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1. Introduction 
 

1.1 Iron-sulfur cluster proteins 

Iron-sulfur (Fe-S) clusters are one of the most antique and ubiquitous protein prosthetic 

groups, and ubiquitous in prokaryotic and eukaryotic cells. Biological Fe-S clusters were 

first described about 50 years ago (TAGAWA & ARNON, 1962; BEINERT et al., 1997; 

FRAZZON & DEAN, 2003) and are defined as proteins, in which inorganic sulfur partially 

coordinates the iron (Fe; ROUNALT & KLAUSNER, 1996). Fe-S clusters have very different 

midpoint reduction potentials, which can vary between -700 mV to +300 mV (JOHNSON, 

1994). The reason for the different potentials is in part due to the characteristics of the 

individual proteins, but also the nature of the cluster ligands, particularly the 

hydrophobicity and charge of the residues in the environment of the cluster (ROUAULT & 

KLAUSNER, 1996). These clusters play central roles in many different cellular redox 

processes, such as nitrogen fixation, metabolic conversions, control of protein structure, 

modulation of gene regulation and Fe and oxygen sensing (JOHNSON, 1998). For a long 

time the only known function of Fe-S clusters was as agents of electron transfer, which 

perfectly suits their versatile redox properties (BEINERT et al., 1997). It was then 

discovered that the protein aconitase, which plays a key role in intermediary carbon 

metabolism and does not have a redox function, also contains a Fe-S cluster (RUZICKA & 

BEINERT, 1978). After this discovery over 120 other proteins containing Fe-S clusters have 

been described with a high functional diversity of the associated clusters (JOHNSON, 1998; 

AGAR et al., 2003). Algae and plants especially possess large numbers of Fe-S proteins, due 

to their photo-autotrophic way of life, and this refers to both the diversity and abundance of 

these proteins (BALK & PILON, 2011). The importance of the Fe-S clusters becomes 

apparent when looking at the three major processes required to preserve life on earth: 

nitrogen fixation, photosynthesis and respiration. In all these pathways Fe-S proteins are 

integral and essential (FRAZZON & DEAN, 2003). 

In the early history of the earth the Fe-S rich sediment may have operated as a catalytic 

surface enabling the first building blocks of life to arise (MARTIN & RUSSELL, 2003). In 

this time there was a reducing atmosphere, and ferrous ion and sulfide were highly 

available. After the evolution of the oxygenic photosynthesis, oxygen levels in the 

atmosphere increased, but primordial life had become contingent on Fe-S chemistry. 
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Because of the decreased availability of ferreous ion and sulfide in an oxidizing 

atmosphere, the assembly of the Fe-S cluster then has to be performed inside the cell 

(CHAPMAN & SCHOPF, 1983; BALK & PILON, 2011; BERNARD et al., 2013). Furthermore, it 

has been shown that oxidizing substances and reactive oxygen species (ROS) damage Fe-S 

clusters (PETERING et al., 1971; WALLACE et al., 2004; SUTTON et al., 2004), although not 

all protein bound clusters are unstable on oxidation. The proteins that contain stable Fe-S 

clusters share a common ground: The cluster is bound to the protein in a region that is 

inaccessible to solvents and oxidants (ROUNAULT & KLAUSNER, 1996). Although simple 

rhombic and cubane Fe-S clusters are formed spontaneously under anaerobic conditions in 

vitro, a high number of proteins have been uncovered in recent years, which are dedicated 

to the assembly of Fe-S clusters through various pathways and in different compartments 

(LILL, 2009; BALK & PILON, 2011). Most commonly the Fe-S clusters are ligated to 

proteins by sulfhydryl groups of cysteine side chains (BEINERT, 2000a; LILL, 2009). In 

some exceptional cases histidine, arginine or glutamic acid residues may also be involved 

in the process of the coordination of the cluster (BALK & PILON, 2011). The most common 

clusters are the [2Fe-2S] and [4Fe-4S] clusters, which are coordinated by four cysteines 

(FRAZZON & DEAN, 2003; BALK & PILON, 2011). The [4Fe-4S] clusters were formed out of 

the simpler [2Fe-2S] clusters (DUIN et al., 1997; BEINERT, 2000b; FRAZZON & DEAN, 

2003). Taken together, the variable compartmentalization of cluster assembly (see later 

section 1.2.1), the appearance of different cluster types, the vulnerability to oxygen 

exposure, as well as the toxicity of free Fe
2+/3+

 and S
2-

 (FRAZZON & DEAN, 2003), show 

that complex machineries have evolved over time to synthesize and deliver these fairly 

simple cofactors. 

 

1.1.1 Cofactors of redox proteins 

The function of many redox proteins depends on their cofactors (LILL, 2009). A cofactor is 

defined as a non-protein chemical compound, which is bound to a protein and this binding 

can be covalent or non-covalent. Usually these compounds have a low-molecular-mass and 

are bound to well-defined and evolutionarily conserved sequence motifs of the protein 

(BUGG, 2004). Cofactors may be organic, including different nucleotides such as flavin 

mononucleotide and flavin adenine dinucleotide, or vitamins, such as biotin, pantothenate 

and folate, and metal-organic compounds, such as the haem and molybdenum cofactors 

(BEINERT, 2000b; LILL, 2009). Additionally, there are inorganic cofactors that include 
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diverse metal ions, such as Mg
2+

, Zn
2+

, Mn
2+

, Cu
1+/2+

 and Fe
2+/3+

 (BEINERT, 2000b). 

Copper (Cu) is an important cofactor for proteins involved in electron transfer reactions, 

such as plastocyanin (PC) and copper/zinc superoxide dismutase (Cu/ZnSOD; for a review 

see: RAVET & PILON, 2013). Metal cofactors usually bind to mononuclear binding sites 

(LILL, 2009). If an enzyme lacks its cofactor and is inactive it is called an apo-enzyme or 

apo-protein. In contrast to this, an enzyme that contains its cofactor and is active is 

characterized as a holo-enzyme or holo-protein. The flavins are the most commonly found 

organic cofactors in redox enzymes, in which the two forms are the flavin mononucleotide 

(FMN) and the flavin adenine dinucleotide (FAD; BUGG, 2004; TORCHETTI et al., 2011). 

Molybdenum (Mo) forms part of the redox center in a wide range of metalloenzymes in 

bacteria, fungi, algae, plants and animals (SCHWARZ & MENDEL, 2006; BITTNER & 

MENDEL, 2010). Mo itself is biologically inactive until it is bound to pterin, forming the 

molybdenum cofactor (Moco), which is the active catalytic site of all Mo-enzymes 

(MENDEL, 2011). Nitrate reductase, sulfite oxidase, xanthine dehydrogenase, aldehyde 

oxidase and the mitochondrial amidoxime reductase are the best studied Mo-enzymes 

(MENDEL, 2011) and all contain a Moco moiety. Only one enzyme was found to date that 

does not use the pterin cofactor, the bacterial nitrogenase, which contains a Fe-Moco 

cofactor (MENDEL, 2011). A further molecule that is utilized as a biological catalyst in 

enzyme active sites is haem (SHEKHAWAT & VERMA, 2010). Nevertheless, the oldest and 

most versatile inorganic cofactors are probably the Fe-S clusters (BEINERT et al., 1997; 

BUGG, 2004).  

 

1.2 Iron assimilation 

As an essential micronutrient in plants, a relatively large amount of Fe is needed and it is 

important for several physiological processes (BARTON & ABADÍA, 2006; KOBAYASHI & 

NISHIZAWA, 2012). Fe is a component in cofactors that function in processes such as 

photosynthesis, respiration and chlorophyll biosynthesis. Although its chemical properties 

make it ideal for redox reactions, Fe is also capable of generating ROS, if it is present in a 

free condition and high concentrations (MARSCHNER, 1995). To avoid this toxicity, but to 

acquire enough Fe at the same time, the uptake, utilization and storage of Fe is tightly 

controlled in plants in response to environmental availability (KOBAYASHI & NISHIZAWA, 

2012). In plants the chloroplast contains the largest pool of Fe, where it accumulates to 
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about 80-90 % of the cellular Fe (MARSCHNER, 1995), because of the high demand in the 

photosynthetic apparatus. In the case of Fe deficiency electron transfer between the two 

photosystems is hindered and this leads to photooxidative damage (KOBAYASHI & 

NISHIZAWA, 2012). 

Plants have evolved two different mechanisms to acquire Fe. On the one hand there are 

nongraminaceous plants (e. g Arabidopsis thaliana), which use the strategy I, and on the 

other hand the graminaceous plants (e. g. rice), which utilize the strategy II (KOBAYASHI & 

NISHIZAWA, 2012; GARCÍA-MINA et al., 2013). The search for the genes involved in these 

strategies started at the end of the 1990s. Since then, a large number of these genes have 

been identified, and they fit almost perfectly into the model scheme that was proposed by 

RÖMHELD & MARSCHNER (1986, Fig. 1.1). 

Strategy I, which is utilized by all higher plants except the graminaceae family, consists of 

two main steps. In the first step, ferric ion chelates are reduced at the root surface. In the 

second step the ferrous ions generated are absorbed and transported across the root plasma 

membrane (KOBAYASHI & NISHIZAWA, 2012; HINDT & GUERINOT, 2012; GARCÍA-MINA et 

al., 2013). The dominant genes in these processes are the ferric-chelate reductase oxidase 

(FRO) and the iron-regulated transporter (IRT; EIDE et al., 1996; ROBINSON et al., 1999). 

Furthermore, protons and phenolic compounds are excreted from the roots to the 

rhizosphere during this strategy. This is thought to help increase the solubility of ferric ions 

or to support the capacity to reduce ferric ion at the root surface (KOBAYASHI & 

NISHIZAWA, 2012). A high number of H
+
-ATPases (HA) have also been identified as 

components of the Fe uptake aparatus. Some of these are induced under Fe deficiency and 

are suspected to function in strategy I responses and also to acidify the rhizosphere (SANTI 

et al., 2005; SANTI & SCHMIDT, 2009; SAINI et al., 2010). These physiological responses 

are coupled with morphological changes in root architecture at the root tips, such as the 

development of subapical root hairs and transfer cells (BACAICOA & GARCÍA-MINA, 2009; 

LI & SCHMIDT, 2010; HINDT & GUERINOT, 2012).  

