTTGCCCTGGATCGACTTCCAGATCATAATTG----CTCTAG-----TGAATAACTAACGAAACTAGAT--------------- 

Physcomitrella patens  TGTGTCA----------TAATAAATTTGAATACCTGCCCTAGGTA-ACTTCTGTATTATAGTTG----CTCCAG-----TTTTAAACTGAA-AAAAAAGATCAAAAG--------- 

Chlorella vulgaris     AATATC-----------TTTAAAATAAGTAAAAATAATTTGTAAACCAATAAAAAATATATTTA----TGGTAT-----AATATAACATATGATGTAAAAAAAACTA--------- 

Thalassiosira p.       AAATTCGCTAATTATTGTTTATTAACAGTGTAATTTAATTGTAAGACAAAAAATTGTATAAATT----TTCTTTTTGAGAAAATGAAAAATCGTGTATAATATATAA--------- 

Euglena gracilis       ------------------AAAACTTAAGTTCTAATTACATTTATAATTTATTTAACTTTAAGTG----AGTTGG-------TAGCTCAGTTGGTAGAGCACTCGG----------- 

Chara vulgaris         TTTG----------AAATCAAAAAAGAGTACAAAAT-------------TTTTACAAATGG--------TCCATTAAGCGCTCTATATATATG--CCATACTACAGG--------- 

Coccomyxa spec.        GGAGGGGC-----CCACGCCCAAGGGCGTTCCGTCGGACGGGAAGCCCCTTTCACTAAACGGGGGGGAGGCCTTGTCCCGTGAGACATGGTAGGCCCAGACGGCGAG--------- 

                                                                                                                                             

             Shine Dalgarno     Start 

Arabidopsis thaliana   AGAAGAGAAAGAAAAAAAAATTCTAAGTATCTATCATCGGTTCACTAATTACTTGAGTGACTGTTGGCGGGTTTCTTTGTATGTGTTGTCCGG-AAAGAGGAGGAC---TCAATG 

Populus trichocarpa    -------AGAAAAAAACTAATTAGAAAAATCTCTCATGGGTTCACTAATTACTT----GACTGTTGGCGGGTCTCTTTGTATGTGTTGTCCGG-AAAGAGGAGGAC---TCAATG 

Physcomitrell apatens  -------TTGGATAATAAAATAATAAGTATCTTTTAGAAGTTTACTATT--CAT-------TATTGGTGGGTTT-TTCCTATGCCTCGTCTGA-AGAGAGGAGAACC--TCGATG 

Chlorell avulgaris     -------TTGATTTTCTTAACCG-CTATTTTTTTTAAAAAT--ACTGTGGTAAG----ATTTTAAAAAAGATAATTTCGGT----AATTCAAA-TAAGGAGAATTTTTCGCCATG 

Thalassiosira p.       -------TGAAAACTCGTATTTAACAAATAGCTAAAAAAATTAACTATTTTTTA----TTTTTTATGAGAGTTTCATAGATTTCCGTCTCCCA-AAAGGAGAAAAT----CAATG 

Euglena gracilis       ------CTTTTAACCGATCGGTCCTGGGTTCGAATCCCAGCCAACTCATTTTTA-----ATTTTGTGTAGGTGT-----------ATGATAAT-TTAATCGAAAAT---TATATG 

Chara vulgaris         -----TATGAAAGTCTGCTTGAATT---AATTATAGTTGTTCTAGTGATACATT----CAAAAGGAAAAAGATAGTTGTTGATTATTGACATATTTTTATTTTATATTTTGTATG 

Coccomyxa spec.        -----AGGGAGAGTCCCACAGGCCTGGCAGCATCTGTTGTTCTGCTGAAGGGTT----TGAGATAGGAGGGCTGAGTCTCTTTTATAGTATTTGTTTTTAGGAGAAATTCG-ATG 

                                                                    *                        *                                      

Appendix 4. Sequence alignments of psaA 5’ UTRs. (A) Sequence alignment of psaA 5’ UTRs of land plants. (B) Sequence alignment of psaA 5’ UTRs of 

land plants and diverse algae. 
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 Appendix 5. HCF145 is a soluble 

protein. (A). Immunological analysis 

of fractionated protein extracts of 

8 h illuminated dark grown seedlings 

using specific antisera against 

HCF145 and CSP41. (B) Specificity 

test of the HCF145 antisera by the 

comparison of various tagged 

version of HCF145 in the mutant 

background. Asterisk indicate 

unspecific cross reaction of the 

antibody. 

 

 

 

 

 

 

 

 

 Appendix 6. Maximum and steady state quantum yield 

of PSII of HCF145 RNAi lines in N. tabacum. 