Graminaceous plants use a totally different Fe uptake machinery, known as strategy II. The 

strategy II response relies on biosynthesis and secretion of mugineic acid family 

phytosiderophores (MAs). The MAs are specific for this plant group (HINDT & GUERINOT, 

2012). To date nine types of MAs have been identified. All of them are synthesized in a 

conserved pathway from S-adenosyl-L-methionine (MORI & NISHIZAWA, 1987; SHOJIMA et 

al., 1990; MA et al., 1999; UENO et al., 2007). This synthesis is composed of three serial 
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Fig. 1.1: Fe acquisition strategies in higher plants: Strategy I in nongraminaceous 

plants (left) and Strategy II in graminaceous plants (right). Ovals represent the 

transporters and enzymes that play central roles in these strategies, all of which are 

induced in response to Fe deficiency. DMAS: deoxymugineic acid synthase, FRO: ferric-

chelate reductase oxidayse, HA: H
+
-ATPase, IRT: iron-regulated transporter, MAs: 

mugineic acid family phytosiderophores, NA: nicotianamine, NAAT: nicotianamine 

aminotransferase, NAS: nicotianamine synthase, PEZ: PHENOLICS EFFLUX ZERO, 

SAM: S-adenosyl-L-methionine, TOM1: transporter of mugineic acid family 

phytosiderophores 1, YS1/YSL: YELLOW STRIPE 1/YELLOW STRIPE 1-like (from 

KOBAYASHI & NISHIZAWA, 2012). 

enzymatic reactions, namely nicotianamine synthase (NAS), nicotianamine 

aminotransferase (NAAT) and deoxymugineic acid synthase (DMAS; HIGUCHI et al., 

1999; TAKAHASHI et al., 1999; BASHIR et al., 2006). DMAS is the catalyst for production 

of all known MAs (KOBAYASHI & NISHIZAWA, 2012). Production of MAs requires a 

supply of methionine and to support this, a set of recycling reactions, which are called the 

methionine cycle or Yang cycle, occurs (MA et al., 1995). Interestingly, secretion of MAs 

follows a diurnal pattern with a high peak in the morning (TAKAGI et al, 1984). For a long 

time the transporters that secrete MAs were unidentified. Two years ago, NOZOYE and 

colleagues (2011) identified the transporter of mugineic acid family phytosiderophores 1 

(TOM1) from rice and a homolog from barley. Outside the plant the MAs solubilize Fe(III) 

ions and build a complex with them. Afterwards, Fe(III)-MA complexes are taken up into 

the root cells via the YELLOW STRIPE 1 (YS1) and the YELLOW STRIPE 1-like (YSL) 

transporters (CURIE et al, 2001; MURATA et al., 2006; INOUE et al., 2009).  

 

 

Due to the high reactivity and the concurrent poor solubility of Fe, translocation within the 

plant must be associated with chelating molecules and control of the redox states between 
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the ferrous and ferric forms (HELL & STEPHAN, 2003). Different steps are involved in this 

translocation, including radial transport across the root tissues and symplastic transport 

across the Casparian strip. Furthermore it requires processes such as xylem loading, 

transport and unloading, and also xylem to phloem transfer and loading, transport and 

unloading of the phloem. The symplastic movement of Fe to the site of demand and the re-

translocation of Fe from source or senescing tissue follows this route (KIM & GUERINOT, 

2007). The loading of the xylem is thought to require efflux transporters, while the loading 

of the phloem most likely requires influx transporters (KOBAYASHI & NISHIZAWA, 2012), 

but there are still a lot of open questions regarding the translocation of Fe in the plant body. 

Additionally, identification of the molecular components, which are involved in the Fe 

compartmentalization in plant cells, is only just beginning (KOBAYASHI & NISHIZAWA, 

2012).  

 

1.2.1 Iron-sulfur cluster assembly in plants 

The production of Fe-S clusters is needed to provide specific protein cofactors within the 

living cell. Three pathways were identified in plants for the assembly of Fe-S clusters 

(BALK & PILON, 2011). The noticeable similarities between assembly in prokaryotic and 

eukaryotic cells lead to the suggestion that two of these pathways are inherited through 

endosymbiosis: the ISC (iron-sulfur cluster) pathway in mitochondria (LILL, 2009; BALK & 

PILON, 2011; BERNARD et al., 2013) and the SUF (sulfur mobilization) pathway in plastids 

(BERNARD et al., 2013). The SUF pathway is present in the plastids and operates 

independently. In contrast, assembly in the cytosol depends on a third, CIA (cytosolic iron-

sulfur cluster assembly) pathway, which is dependent on the mitochondria, but little is 

known about this pathway (BERNARD et al., 2013). The plastid localization of the SUF 

proteins and the mitochondrial localization of the ISC proteins mirror their inheritance 

through their cyanobacterial and α-proteobacterial ancestors (BALK & PILON, 2011). By 

contrast, the CIA pathway might have been passed on from the archaeal lineage (BALK & 

PILON, 2011). All of the different pathways can be divided into two steps (Fig. 1.2). In the 

first step, the sulfur (S) and Fe are combined on a scaffold protein. In the second step the 

Fe-S cluster is transferred to the target protein (BALK & PILON, 2011). The different 

pathways will be discussed in the next chapters. 
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Fig 1.2: Models of Fe-S cluster assembly pathways in plastids (a), mitochondria (b) 

and cytosol (c). Although most of the protein components differ, parallels can be drawn 

between the assembly pathways of Fe-S clusters in all three compartments. The process 

can generally be divided into stage 1: S mobilization and cluster assembly on a scaffold 

protein; and stage 2: transfer of the Fe-S cluster from the scaffold protein to a target apo-

protein. Proteins involved in S mobilization are shown as yellow discs and the putative Fe 

donor frataxin (FH) is colored pink. Assembly scaffolds are indicated as rounded 

rectangles in orange. Proteins involved in electron input are green rectangles, chaperones 

are light blue and ATM3, a trasporter for substrates across the mitochondrial membrane, 

in purple. Proteins with other functions are white. Mature Fe-S proteins are indicated as 

brown rectangles. Different types of Fe-S clusters are indicated as ball-and-stick models 

(S is yellow, Fe is red). Transfer of an Fe-S cluster (type non-specified) is indicated by a 

tight clump of Fe and S. Dashed arrows indicate the transfer of electrons. PSI: 

photosystem I; Fd: ferredoxin; ADXR: adrenodoxin reductase; ADX: adrenodoxin; 

TAH18:Top1T722A mutant hypersensitive; DRE2: derepressed for ribosomal protein S14 

expression (from BALK & PILON, 2011). 
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1.2.1.1 The sulfur mobilization (SUF) machinery in plastids 

Chloroplasts have their own independent Fe-S cluster assembly method, the SUF 

machinery. This system was mostly inherited from their cyanobacterial ancestor 

(TAKAHASHI & TOKUMOTO, 2002; XU & MØLLER, 2004; BALK & PILON, 2011). The SUF 

genes are organized in an operon, which is induced under Fe limiting, S starvation and 

oxidative stress conditions (TAKAHASHI & TOKUMOTO, 2002; OUTTEN et al., 2004; LILL & 

MÜHLENHOFF, 2005; AYALA-CASTRO et al., 2008). In the ancestral cyanobacteria the SUF 

pathway is upregulated under oxidative stress, while homologues of some SUF genes are 

also frequently found in archaea (LILL, 2009; BERNARD et al., 2013). The Fe-S protein 

SufR regulates gene expression of the operon and functions as a transcriptional repressor 

(AYALA-CASTRO et al., 2008). Furthermore, the apo form of IscR, which will be discussed 

in more detail in the next section (1.2.1.2), additionally activates the suf operon under Fe 

deficiency or oxidative stress (LILL, 2009). Cysteine serves as a source for S in this 

pathway, but the source for Fe is still unknown (LILL, 2009; BALK & PILON, 2011). It was 

assumed that the Fe-sequestering protein ferritin plays the role of this source, but 

experiments have shown that this is not the case (RAVET et al., 2009). In contrast, ferritin 

seems to serve to sequester Fe to avoid oxidative damage. 

The first component of the SUF machinery that was identified, was the cysteine 

desulfurase NFS2/CpNifS (LÉON et al., 2002, PILON-SMITS et al., 2002), refered to as 

NFS2 in this thesis (Fig. 1.2A), which belongs to group II of the cysteine desulfurases 

(MIHARA & ESAKI, 2002). The bacterial homolog for this protein is called SufS and is 

grouped with five other suf genes in an operon (sufA, B, C, D and E; OUTTEN et al., 2004). 

SufE acts as an activator of SufS in the bacterial system, where it strongly binds to SufS, 

forming a two component desulfurase. Activation of SufS activity takes place through the 

transport of persulfide from SufS to a cysteine residue on SufE (LAYER et al., 2007; 

SENDRA et al., 2007). Three proteins were found in the model plant A. thaliana that hold 

sequence similarities to the bacterial SufE (XU & MØLLER, 2006; YE et al, 2006; MURTHY 

et al., 2007), of which SUFE1 is the major iso-form. The iso-forms SUFE1 and SUFE3 are 

ubiquitously expressed and cause seedling death if they are knocked out (XU & MØLLER, 

2006; MURTHY et al., 2007). Several proteins have been identified, which could function as 

a scaffold for the cluster assembly or work as carrier or transport protein such as the 

SUFBCD complex, NFU1-3, HCF101 and SUFA (BALK & PILON, 2011). It was found that 

recombinant NFU2 forms a dimer and can bind a 2Fe-2S cluster, which can then be 
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transferred to apo-ferredoxin (apo-Fd) in vitro (YABE et al., 2004 and 2008). The SUFBCD 

proteins form a BC2D complex, which has structural homology to non-integral ABC 

proteins (BALK & PILON, 2011). This complex is suspected to act as the primary Fe-S 

scaffold of the suf machinery, while the electrons are provided by FADH2 (BALK & PILON, 

2011). Research on the plant SUFB suggests that it is required for the assembly of Fe-S 

proteins (AHN et al., 2005; NAGANE et al., 2010), including enzymes involved in 

chlorophyll metabolism (BALK & PILON, 2011). The sequence of the plastid SUFB holds 

four highly conserved cysteine residues, which are homologous to the cysteines of 

Escherichia coli SUFB in an alignment, and might function in 4Fe-4S binding (BALK & 

PILON, 2011). The putative FADH2 binding site (SAINI et al., 2010; WOLLERS et al., 2010) 

is also present in the plant form. This leads to the suggestion that FADH2 might play a role 

in the mobilization of Fe
3+

 (BALK & PILON, 2011), which is normally tightly bound up in 

ferritin, in order to avoid oxidative stress (RAVET et al., 2009). Furthermore it was found 

that the Arabidopsis SUFB and SUFC proteins have ATPase activity (NACHIN et al., 2003; 

XU & MØLLER, 2004; XU et al., 2005). It has been shown that the only factor with an 

observed requirement for ATP in Fe-S assembly in isolated chloroplasts is the SUFBCD 

complex (TAKAHASHI et al, 1991). 

 

1.2.1.2 The iron-sulfur cluster (ISC) pathway in mitochondria 

In mitochondria the iron-sulfur cluster biosynthesis pathway is the so-called ISC pathway 

(LILL, 2009; BALK & PILON, 2011; BERNARD et al., 2013; Fig. 1.2B). This pathway is 

oxygen sensitive and must be located to the mitochondria, which provide a reducing 

environment due to their lower oxygen partial pressure (LILL & MÜHLENHOFF, 2005; 

BERNARD et al., 2013). In bacteria the gene products of the isc operon are the most 

commonly found components for the synthesis of Fe-S clusters. Furthermore, highly 

conserved orthologs in eukaryotes have been detected (TAKAHASHI & NAKAMURA, 1999; 

LUTZ et al., 2001). Besides this, it has been shown that the mitochondrial ISC assembly 

proteins are also needed for efficient maturation of cytosolic and nuclear Fe-S proteins 

(KUSHNIR et al., 2001; LILL & MÜHLENHOFF, 2005; LILL, 2009). This pathway has two key 

players: the group I cysteine desulfurase (MIHARA & ESAKI, 2002) and a single domain 

scaffold protein, called IscU/ISU (BALK & PILON, 2011; IANNUZZI et al., 2011), which is a 

highly conserved protein (MARKLEY et al., 2013). The Fe-S clusters are assembled on the 
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IscU/ISU protein and are then delivered to various apo-proteins (BONOMI et al., 2005; 

IANNUZZI et al., 2011; MARKLEY et al., 2013). This pathway is best-studied in E. coli, 

where the isc gene cluster also encodes an IscA protein, chaperones and Fds (ZHENG et al., 

1998). Further proteins, which act as assistants for the core machinery, were identified in 

yeast mitochondria (LILL, 2009).  

In the first step of synthesis, persulfide is delivered by NFS1 to the scaffold ISU. In 

Arabidopsis NFS1 was shown to mediate the assembly of Fe-S clusters in a time- and 

cysteine-dependent manner (FRAZZON et al., 2007). The 14 kDa ISD11 protein was found 

to bind tightly and to interact with NFS1. This interaction was found to be required for the 

stability of NFS1 and therefore essential for Fe-S cluster assembly (ADAM et al., 2006; 

WIEDEMANN et al., 2006). In all eukaryotes ISD11 is highly conserved (RICHARDS & VAN 

DER GIEZEN, 2006), but in many cases the protein has not yet been characterized. 

The reduction of S
0
 to S

2-
 and the reductive coupling of two 2Fe-2S clusters to one 4Fe-4S 

cluster require electrons (BERNARD et al., 2013). An electron transfer chain composed of 

NAD(P)H, Fd reductase and Fd (sometimes referred to as adrenodoxin) provides the 

electrons to the ISC pathways in the mitochondria of all eukaryotes (LANGE et al., 2000; 

PICCIOCCHI et al., 2003; SHEFTEL et al., 2010). In addition, the protein frataxin is thought 

to mediate the delivery of Fe and acts as a regulator of Fe-S biogenesis in bacteria and 

some eukaryotes, but the direct evidence for this is missing in plants (LILL & 

MÜHLENHOFF, 2005; ADINOLFI et al., 2009; PRISCHI et al., 2010). Human frataxin 

accelerates the rate of Fe-S clusters biogenesis by forming a ternary complex with the 

human NFS1 (TSAI & BARONDEAU, 2010). One single copy of a frataxin homolog (FH) 

was found in Arabidopsis and most other plants examined (BALK & PILON, 2011), and 

knockout of FH causes embryo lethality (VAZZOLA et al., 2007), while knock-down of this 

protein produces a strong decrease in the activity of the mitochondrial Fe-S enzymes 

aconitase and succinate dehydrogenase (BUSI et al., 2006). However, it is not clear if this 

phenotype is because of the lack of frataxin or if it occurs because of mitochondrial Fe-S 

assembly defects in general (BALK & PILON, 2011). 

In the second stage of synthesis, the nascent cluster has to be transferred from ISU1 and 

inserted into a target protein (BALK & PILON, 2011). In E. coli HscA and HscB, which are 

DnaK-like chaperone and DnaJ-like co-chaperone proteins, respectively, facilitate the Fe-S 

delivery mechanism in an ATP-dependent manner (CHANDRAMOULI & JOHNSON, 2006). 

This specific ATPase activity is strongly stimulated by their interaction with the target apo-
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proteins. This step usually includes assisted folding or renaturation (FRAZZON & DEAN, 

2003). Although the role of the plant iso-forms remains to be investigated, it is assumed to 

be homologous. While the core ISC machinery is necessary for synthesis of all 

mitochondrial Fe-S proteins, additional factors are required for the assembly of some 

specific Fe-S proteins (BALK & PILON, 2011). In yeast, some A-type scaffolds Isa1, Isa2 

and the aminomethyltransferase Iba57 are needed for the activity of aconitases and radical-

SAM proteins (GELLING et al., 2008). The P-loop NTPase, known as Ind1, is required for 

the assembly of respiratory complex I (BYCH et al., 2008a; SHEFTEL et al., 2009). In 

Arabidopsis, homologs have been found for all these proteins (BALK & PILON, 2011).  

 

1.2.1.3 The emerging cytosolic iron-sulfur cluster assembly (CIA) pathway in 

the cytosol and its mitochondrial dependence 

The CIA pathway is involved in the synthesis of cytosolic and nuclear Fe-S proteins 

(KUSHNIR et al., 2001; LILL, 2009; BERNARD et al., 2013; Fig. 1.2C). In plants only 

fragments of information about this pathway are available, but results so far indicate that 

the situation is similar to that in the Baker’s yeast (BALK & PILON, 2011). The production 

of cytosolic Fe-S proteins depends on some ISC components and a mitochondrial ABC 

transporter. Furthermore, the ISC proteins involved seem to be localized in the 

mitochondria, but the highly conserved CIA proteins can be found in the cytosol. Besides 

this, it was found that although CIA proteins are needed for the assembly of cytosolic and 

nuclear Fe-S proteins, they are not necessary for mitochondrial cluster assembly. Some 

CIA proteins were found to be regulated by the transporter ATM3 (KUSHNIR et al., 2001; 

BERNARD et al., 2009), which uses the energy of ATP hydrolysis to pump substrates across 

the mitochondrial membrane (KUSHNIR et al., 2001). ATM3 is a half-molecule ABC 

transporter with only one transmembrane and one ATP binding domain (KUSHNIR et al, 

2001; CHEN et al., 2007). Furthermore, Arabidopsis ATM3 is a homologous to the yeast 

protein, which is clearly involved in the export of mitochondrially synthesized Fe-S 

clusters (CHEN et al., 2007). Arabidopsis ATM3 has been suggested to export an as yet 

unknown product of the ISC pathway, presumably a sulfide compound, as a substrate for 

the CIA machinery (LILL, 2009; BALK & PILON, 2011; X-S in Fig. 1.2C). The CIA scaffold 

function in yeast is provided by the P-loop NTPases Nbp35 and Cfd1 through formation of 

a heterotetramer (HAUSMANN et al., 2005; NETZ et al., 2007). Tah18 and Dre2 provide the 

reducing power in this process (NETZ et al., 2010). The proteins Nar1 and Cia1 are then 
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involved in the transfer of Fe-S clusters to their cytosolic target proteins (LILL, 2009). 

Although no Cfd1 homolog could be detected in plants and algae (BYCH et al., 2008b), 

homologuos of all other CIA proteins, with high conservation, have been found, some of 

which are essential for embryogenesis (BALK & PILON, 2011).  

 

1.3 Ferredoxins (Fds) 

Due to its important role in photoautotrophic metabolism, photosynthesis has for many 

years been in a big focus of research. In the future the available area of cultivable land will 

decrease, due to the fact that the climate will change, and the resources of global fossil fuel 

are unavoidably shrinking. For this reason a good understanding is needed of the 

regulatory processes involved in the photosynthetic electron transport chain (PET), to aid 

development of improved food and bioenergy crop plants and other photosynthetic 

organisms, in order to improve arable and renewable energy resources. Due to the fact that 

ferredoxins (Fds) play a key role in regulating energy transfer between photosynthesis and 

other metabolic pathways (TAGAWA & ARNON, 1962; ARNON, 1988; HANKE & MULO, 

2012) they are a focus of high interest. 

The first characterization of Fd took place in the non-photosynthetic bacterium 

Clostridium pasteurianum by MORTENSON and colleges (1962) and was described as an 

Fe-containing electron-transport protein with a non-photosynthetic character. A short time 

later a similar protein was detected in the chloroplasts of spinach and is commonly referred 

to as plant type Fd or PetF (TAGAWA & ARNON, 1962). Fds are small (around 10 kDa) and 

soluble proteins, which are ubiquitously present in all phototrophic organisms (HANKE & 

MULO, 2012), while additional related proteins can be found in many bacteria and other 

eukaryotes. The common property of all Fds is a Fe-S cluster in the redox active center 

(FUKUYAMA et al., 1980; TSUKIHARA et al., 1981; TSUTSUI et al., 1983). These clusters 

confer very low redox potentials on the proteins that allow them to act as strong reductants 

(JOHNSON, 1994; HANKE & MULO, 2012). The Fds in plants are nucleus encoded and 

synthesized in the cytoplasm till the apo-protein form, and are then transported to the 

plastids due to their specific signal peptides. Most plant Fds have a length of 95-98 amino 

acids for the native protein, which contains a high amount of negatively charged residues 

(KURISU et al., 2001; HASE et al., 2006). Furthermore, they hold additionally a sequence of 

46-54 amino acids on the N-terminus, which is the transit peptide. The usual redox 
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cofactor of plant Fds consists of two Fe and two S atoms in a [2Fe-2S] cluster. The [2Fe-

2S] cluster is co-ordinated to the protein via the S atoms on four highly conserved cysteine 

residues (Fig. 1.3; FUKUYAMA, 2004).  

The comparison of different Fds from different species shows that there are four major 

groups of Fds (Fig. 1.4). These include the higher plant root-type Fds (4) as well as the 

higher plant leaf-type Fds (3). In addition to these well studied protein groups, there is a 

group of Fds with a short C-terminus extension present only in higher plants and algae (2), 

that have been named FdC1 proteins. Furthermore, there is a group of Fds with a long C-

terminus extension conserved between cyanobacteria and higher plants (1) that have been 

named FdC2 proteins. Different iso-forms of Fds have been studied in many higher plants 

(HASE et al., 1991; HANKE et al., 2004; HANKE & HASE, 2008, HANKE & MULO, 2012). 