 Fv/Fmb ΦPSII
c 

WT 0,82 ± 0,01 0,70 ± 0,02 
nthcf145i-1 0,75 ± 0,02 0,63 ± 0,02 
nthcf145i-2 0,70 ± 0,02 0,37 ± 0,03 
nthcf145i-3 0,68 ± 0,03 0,26 ± 0,04 
nthcf145i-4 0,67 ± 0,03 0,31 ± 0,02 

an, number of plants measured. 
bFv/Fm, maximum quantum yield of PSII. 
cɸPSII, effective quantum yield of PSII  
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Appendix 7. Chlorophyll a fluorescence kinetic of wild type, ∆psbN mutants and complemented lines. 

Tobacco plants grown for 6-8 weeks on sucrose supplemented medium in continues light of 10 µmol 

photons m-2 s-1 were measured with Imaging PAM (Walz). Grey bars indicate 5 min application of actinic 

light with intensities of 10, 40 and 80 µmol photons m-2 s-1, respectively.  
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Application Parameter WT ∆psbN-F ∆psbN-R ∆psbN ∆psbN-Fcom ∆psbN-Rcom 
  (n=4)a (n=4) (n=4) (n=4) (n=4) (n=4) 
 Fv/Fmb 0,81 ± 0,01 0,41 ± 0,02 0,46 ± 0,03 0,51 ± 0,02 0,48 ± 0,02 0,77 ± 0,02 
ALc 10 µEd ɸPSII

e 0,76 ± 0,01 0,32 ± 0,03 0,35 ± 0,02 0,42 ± 0,02 0,41± 0,05 0,72 ± 0,02 
AL  40 µE ɸPSII 0,60 ± 0,02 0,28 ± 0,03 0,30 ± 0,02 0,39 ± 0,03 0,30 ± 0,03 0,56 ± 0,03 
AL  80 µE ɸPSII 0,33 ± 0,02 0,18 ± 0,03 0,28 ± 0,06 0,31± 0,03 0,21± 0,03 0,34 ± 0,06 
AL  10 µE NPQf 0,03 ± 0,01 0,04 ± 0,01 0,04 ± 0,01 0,04 ± 0,01 0,04 ± 0,01 0,03 ± 0,01 
AL  40 µE NPQ 0,07 ± 0,02 0,06 ± 0,02 0,05 ± 0,01 0,05± 0,01 0,07 ± 0,01 0,05 ± 0,01 
AL  80 µE NPQ 0,25 ± 0,03 0,16 ± 0,02 0,12 ± 0,03 0,19± 0,01 0,08 ± 0,01 0,17 ± 0,03 
 an, number of plant measured. 

bFv/Fm, maximum quantum yield of PSII. 
cAL, actinic light. 
dµE, μmol photons m-2s-1. 
eɸPSII, effective quantum yield of PSII after application of 5 min actinic light (AL). 
fNPQ, nonphotochemical quenching. 

Appendix 8. Chlorophyll a fluorescence kinetic measurements of wild type (WT), ∆psbN mutants, and 

complemented lines. Tobacco plants grown for 6-8 weeks on sucrose supplemented medium in continues 

light of 10 µmol photons m-2 s-1 were measured with Imaging PAM (Walz). 

720-ATG-f atgtcagtgagcaagtttccacatctc 
720-3UTR-r tatctttgcgagttacaagactacac 
Cacc-145-for caccatgtcagtgagcaagtttccacatctc 
145-rev atattgaacccaattgatatcaagatc 
145ex7-for ctgaagcaatcatggaagagg 
145ex8-for agctttgatgatgaatctttcacttgc 
145ex10.2-rev ggatgtctcacgttcaatgc 
145ex10.1-rev aagacgagatacttcgtgtaatcctc 
LBb1 gcgtggaccgcttgctgcaact 
A1-for cacctgaagtggaagtggtgt 
A1-rev gtacaacgcgagcttctatgt 
psbB-for ttctacggcggtgaactcaacg 
psbTc-for cacgatcgaatctatggaag 
psbH-rev gacacccatcaaaggagtagttc  
aadA-for gttgtgcacgacgacatcattccgtg 
psbS-for caccatggctcaaaccatgctgcttacttcagg 
psbS-rev aataaaagcttctttttggttttgggtttgaagagagcgagag 
psbN-for taattaagcttatggaaacagcaaccctagtcgc 
psbN-rev gtctccatgttcctcgaatgg 
PsaA-Probe ccacatctccattcaggatttcttggcccactattggccaaaccacctgagcactaggtccaatgtgagtaggatcactc

 PsbN-Probe ctagtctccatgttcctcgaatggatctcttagttgttgagaaggttgcccaaaagcggtatataaggcgtacccagtaa 
PsbB-Probe gccatcgaaccggcccaaccagcaaccagagctgtatgcattatatgaacagaaagcaaccgaccgggatcattca

 PsbH-Probe caggagctactttaccatattccgaattcaatggttttaataaatctcctaccgcagttcgtcttggaccagatctagaa 
PetB-Probe gagatacacacgaaatacatgcaggatcatcattaggaccatcatacttgccgaccatcgatgaactgatcggattaac

 
Appendix 9. Oligonucleotide list 
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