These can be divided into two groups: On the one hand there is the group of photosynthetic 

leaf-type Fds and on the other hand the group of the non-photosynthetic root-type Fds 

(WADA et al., 1986). A. thaliana contains two leaf-type Fds, which are named Fd1 and 

Fd2, two root-type Fds, called Fd3 and Fd4, and two further iso-forms, FdC1 and FdC2, 

which are not well characterized until now (Fig. 1.3; HANKE et al., 2004; HANKE & HASE, 

2008; VOSS et al., 2011). The leaf-type Fds are located in green leaves, while the root-type 

Fds are more distributed and also located in heterotrophic tissues like roots and fruits 

(WADA et al., 1986; KIMATA & HASE, 1989; GREEN et al., 1991; ALONSO et al., 1995). The 

Fd2 iso-form amounts between 90-95 % of the leaf-type Fds in A. thaliana, whereas Fd1 is 

only present in a very small amount (HANKE et al., 2004; VOSS et al., 2008). The 

involvement of Fds in photosynthesis was shown very early in photosynthesis research 

(TAGAWA & ARNON, 1962; ARNON, 1988), but it is now known that they function not only 

in PET but are also involved in donating electrons to many different metabolic pathways in 

photosynthetic and heterotrophic tissues (KNAFF, 1996; MATSUMURA et al., 1999; 

KIMATA-ARIGA et al., 2000; HANKE & MULO, 2012), such as the biosynthesis of 

chlorophyll, phytochrome and fatty acids. They are also involved in the assimilation of S 

and nitrogen as well as in redox signaling (HANKE & MULO, 2012). 
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Fig. 1.3: Alignment of conventional Arabidopsis ferredoxins (1-4) and the two 

novel proteins FdC1 and FdC2. For this alignment the software Clustal Omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo) was used. Black background indicates 

identical sequences, grey background shows similar sequences and white background 

displays no identity. The C-terminus extensions are marked in green and the highly 

conserved and cluster-binding cysteins are marked in yellow. Gene bank accession 

numbers for Arabidopsis Fds are as follows: AtFd1: At1G10960, AtFd2: At1G60950, 

AtFd3: At2G27510, AtFd4: At5G10000, AtFdC1: At4G14890, AtFdC2: At1G32550. 

AtFd2     1 MASTALSSAIVGTSFIRRSPAP--ISLRS--LPSANTQSL---FGLKSGTARGGRVTAMA 

AtFd1     1 MASTALSSAIVSTSFLRRQQTP--ISLRS--LPFANTQSL---FGLKSSTARGGRVTAMA 

AtFd3     1 MATVRISSTSMTKAVLRSQTTNKLITNKSYNLSVGSTKRVSRSFGLKCSANSGG-ATMSA 

AtFd4     1 MDQVLYSSYIIKIPVISRISPS-----QAQLTTRLNNTTY---FGLSSSRGNFGKVFAKE 

AtFdC1    1 MATLPLPTQTSTISLPKPYLSN------SFSFPLRNATLS----TTTNRRNFLTTGRIIA 

AtFdC2    1 -MALILPCTFCTSLQKKNFPIN-RRYITNFRRGATTATCEFRIPVEVSTPSDRGSLVVPS 

 

AtFd2    54 TYKVKFITPEG-ELEVECDDDVYVLDAAEEAGIDLPYSCRAGSCSSCAGKVVSGSVDQSD 

AtFd1    54 TYKVKFITPEG-EQEVECEEDVYVLDAAEEAGLDLPYSCRAGSCSSCAGKVVSGSIDQSD 

AtFd3    60 VYKVKLLGPDGQEDEFEVQDDQYILDAAEEAGVDLPYSCRAGACSTCAGQIVSGNVDQSD 

AtFd4    53 SRKVKLISPEGEEQEIEGNEDCCILESAENAGLELPYSCRSGTCGTCCGKLVSGKVDQSL 

AtFdC1   51 RAYKVVVEHDGKTTELEVEPDETILSKALDSGLDVPYDCNLGVCMTCPAKLVTGTVDQS- 

AtFdC2   59 HKVTVHDRQRGVVHEFEVPEDQYILHSAESQNISLPFACRHGCCTSCAVRVKSGELRQPQ 

 

AtFd2   113 QSFLDDEQIGEGFVLTCAAYPTSDVTIETHKEEDIV------------------------ 

AtFd1   113 QSFLDDEQMSEGYVLTCVAYPTSDVVIETHKEEAIM------------------------ 

AtFd3   120 GSFLEDSHLEKGYVLTCVAYPQSDCVIHTHKETELF------------------------ 

AtFd4   113 GSFLEEEQIQKGYILTCIALPLEDCVVYTHKQSDLI------------------------ 

AtFdC1  110 GGMLSDDVVERGYTLLCASYPTSDCHIKMIPEEELLSLQLATAND--------------- 

AtFdC2  119 ALGISAELKSQGYALLCVGFPTSDLEVETQDEDEVYWLQFGRYFARGPIERDDYALELAM 

 

AtFd2       --- 

AtFd1       --- 

AtFd3       --- 

AtFd4       --- 

AtFdC1      --- 

AtFdC2  179 GDE 
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Fig. 1.4: Phylogenetic tree of all Fd-iso-forms from selected species. 1: group of Fds 

with a long C-terminus extension, 2: group of Fds with a short C-terminus extension, 3: 

group of higher plant leaf-type Fds, 4: group of higher plant root-type Fds. Protein 

accession numbers for the used sequences are for Synechocystis sp. PCC 6803: SFdC2: 

NP_441568.1, SFdC1: NP_440748.1, SPetF: NP_442127.1, SFdxH: NP_441872.1, 

SFd2: NP_440517.1; for Anabaena variabilis ATCC 29413: AFdC2: YP_321500.1, 

AFdC1: YP_321087.1, APetF: YP_321275.1, AFdxH: YP_324440.1; for 

Chlymydomonas reinhardtii: CrFdC2: XP_001702961.1, CrFdC1: XP_001700106.1, 

CrPetF: XP_001692808.1; CrFd2: XP_001697912.1, CrFd3: XP_001691381.1, 

CrFd4: XP_001690910.1, CrFd5: XP_001691603.1; for Ostereococcus tauri: OtFdC2: 

XP_003079766.1, OtFdC1: XP_003079961.1, OtFd: XP_003084127.1; for 

Arabidopsis thaliana: AtFdC2: NP_174533.1, AtFdC1: NP_193225.1; AtFd2: 

NP_176291.1, AtFd1: NP_172565.1, AtFd3: NP_180320.1, AtFd4: NP_196562.1; for 

Zea mays: ZmFdC2: ACG28100.1, ZmFdC1_1: NP_001147025.1, ZmFdC1_2: 

NP_001151112.1, ZmFdI: NP_001105345.1, ZmFdII: NP_001104844.1, ZmFdIII: 

NP_001105346.1, ZmFdV: ACA34366.1, ZmFdVI: NP_001104837.1, ZmFdVII: 

NP_001130605.1, ZmFdVIII: NP_001168703.1, ZmFdIX: NP_001158976.1, ZmFdX: 

NP_001150016.1; for Oryza sativa: OsFdC2: EEC75955.1, OsFdC1: NP_001050817.1, 

OsFd2: NP_001052738.1, OsFd1: NP_001060779.1, OsFd4: NP_001051821.1, 

OsFd5: NP_001172661.1, OsFd3: NP_001055675.1. 
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For Picea sitchensis: PsFdC2: ABK22496.1, PsFdC1: ABR16902.1, PsFd1: 

ACN40369.1, PsFd2: ABK23744.1, PsFd3: ABK26047.1, PsFd4: ABK25243.1; for 

Thermosynechoccus elongatus: TeFdC2: NP_682446.1, TeFdC1: NP_681277.1, 

TeFdC2: NP_682026.1, TePetF: NP_681799.1 and for Physcometrella patens: 

PpFdC2: XP_001768017.1, PpFdC1: XP_001782791.1, PpFdxH: XP_001772022.1, 

PpFd1: XP_001771921.1, PpFd3: XP_001761286.1, PpFd5: XP_001764047.1. For 

the initial alignment the software Clustal Omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/) was used. For the creation of the 

phylogenetic tree the software phylodendron (http://iubio.bio.indiana. 

edu/treeapp/treeprint-form.htmlhttp://iubio.bio.indiana.edu/treeapp/treeprint- form.html) 

was used. 

 

1.3.1 Functions of Fds 

Two leaf-type Fds have been identified in many plants and are expressed upon light 

induction (ELLIOTT et al., 1989; VORST et al., 1993). They have a high photosynthetic 

activity (HANKE et al., 2004) and play a role in linear PET but also in the cyclic electron 

transport (MOSS & BENDALL, 1984; HANKE & HASE, 2008). Fds accept electrons from 

reduced photosystem I (PSI) and transfer them to the Fd:NADP
+
 oxidoreductase (FNR) 

during the linear PET (HANKE & HASE, 2008). The result of this is the reduction of NADP
+
 

to NADPH (ARNON, 1988). NADPH is then used in the Calvin cycle as a reducing 

equivalent for the assimilation of CO2. If the chloroplasts have too much of the latter or are 

suffering under a deficiency of ATP, the electrons are transfered back to the cytochrome 

b6f complex in a cyclic flow. This results in an increased proton gradient, which leads to 

enhanced ATP production. Furthermore, this recycling of electrons via cyclic electron flow 

is Fd-dependent (JOLIOT & JOLIOT, 2006). Many further end acceptors for the electrons, 

which are produced by PET, exist besides FNR. These include enzymes which are 

involved among others in nitrogen and S assimilation and redox regulation (KNAFF, 1996; 

HANKE & MULO, 2012). 

Due to the fact that Fds are also present in root cells and this is a non-photosynthetic tissue, 

they are known to have other non-photosynthetic functions. The root-type Fds show a more 

positive redox potential in comparison to the leaf-type Fds (HANKE et al., 2004). For this 

reason they are able to be easily reduced under non-photosynthetic conditions (HANKE et 

al., 2004) and can accept electrons from NADPH via FNR in a reverse reaction to that of 

the linear photosynthetic electron flow (ONDA et al., 2000; HANKE et al., 2004). This 

makes electron donation via the Fds under non-photosynthetic conditions possible (SUZUKI 

et al., 1985) and allows them to serve as electron distributors to several Fd-dependent 
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enzymes (KNAFF & HIRASAWA, 1991). The required NADPH is provided by the oxidative 

pentose phosphate pathway in these tissues. The major non-photosynthetic Fd-dependent 

pathway is nitrate assimilation. The maize Fd6 iso-form was identified to be nitrate 

inducible and to increase in expression following exposure of the plant to nitrate, together 

with the nitrite reductase and Fd-NADP
+
 reductase (MATSUMURA et al., 1997). Beside this, 

it was detected that the promotor of Fd6 includes a NIT-2 motif, which is characteristic of 

genes that are operating in nitrogen assimilation (MARZLUF, 1993). Fds donate six 

electrons for the reduction of nitrite to ammonia (nitrite reductase) during the assimilation 

and two electrons for the regeneration of glutamate via the glutamine-oxoglutarate-

aminotransferase (GOGAT; KNAFF & HIRASAWA, 1991). Furthermore, Fds are involved in 

S assimilation by supplying six electrons for the reduction of sulfite to sulfide via the 

sulfite reductase (AKETAGAWA & TAMURA, 1980; KRUEGER & SIEGEL, 1982). 

Electron donation to a metabolic pathway requires an adaptation to the redox state in the 

cell. Together with Fd, thioredoxin mediates a redox regulatory pathway (the 

Fd/thioredoxin system). In this way the reducing power of PSI is transferred to thioredoxin 

via the Fd-thioredoxin reductase and consequently this is directly linked to PET 

(WOLOSUIK et al., 1993; KNAFF, 1996; BUCHANAN & BALMER, 2005). Afterwards the 

thioredoxins catalyze the reduction of disulfide bonds on target enzymes (DROUX et al., 

1987), regulating their activity (MONTRICHARD et al., 2009). Furthermore, Fds are 

indirectly involved in the elimination of oxidative stress caused by ROS. In ROS 

quenching, ascorbate plays the role of an antioxidant by reducing the oxygen radicals and 

therefore detoxifiying them. For the regeneration of ascorbate, electrons have to be 

provided from PSI in a cascade over Fd, NADP and glutathione (NAKANO & ASADA, 

1981), while there is also evidence that Fd is directly involved in regeneration of ascorbate 

by electron donation to monodehydroascorbate (MIYAKE & ASADA, 1992).  

 

1.3.2 FdC1 and FdC2, two novel Fds 

Beside the four well known Fd iso-forms in A. thaliana, two further genes encoding Fd 

were identified (HANKE et al., 2004). The function of these two proteins is still unclear, but 

FdC1 is suspected to be also involved in photosynthetic metabolism (VOSS et al., 2011). 

Both of these proteins have a C-terminus extension that lead to the naming of the proteins 

FdC1 (At4G14890) and FdC2 (At1G32550; VOSS et al., 2011). The location of the C-
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terminus in Fds is close to the [2Fe-2S] cluster and it was shown that this part of the 

protein is essential for interaction with PSI (LELONG et al., 1994; PANDINI et al., 1999; 

JORDAN et al., 2001; PIZZITUTTI et al., 2003; GOU et al., 2006). The fact that FdC1 and 

FdC2 have a C-terminus extension of 9 or 27 amino acids therefore leads to the suggestion 

that their function may be different from the functions of the other leaf-type Fds (HANKE & 

MULO, 2012). Nevertheless, they retain some similarity to other Fds (Fig. 1.3 and Tab. 

1.1). The phylogenetic tree of different Fds from different species (Fig. 1.4) shows that 

FdC1 is present in all higher plants and that it is conserved from algae. For FdC2 it can be 

determined that homologous for this protein are already found in cyanobacteria.  

 

Tab. 1.1: Similarities between the different Fd iso-forms in A. thaliana. The software 

Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo) was used to calculate the 

similarities in %. 

Similarity in % 

 Fd2 Fd1 Fd3 Fd4 FdC1 FdC2 

FdC2 29.6 27.7 26.6 25.7 25.3 100 

FdC1 32.4 31.0 35.2 26.9 100  

Fd4 44.9 46.3 44.9 100   

Fd3 53.1 56.5 100    

Fd1 87.2 100     

Fd2 100      
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1.4 Goals 

Due to the fact that the knowledge about the two novel Fds is very rare, an initial 

characterization was needed for both proteins. A good way to attain more information 

about newly identified proteins is to use the following three approaches: 

1. To express, purify and to analyze the recombinant protein. 

2. To identify interaction partners. 

3. To analyze RNAi knock-down lines for the specific gene. 

Furthermore, information about the localization of the protein in vivo could give evidence 

about their function. The location of both proteins is unknown until now. Both sequences 

show a transit sequence, so that they are probably located in the chloroplast. However, 

evidence for this is lacking to date. For this FdC1 and FdC2 were added to a green 

fluorescent protein (GFP) by cloning and then expressed in A. thaliana wild type 

protoplasts for the investigation of their actual location within a plant using a confocal 

laser scanning microscope. 

The identification of interaction partners and study of the metabolic pathways, they are 

involved in, might lead to evidence about the function of the proteins of interest and 

indicate that they are involved in the same pathway. A major task of this thesis was to 

identify interacting partners of FdC1 and FdC2 via the yeast-two hybrid (Y2H) screen 

followed by a search of the Genevestigator database to compare putative interacting 

proteins and their functions. The changes in expression levels of these proteins were 

compared to the changes of FdC1 and FdC2 using information available online. The search 

for interaction partners also included affinity chromatography in case of FdC1. In this 

experiment the weak ionic interactions expected in electron transfer reactions are 

exploited. Due to the fact that the Y2H screen is based on strong protein-protein 

interaction, the affinity chromatography should provide further interaction partners. 

As both proteins are Fds and Fds are usually involved in PET, the electron transfer abilities 

of FdC1 and FdC2 were measured to examine whether both are able to accept and transfer 

electrons and therefore are involved in PET. 

Combining the data from all analysis it was possible to gain insight into the functions of 

the two novel Fds. FdC1 might have a regulatory function in S assimilation through 

interaction with two proteins of the sulfate assimilation. Furthermore, it might be able to 

channel electrons into the synthesis of specific fatty acids. The data for FdC2 indicate that 
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it has an alternative function in Cu import into the chloroplast through interaction with a 

Cu transporting ATPase.  
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2. Material and methods 
 

2.1 Materials 

2.1.1 Chemicals and enzymes 

Except when noted otherwise, all chemicals and media components were obtained from the 

companies Applichem (Darmstadt), Duchefa (Haarlem, Netherlands), Fluka (Steinheim), 

Merck (Darmstadt), Roth (Karlsruhe), Serva (Heidelberg) and Sigma-Aldrich (Steinheim). 

All chemicals were of research grade. For molecular biology work the chemicals and 

enzymes came from Fermentas (St. Leon-Rot). 

 

2.1.2 Oligonucleotides 

Oligonucleotides were artificially synthesized and the single stranded DNA fragments 

were used as primers to amplify DNA in a polymerase chain reaction (PCR). For primer 

design the DNA sequences of interest and the program Primer3 were used. The primers 

used in this work were ordered from Sigma-Aldrich (Steinheim) and are listed in Tab 2.1. 

 

Tab. 2.1: Utilized oligonucleotides. 

Name Sequence [5’-3’] 

Y2H constructs 

FdC2subcloneL CCC GGG GGT TCC TTC GCA CAA A 

FdC2subcloneR CTG CAG CTA TTC ATC TCC CAT G 

FdC1subcloneL GAA TTC GCT CGG GCA TAT AAA G 

FdC1subcloneR CTG CAG TTA GTC GTT GGC AGT GG 

SeqinternalC1R ACG AGT TTC GCT GGA CAA GT 

SeqinternalC2R TGC CTC AGC TCT CCA GAT TT 

screening prim r GTG AAC TTG CGG GGT TTT TCA GTA TCT ACG 

screening prim f CTA TTC GAT GAT GAA GAT ACC CCA CCA AAC 

pGBT9 bd+fdc f GAA GCA AGC CTC CTG AAA GA 

pGTB9 bd+fdc r CAG GAA AGA GTT ACT CAA GAA CAA GA 
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Constructs for protein purification 

FdC2-pTrcL CCA TGG ATG AGC ACG CCA CAA AC 

FdC2-pT3871-5L AAG GCC TCT ATG AGC ACG CCA CAA ACC T 

FdC2-pTrcR-pT38 TCT AGA TTA ATC CTC ATC GAG GGG CAG C 

pTrcFw AGC TGT TGA CAA TTA ATC ATC C 

pTrcRw ATC AGA CCG CTT CTG CGT TC 

Complementation 

rt2Bf (AtFd2f) GCC AAC ACA CAA TCC CTC TT 

rt2Br (AtFd2r) CAC AGC TCG AAC AAG AAC CA 

rt6Ef (AtFdC2f) TCC TTC GCA CAA AGT CAC TG 

rt6Er (AtFdC2r) TGC CTC AGC TCT CCA GAT TT 

OsFdC2 screening prim f CGG TTC GGA TAA AGT CAG GA 

OsFdC2 screening prim r TTG CAA GCT CCA GTG CAT AA 

GFP- and split YFP-constructs 

AtFdC2MK1F TTC TAG AAT GGC TCT GAT TTT GC 

AtFdC2MK1R TGG TAC CTT CAT CTC CCA TG 

AtPAA1MKF TAG GCC TAT GGA GTC TAC ACT CTC AGC 

AtPAA1MKR AGG TAC CAG AGC TTT GCT TCC ATC TT 

AtPAA1MKFII GAG TTT AGG CGA GAC GCT TG 

AtPAA1MKRII CCT TCG TCA GTG TCC CAG TT 

AtPAA1MKRIII GCA GCT GCT AAC ATC AAA ACC 

 

2.1.3 Bacterial and yeast strains 

All bacterial and yeast strains, which were used during experimental work for Y2H, 

transformations and overexpression of different proteins are listed in Tab. 2.2. 

 

Tab. 2.2: Utilized bacterial and yeast strains. 

Strain Genotype Reference 

S. cerevisiae AH109 MATα, ura 3-52, his3-200, ade2-101, trp1-901, 

leu2-3, 112, gal4Δ, met
-
, gal80Δ, 

URA3::GAL1UAS-GAL1TATA-lacZ,MEL1 

JAMES et al., 

1996 
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S. cerevisiae Y187 MATα, trp1-901, leu2-3, ura3-52, his3-200, 

gal4Δ, gal80Δ, LYS2::GAL1UAS-GAL1TATA-

HIS3, GAL2UAS-GAL2TATA-ADE2, 

URA3::MEL1UAS-MEL1TATA-lacZ, MEL1 

HARPER et al., 

1993 

E. coli XL-1 blue EndA1 gyr A96(nal
R
) thi-1 recA relA lac glnV44 

F’[ ::Tn10 proAB
+
 lacI

q
Δ(lacZ)M15] hsdR17(rK

- 

mK
+
) 

BULLOCK et 

al., 1987 

(from 

Stratagene, 

Heidelberg) 

E. coli BL21(DE3) 

pLysS 

F
-
 ompT gal dcm lon hsdSB(rB

-
mB

-
) λ(DE3) 

pLysS(cm
R
) 

Stratagene, 

Heidelberg 

E. coli Solo Pack 

Gold 

Tet
r
Δ(mcrA) 183Δ(mcrCB-hsdSMR-mrr) 173 

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac The 

[F´proAB lacl
q
ZΔM15 Tn10 (Tet

r
) Amy Camr] 

Stratagene, 

Heidelberg 

A. tumefaciens 

(GV3101) 

C58C1 rpoB (Rif
r
) [pMP90] KONCZ & 

SCHELL 

(1986) 

 

2.2 Plant material and cultivation conditions 

The cultivation of all plants took place under the designated standard growth conditions in 

Tab. 2.3. Lamps of the Lumilux Cool White (54 W/840 HO, Osram GmbH, Munich) were 

used for the illumination. 

 

Tab. 2.3: Growth conditions in the climate chamber. 

Parameter Short-day condition 

Light period 7.5 h 

Light quantity 130-150 µE s
-1

m
-2

 

Temperature (day/night) 21 °C / 18 °C 

Humidity (day/night) 55 % / 55 % 
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2.2.1 Plant material 

For the experiments in this thesis wild type and RNAi plants from A. thaliana L. (HEYNH.) 

with the ecotype Columbia were used. Initially the seeds were raised on compact MS-Agar 

according to MURASHIGE & SKOOG (1962) with the appropriate antibiotic concentrations in 

Tab. 2.4, after about four weeks they were transferred on soil. The MS-Agar contained 

0.44 % (w/v) of murashige and skoog basal salt mixture, 2 % (w/v) sucrose, 0.05 % (w/v) 

MES and 0.8 % (w/v) Agar. Furthermore the medium was adjusted to a pH of 5.7 with 

KOH and autoclaved. 

The A. thaliana RNAi plants with reduced FdC1 and FdC2 content were generated by 

PD Dr. G. T. Hanke in the laboratory of Prof. Dr. T. Hase and were a kind gift for the 

collaboration. 

 

Tab. 2.4: Utilized seeds and the corresponding antibiotic. 

Seeds Description Corresponding antibiotic 

RNAi::fdc1 1-1 FdC1 RNAi reduced line 1 Hygromycin [20 µg/ml] 

RNAi::fdc1 1-2 FdC1 RNAi reduced line 2 Hygromycin [20 µg/ml] 

RNAi::fdc1 1-4 FdC1 RNAi reduced line 4 Hygromycin [20 µg/ml] 

RNAi:.fdc1 1-5 FdC1 RNAi reduced line 5 Hygromycin [20 µg/ml] 

RNAi::fdc1 1-6 FdC1 RNAi reduced line 6 Hygromycin [20 µg/ml] 

RNAi::fdc1 1-7 FdC1 RNAi reduced line 7 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-1 FdC2 RNAi reduced line 1 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-2 FdC2 RNAi reduced line 2 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-3 FdC2 RNAi reduced line 3 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-4 FdC2 RNAi reduced line 4 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-6 FdC2 RNAi reduced line 6 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-7 FdC2 RNAi reduced line 7 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-8 FdC2 RNAi reduced line 8 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-9 FdC2 RNAi reduced line 9 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-10 FdC2 RNAi reduced line 10 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-8-2 FdC2 RNAi reduced line 2-8-2 Hygromycin [20 µg/ml] 

RNAi::fdc2 2-8-6 FdC2 RNAi reduced line 2-8-6 Hygromycin [20 µg/ml] 

OE OsFdC2 Over expresser of introduced Glyphosate/Bialaphos 
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OsFdC2 (“BASTA”) [5 µg/ml] 

OE OsFdC2 

C137>S 

Over expresser of introduced 

OsFdC2, C137 substituted to S 

Glyphosate/Bialaphos 

(“BASTA”) [5 µg/ml] 

2-8-2 OsFdC2 FdC2 RNAi reduced line 2-8-2 

with introduced OsFdC2 

Glyphosate/Bialaphos 

(“BASTA”) [5 µg/ml] 

2-8-2 OsFdC2 

C137>S 

FdC2 RNAi reduced line 2-8-2 

with introduced OsFdC2, C137 

substituted to S 

Glyphosate/Bialaphos 

(“BASTA”) [5 µg/ml] 

wt A. thaliana wild type - 

wt maize Zea maize wild type - 

 

2.2.2 Growth on variable nutrient  

For specific experiments it was necessary to grow seeds on variable concentrations of 

sulfate or Cu. For this purpose a micro-nutrient stock was made (Tab. 2.5). The 

components of the self-made growth media can be found below. In this thesis self-made 

growth media was prepared with 0, 10, 100 µM and 4 mM MgSO4 and media with 0, 0.5 

and 5 µM CuSO4. 

 

Tab. 2.5: Contents of the micro-nutrient stock solution. 

Chemical Concentration [mM] 

H3BO3 70 mM 

MnCl2 14 mM 

CuSO4 0.5 mM 

ZnSO4 1 mM 

Na2MoO4 0.2 mM 

NaCl 10 mM 

CoCl2 0.01 mM 
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Total nutrient growth medium: 5 mM  KNO3 

     2.5 mM KH2PO4 

     2 mM  MgSO4 

     0.05 mM Fe-EDTA 

These salts were dissolved and the pH adjusted to 6.5 with KOH or H2SO4 before addition 

of 

     2 mM  CaCl2 

     2 mM  MgCl2 

Finally, 3 g of Phytogel were added to 1 l medium. 

 

2.2.3 Cultivation on soil 

After approximately four weeks the young plants were picked out from the MS-Agar plates 

and transferred into individual pots (7x8 cm) filled with soil. The soil consisted of 36.4 % 

pumice, 36.4 % compost, 18.2 % peat, 9.1 % sand and 1.5 g/l PolyCrescal, a fertilizer for 

optimal nutrient supply. Afterwards the cultivation took place again in the climate chamber 

till the plants were used for experiments. 

 

2.2.4 Sterilization of seeds 

Before sowing, the seeds were sterilized because of the need for bacteria and fungi free 

cultivation. Therefore a desired number of seeds was placed into a reaction tube and 0.2 ml 

sterilizing solution (20 % (v/v) sodium hypochlorite and 0.05 % (v/v) Tween-20) was 

added. After a short vortexing step the samples were incubated for 15 min at room 

temperature. After aspiration of the sterilizing solution, the seeds were washed five times 

with 1 ml sterile MilliQ-H2O and sown on sterile MS-Agar plates (Ø145 mm, Greiner Bio-

One, Essen), while pipetting each seed with a sterile cut-off pipette tip. All work, from 

pouring the plates to sowing the seeds, was performed under a clean bench (Microflow 

Peroxide Class II Advanced Biological Safety Cabinet, BIOQUELL, Andover, UK). 

Afterwards the plates were stored at 4 °C for two days in the dark for stratification and 

then transferred to the climate chamber. 
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2.3 Biochemical methods 

2.3.1 Purification of Fd proteins 

2.3.1.1 Growth and overexpression of E. coli cells expressing AtFd2 and AtFdC1 

After transformation of the plasmids containing the sequences for AtFd2 and AtFdC1 into 

competent BL21 cells, YT medium with 50 µg/ml ampicillin was inoculated with 

transformants and grown over-night. On the next day 5 l of YT medium with antibiotics 

was inoculated with the over-night culture and grown at 37 °C with shaking at 200 rpm. To 

induce protein production in the cells, IPTG at a final concentration of 0.5 mM was added 

when an OD
600nm

 of approximately 0.6 was reached. The cells were then grown over-night 

and were pelleted by centrifugation in a LC-4000 Rotor (SORVALL, Hamburg) for 10 min 

at 3000 rpm. After discarding the supernatant the pellets were combined and stored at -

20 °C until use. 

 

2.3.1.2 Ferredoxin protein purification (cell disruption) 

For protein extraction the cells were thawed and re-suspended in the same volume of pre-

cooled buffer 1 and homogenized using an electric grinder (RW 20, Janke & Kunkel, IKA-

Werk, Staufen) at about 20000 rpm until the viscosity was significantly decreased. To 

disrupt the cells 0.5 mM Pefabloc or phenylmethanesulphonylfluoride (PMSF) and 0.2-

0.4 mg/ml lysozyme was added and the solution was incubated on ice with occasional 

stirring till a thickening became noticeable. Then two volumes of the sample volume of 

pre-cooled buffer 2 were added and homogenization was repeated. An incubation step for 

10 min at 4 °C followed. Homogenization was repeated again while adding pre-cooled 

acetone (-20 °C) to give a final concentration of 30 % (v/v). A centrifugation in a GSA-

Rotor (SORVALL, Hamburg) for 10 min at 7000 rpm and 4 °C followed. 

Buffer 1: 50 mM   Tris-HCl (pH 7.5) 

  25 % (w/v)  sucrose 

  0.1 % (v/v)  β-mercaptoethanol (freshly add) 

Buffer 2: 50 mM   Tris-HCl (pH 7.5) 

  68 mM   NaCl 

  2.7 mM  EDTA 

  0.5 mM  Pefabloc or PMSF 
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2.3.1.3 Protein purification by open column anion exchange chromatography 

The solution obtained from the protein extraction was mixed with pre-wetted DEAE 

sepharose resin. The colored Fds bound to the resin, which was added under gently 

swirling until the supernatant became colorless. Afterwards the resin was filtered through a 

layer of miracloth (Calbiochem
®
, Merck KGaA, Darmstadt). Then the matrix was washed 

with washing buffer to remove the remaining acetone and packed into an open column. To 

equilibrate the matrix again a washing step followed with 200 ml before the elution of the 

bound proteins started by using the elution buffer. The eluted Fd fractions, which were 

visible by their characteristic color, were collected. To precipitate contaminating proteins, 

which were present in the collected fractions, an ammonium sulfate precipitation was 

performed. Ground ammonium sulfate was added to give a final concentration of 60 % 

while stirring the eluate on ice. Afterwards an incubation step for 10 min at 4 °C while 

stirring followed, before the solution was centrifuged in a SS-34-Rotor for 10 min at 

7000 rpm and 4 °C. The supernatant was collected and applied to the DEAE sepharose 

column, which was previously equilibrated with the ammonium sulfate buffer, for 

hydrophobic interaction chromatography. After the Fd had bound to the resin a washing 

step with the ammonium sulfate buffer followed, before the elution was started with the 

elution buffer. Then the sample was dialyzed over-night with a buffer change after 5 hours 

in previously washed SERVA VISKING dialysis tubing (Ø 24 Å) against 4 l of washing 

buffer at 4 °C to remove the ammonium sulfate in the solution. 

Wash buffer:   50 mM   Tris-HCl (pH 7.5) 

    150 mM  NaCl 

Elution buffer:  50 mM   Tris-HCl (pH 7.5) 

    1 M   NaCl 

Ammonium sulfate buffer: 50 mM   Tris-HCl (pH 7.5) 

    60 % (v/v)  saturated ammonium sulfate solution 

 

2.3.1.4 FPLC: closed column anion exchange chromatography 

For further purification a closed column anion exchange chromatography was performed 

using the ÄKTA prime
TM 

plus purification system (GE Healthcare, Uppsala, Sweden). The 

program Prime View
TM

 was used for evaluation. A Q-sepharose column was equilibrated 
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in 50 mM Tris-HCl (pH 7.5) before the eluates containing the Fds were loaded on the 

column with a flow rate of 2 ml/min and bound to the column matrix. Afterwards the 

contaminants were washed out with the same buffer. A linear 40 ml gradient was applied 

until 500 mM NaCl in 50 mM Tris-HCl (pH 7.5) to elute the bound proteins. The fractions, 

which contained the Fds were easily identified because of the characteristic color and 

comparison of AU
420nm

 with AU
260nm

 allowed identification of the fractions with lowest 

contamination. These fractions were used for further purification. 

 

2.3.1.5 FPLC: closed column hydrophobic interaction chromatography 

For the hydrophobic interaction chromatography a phenyl-sepharose column was used. At 

first ammonium sulfate was added to the eluted Fd fractions to 60 % saturation. Then the 

samples were applied to the column, which was pre-equilibrated in 60 % ammonium 

sulfate buffer, with a flow rate of 2 ml/min and a linear 40 ml gradient to 0 % ammonium 

sulfate in 5 mM Tris-HCl (pH 7.5) was performed. The eluted Fd fractions were again 

visualized by their characteristic color. 

 

2.3.1.6 Purification of FdC1 

FdC1 protein was purified as described for Fd2 in 2.3.1.2 except that no acetone was used 

and the E. coli cells were instead disrupted by sonication in 50 mM Tris-HCl (pH 7.5), 

100 mM NaCl2, 2 mM EDTA, 1 mM MgCl2 and 1 mM PMSF. The salting out was 

performed at 35 % saturating ammonium sulfate.  

 

2.3.1.7 Purification of FdC2 

Both FdCs were proved to be too unstable for purification according to the classical 

method described for Fd2. Therefore new methods were developed as follows. For this 

purpose a Resorce Q column was pre-equilibrated with 50 mM Tris-HCl (pH 7.5) to 

perform an anion exchange. Bacterial cells expressing a construct for a His-tagged FdC2 

were grown, induced, centrifuged and stored at -20 °C till use. These pellets were re-

suspended in extraction buffer (for a 40 g pellet approximately 200 ml buffer was used). 

To this suspension 1 ml β-mercaptoethanol was added, mixed and 66 µl of 0.5 mM PMSF 

was added before the solution was immediately sonicated (max settings, 50 %, 2 min off, 
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for 3 times). Before each sonication another aliquot of PMSF was added. A centrifugation 

step for 10 min at 15000 rpm and 4 °C in a GSA rotor followed. Afterwards the 

supernatant was collected and an ammonium sulfate precipitation was performed to a 30 % 

saturating solution. The solution was stirred on ice for 10 min and then centrifuged for 

10 min at 15000 rpm and 4 °C in a GSA rotor. The supernatant was collected again, the 

ammonium sulfate precipitation was repeated with 50 % saturating solution and the 

centrifugation step was repeated. The pellet after this centrifugation contained the FdC2. 

After discarding the supernatant, the pellet was re-suspended in 200 ml 50 mM Tris-HCl 

(pH 7.5) and loaded on the Resource Q column. The protein was eluted over a 300 ml 

gradient to 300 mM NaCl (30 % B, 1 M NaCl in 50 mM Tris-HCl, pH 7.5) with a flow rate 

of 10 ml per min. During this elution the Talon resin (Clontech Laboraties, Heidelberg) 

was prepared. A 5 ml bed volume Talon exchange resin was pipetted into a 50 ml falcon 

tube (10 ml suspended resin in 20 % EtOH). The tube was then centrifuged for 3 min at 

1000 g and RT. The supernatant was discarded and the pellet was re-suspended in 40 ml 

wash buffer 1 and the centrifugation was repeated. The washing step was replicated. The 

FdC2 containing fractions from the Resource Q were added to the falcon tube containing 

the resin and incubated for 10 min on ice with mixing by inverting 2-3 times. The solution 

was then transferred to a small open column and the eluent was discarded. The resin matrix 

was washed with 10 ml wash buffer 1 and the eluent was discarded. Afterwards the matrix 

was washed with 10 ml wash buffer 2. The red fractions, containing the FdC2, were 

collected. 

Extraction buffer:  50 mM   Tris-HCl (pH 7.5) 

    250 mM  NaCl 

    1 mM   EDTA 

    1 mM   MgSO4 

200 mM phosphate buffer: 195 ml   200 mM NaH2PO4 

    305 ml   200 mM Na2HPO4 

pH adjusted by adding more Na2HPO4 (basic) or NaH2PO4 (acidic) until a pH of 7 is 

reached 

Wash buffer 1:  50 mM   PO4 buffer 

    300 mM  NaCl 
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Wash buffer 2:  50 mM   PO4 buffer 

    300 mM  NaCl 

    20 mM   imidazole 

Elution buffer:  50 mM   PO4 buffer 

    300 mM  NaCl 

    150 mM  imidazole 

 

2.3.2 Protein extraction (Crude extract) 

For crude protein extraction approximately 1 g plant leaves were ground with 0.1 g sea 

sand, 0.1 g pre-swollen polyvinylpolypyrrolidone (PVPP) and 1-2 ml of 4 °C pre-cooled 

protein extraction buffer in a pre-cooled mortar on ice. During the grinding 10 µl of 

200 mM PMSF was added as protease inhibitor. After grinding, the paste was transferred 

into a 2 ml reaction tube using a cut-off pipette tip. A centrifugation step in the benchtop 

centrifuge (5417R, Eppendorf, Hamburg) for 2 min at 2000 rpm and 4 °C followed. After 

transferring the supernatant into a new reaction tube, this extract could be further used for 

different applications such as Bradford protein assay and for SDS-PAGE. 

For separation of membrane fraction (M) and a soluble fraction (S) a second centrifugation 

step followed for 8 min at 13200 rpm and 4 °C. Afterwards the supernatant was transferred 

into a new reaction tube and the volume was noted. This was then reserved as the S 

fraction. The equivalent volume, as noted, of extraction buffer with 0.1 % Triton x 100 was 

used to re-suspend the pellet and a centrifugation step for 10 min at 13200 rpm and 4 °C 

followed. The new supernatant was reserved as the M fraction. 

Protein extraction buffer:  50 mM  HEPES-NaOH (pH 7.5) 

    2 mM  EDTA 

    100 mM NaCl 

    1 mM  PMSF (added immediately before use) 
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2.3.3 Quantitation of protein according to Bradford 

The determination of protein concentration in the extracts took place according to the 

method of BRADFORD (1976). 

For the quantitation 10 µl of the protein extract was diluted with 790 µl MilliQ-H2O and 

mixed with 200 µl Bradford reagent (Roti
®
-Quant, Carl Roth GmbH, Karlsruhe). An 

incubation step for 20 min at room temperature followed. Afterwards the absorbance was 

measured with a spectrophotometer at a wavelength of 595 nm (Specord
®

 50 Photometer, 

Analytik Jena, Jena). 

A calibration curve with defined quantities of the protein BSA (0-20 µg/ml) was made for 

each assay as a reference. The sample containing 0 µg BSA functioned thereby as a blank. 

The measured absorption was plotted against the corresponding protein concentration, 

creating a standard curve, which was used to determine the protein concentration in a 

particular sample. By using the Bradford factor calculated from the slope of the standard 

curve and the absorbance value of the sample at 595 nm it was possible to define the 

protein concentration. The calculation of protein concentration was carried out with 

formula 1. 

                                   

    
  

          

         
     Formula 1 

 

2.3.4 Sodium-dodecyl-sulphate polyacrylamide gel electrophoresis  

Sodium-dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed 

using the method developed by LAEMMLI (1970) to separate proteins according to their 

molecular weight. The samples were mixed with one volume of 2 x SDS gel loading 

buffer. An incubation step for 5 min at 95 °C followed (Thermomixer comfort, 5436, 

Eppendorf, Hamburg), the composition of the gel is shown in Tab. 2.6. 

SDS-PAGE took place for approximately 1.5 hours in 1 x SDS electrophoresis buffer at a 

current of 25 mA per gel. The procedure was carried out with Mini Protean III System 

(Bio-Rad, Munich). The loading volume of the samples was adjusted for equal protein 

according to the results of the Bradford assay (section 2.3.3). The PageRuler
TM

 Prestained 

Protein Ladder (Fermentas, St. Leon-Rot) was used as a standard. After electrophoresis the 

gels were prepared for Western blot analysis (section 2.3.8) or stained with Coomassie 

(section 2.3.5). 
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4 x Upper gel buffer (UBG): 0.5 M  Tris-HCl (pH 6.7) 

     0.4 % (w/v) SDS 

4 x Lower gel buffer (LBG): 1.5 M  Tris-HCl (pH 8.8) 

     0.4 % (w/v) SDS 

Solution A:    12.5 ml 4 x UGB 

     20 ml  glycerol 

     27.5 ml MilliQ-H2O 

2 x SDS gel loading buffer:  5.3 ml  Solution A 

     0.5 ml  β-mercaptoethanol 

     4 ml  10 % SDS 

     0.2 ml  0.1 % bromphenol blue 

10 x SDS electrophoresis buffer: 1 % (w/v) SDS 

     0.25 M  Tris 

     1.92 M  glycine 

 

Tab. 2.6: Composition of the gels for SDS-PAGE. 

Component Resolving gel Stacking gel 

(5 %) 12.5 % 15 % 

4 x LBG 2 ml 2.5 ml - 

4 x UBG - - 1 ml 

40 % Acrylamide/ Bisacrylamide solution (37.5:1) 3 ml 3.8 ml 0.501 ml 

MilliQ-H2O 5 ml 4.6 ml 2.417 ml 

TEMED 5 µl 5 µl 5 µl 

10 % APS 50 µl 50 µl 20 µl 
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2.3.5 Coomassie staining of proteins 

After separation by SDS-PAGE (section 2.3.4) the gels were incubated for 1 hour in 

fixation solution. Afterwards the gels were stained in staining solution for 1 hour and then 

destained in 10 % acetic acid till the protein bands were visible. 

Fixation solution:  10 %  acetic acid 

    50 %  MetOH 

Staining solution:  10 %  acetic acid 

    0.25 % (w/v) Coomassie brilliant blue G-250 

 

2.3.6 Preparation of samples for mass spectrometry 

The SDS gels, which were used for the identification of proteins by mass spectrometry 

(MS), were stained with blue silver stain (see below). Afterwards the blue silver-stained 

protein bands were cut out of the gel and the pieces were transferred into new reaction 

tubes, which were free of plasticizer. Then 250 µl HPLC-H2O was added to the samples 

and shaken for 10 min at 15-22 °C on a thermo mixer. The water was aspirated with a 

suitable pipette and the wash step was repeated. Next, 250 µl Solution 2 was added and an 

incubation step for 10 min at 15-22 °C and shaking followed. The destaining step was 

repeated till the solution and the gel pieces were colorless and 250 µl HPLC-H2O was 

added to the gel piece and incubation for 15 min at 15-22 °C with shaking was performed. 

The water was aspirated with a pipette and the wash step was repeated. Then 250 µl 

acetonitrile was added to the sample and the mixture was agitated for 15 min at 15-22 °C 

on a thermo mixer. The acetonitrile was discarded and the samples were dried at 10 mbar 

and 37 °C in a vacuum concentrator for 15 min to completely remove acetonitrile. 

Afterwards 100 µl Solution 3 was added and incubation for 5 min at 15-22 °C with shaking 

was performed. An incubation step at 50 °C for another 30 min followed. The supernatants 

were aspirated, 250 µl acetonitrile per sample was added and incubated for 15 min at 15-

22 °C. The supernatants were discarded and 100 µl Solution 4 was added and the mixtures 

were incubated for 10 min at 15-22 °C with shaking. Again the supernatants were 

aspirated, 250 µl acetonitrile was added and the samples were shaken for 15 min at 15-

22 °C. The supernatants were removed and the gel pieces were dried at 10 mbar and 37 °C 

in a vacuum concentrator for 15 min. Then 50 µl of the freshly prepared Solution 9 was 
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added, if this volume was not enough to cover the gel pieces, even after swelling, the 

volume of Solution 9 was increased. This mixture was incubated over-night at 15-37 °C. 

On the next day the supernatant was removed and stored in a new reaction tube. 30 µl 

(enough to cover the gel pieces) of 100 % acetonitrile was added to the gel pieces and the 

samples were shaken for 20-30 min at 15-22 °C. The tubes were then placed for 3 min in a 

sonification bath. Afterwards the supernatants were transferred into new reaction tubes and 

the acetonitrile was evaporated by a vacuum concentrator. The dried peptides were 

dissolved with the supernatant, which was previously stored after the digestion. The 

samples were then stored at -20 °C until further use. For the MS analysis the samples were 

pipetted into a vial tube and subjected to electro spray ionization (ESI) measurements at 

the MS facility (Amazon Speed ETD, ProteinScape3; Bruker). 

Blue silver stain: 0.12 % (w/v)  Coomassie brilliant blue G-250 

   10 % (w/v)  ammonium sulfate 

   10 % (v/v)  phosphoric acid 

   20 % (v/v)  methanol 

Solution 1:  100 mM ammonium hydrogen carbonate (NH4HCO3) 

dissolve NH4HCO3 in 90 ml HPLC-H2O, adjust the pH to 8.5 with 2 M NH4OH, adjust 

the volume with H2O to 100 ml 

Solution 2:  30 %  acetonitrile 

   100 mM NH4HCO3 

Solution 3:  10 mM  DTT 

   100 mM NH4HCO3 

Solution 4:  54 mM  iodacetamide 

   100 mM NH4HCO3 

prepare always fresh 

Solution 6:  10 mM  HCl 

Solution 7:  50 mM  NH4HCO3 (pH 8.5) 

   5 %  acetonitrile 
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Solution 8:  0.1 mg/ml trypsin 

   10 mM  HCl 

reconstitute the lyophilized trypsin to a concentration of 0.1 mg/ml by adding 250 µl 

Solution 6 to 25 µg trypsin 

Solution 9:  0.01 mg/ml trypsin 

   50 mM  NH4HCO3 (pH 8.5) 

   5 %  acetonitrile 

dilute Solution 8 to a final trypsin concentration of 0.01 mg/ml by mixing it with a 9-

fold volume of Solution 7, prepare always immediately before use 

 

2.3.7 Separation of protein complexes by Blue Native PAGE 

To separate intact protein complexes Blue Native PAGE (BNP) was used. The gradient 

gels were poured by using a gradient mixer (MAXI Vertical Dual Plate Electrophoresis 

Unit, Roth, Karlsruhe) for the separating gel with a range of 6 to 12 % polyacrylamide 

(Tab. 2.7). The isolated chloroplasts (section 2.3.10) were gently thawed on ice and kept at 

4 °C through the whole procedure. Afterwards the pellets were re-suspended in 1 ml WB1 

using a pipette with the cut off tip and a centrifugation step for 5 min at 7300 rpm and 4 °C 

followed. The supernatants were discarded and the pellets were re-suspended in 1 ml WB1 

and the centrifugation step was repeated. The pellets were re-suspended in 500 µl WB2 

and centrifuged for 30 min at 10400 rpm and 4 °C. Then the chlorophyll content of the 

samples was determined (section 2.3.11) and the samples were diluted with WB2 to give 

equal chlorophyll content. For each genotype three samples of 0.14 µg/µl and 0.1 µg/µl 

chlorophyll were prepared. One sample of each chlorophyll concentration and genotype 

was then treated with n-dodecyl-β-D-maltoside to give final concentrations of 0.5, 1 and 

2 %. Afterwards, 100 µl of the samples were slowly mixed with the detergent 1:1, which 

have been diluted in WB2 previously to make the appropriate final concentration. After  an 

incubation of 3 min at 4 °C the samples were centrifuged for 15 min at 13200 rpm and 

4 °C. The supernatants were transferred into a new reaction tube and mixed with 10 µl 

loading buffer. The running chamber (Biostep
® 

Maxi Vertical Electrophoresis system, Bio-

Rad, Munich) was pre-cooled at 4 °C, and to ensure an even run of the samples all free 

lanes were loaded with 1 x loading buffer. The running protocol for the separation can be 

seen in Tab 2.8. The cathode buffer 1 was changed to cathode buffer 2 after 2-3 hours. 
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Tab. 2.7: Components of polyacrylamide gels for BNP. 

Component Stacking gel 

(4 % AA/BA) 

Separating gel 

6 % AA/BA 12 % AA/BA 

MilliQ-H2O 7.71 ml 10.25 ml 5.4 ml 

40 % Acrylamide/ Bisacrylamide 

solution (37.5:1) 

1 ml 2.25 ml 4.5 ml 

6 x gel buffer 1.66 ml 2.5 ml 2.5 ml 

Glycerol - - 2.6 ml 

10 % APS 43.1 µl 70.9 µl 44.1 µl 

TEMED 15 µl 7.1 µl 4.38 µl 

 

6 x gel buffer:   150 mM  Bis-Tris-HCl (pH 7) 

     1.5 M   Ɛ-amino-n-caproic acid 

WB1:     330 mM  sorbitol 

     50 mM   Bis-Tris-HCl (pH 7) 

freshly add:    250 µg/ml  Pefabloc 

WB2:     20 % (v/v)  glycerol 

     25 mM   Bis-Tris-HCl (pH 7) 

freshly add:    250 µg/ml  Pefabloc 

Cathode buffer 1:   50 mM   tricine 

     15 mM   Bis-Tris-HCl (pH 7) 

     0.02 % (w/v)  Coomassie brilliant blue G-250 

Cathode buffer 2:   50 mM   tricine 

     15 mM   Bis-Tris-HCl (pH 7) 

Loading buffer:   100 mM  Bis-Tris-HCl (pH 7) 

     30 % (w/v)  sucrose 

     10 % (v/v)  glycerol 

     0.5 M   Ɛ-amino-n-caproic acid 

     5 % (w/v)  Coomassie brilliant blue G-250 
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Tab. 2.8: Running mode for BNP. 

Parameter Time 

90 V 17 hours 

Gradient to 200 V 5 hours 

 

2.3.8 Protein transfer and immunodetection by Western blot analysis 

Following SDS-PAGE (see 2.3.4) proteins were transferred onto a membrane for 

immunodetection. For the transfer of the proteins polyvinylidene difluoride (Immun-

Blot
TM

 PVDF membrane, 0.2 µm, Bio-Rad) was used. The method was according to 

BURNETTE (1981). After a short equilibration of the membrane in 100 % methanol, the 

membrane was placed on the anode site of the SDS gel. Both were then covered by gel 

blotting paper (Whatmann gel blotting paper, 3 mm, Schleicher & Schuell Bio Science, 

Dassel) and sponges from both sides. Afterwards this sandwich was placed into a Blot Cell 

(Mini Trans-Blot
®
 Electrophoretic Transfer Cell, Bio-Rad) and an electric current of 100 V 

was applied for one hour. After this the blocking step followed for one hour in blocking 

buffer with a subsequent washing step with TBS. Thereafter the membrane was incubated 

over-night or for three hours with the primary antibody. The dilutions of the primary and 

secondary antibody were made in 0.1 % BSA in TBS buffer. All incubation and washing 

steps took place under gentle agitation (Hyper Shaker, neoLab, Heidelberg). The respective 

dilutions of the primary antibodies can be found in the Tab. 2.9. After washing the 

membrane three times for 5 min with TBS to remove the unbound antibody, the PVDF 

membrane was incubated with the second antibody goat anti-Rabbit lgG(H+L)-AP 

conjugate (Bio-Rad, Munich) unless otherwise stated in a 1:3000 dilution for one hour and 

washed again with TBS (5 min, 5 min, 15 min). Developing of the blot followed, by 

incubating the membrane in alkaline phosphatase buffer with 0.125 % (v/v) 5-bromo-4-

chloro-3-indolyl-phosphate (BCIP) and 0.125 % (v/v) nitro blue tetrazolium (NBT) in the 

dark until adequate detection. After satisfactory detection the membrane was washed with 

MilliQ-H2O to remove the substrate and to stop the reaction. 

Transfer buffer:   25 mM   Tris 

     0.2 M   glycine 

     20 % (v/v)  methanol 
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TBS buffer:    50 mM   Tris-HCl (pH 7.5) 

     150 mM  NaCl 

Blocking buffer:   2 % (w/v)  milk powder in TBS buffer 

Alkaline phosphatase buffer: 100 mM  Tris-HCl (pH 9.5) 

5 mM  NaCl 

     5 mM   MgCl2 

 

Tab. 2.9: Antibodies used for immunological detection of proteins, diluted in TBS 

containing 0.1 % (w/v) BSA. 

Primary AB Specie raised 

in 

Source Dilution 

FNR Maize  rabbit Prof. Dr. T. Hase, University 

of Osaka, Japan 

1:10000 

FdC2 Synthetic 

peptide 

rabbit Prof. Dr. T. Hase, University 

of Osaka, Japan 

1:10000 

1:5000 (for 

BNP) 

FdC1 Arabidopsis  rabbit Prof. Dr. T. Hase, University 

of Osaka, Japan 

1:100 

Fd2 Maize  rabbit Prof. Dr. T. Hase, University 

of Osaka, Japan 

1:1000 

GS Maize rabbit Prof. Dr. T. Hase, University 

of Osaka, Japan 

1:50000 

NiR Maize rabbit Prof. Dr. T. Hase, University 

of Osaka, Japan 

1:50000 

Cyt f Maize rabbit Prof. Dr. T. Hase, University 

of Osaka, Japan 

1:5000 

PsbA Synthetic 

peptide 

rabbit Agrisera, Vännäs, Sweden 1:10000 

CCS Arabidopsis rabbit Agrisera, Vännäs, Sweden 1:1000 

SOD Arabidopsis  rabbit Agrisera, Vännäs, Sweden 1:5000 

PC Spinach rabbit Agrisera, Vännäs, Sweden 1:2000 
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LHC II/ 

Lhcb1 

Synthetic 

peptide 

rabbit Agrisera, Vännäs, Sweden 1:50000 

Lhca1 Synthetic 

peptide 

rabbit Agrisera, Vännäs, Sweden 1:5000 

SSU Synthetic 

peptide  

rabbit Agrisera, Vännäs, Sweden 1:10000 

Secondary AB   

IgG(H+L)-AP-

Conjugate 

Goat anti rabbit Bio-Rad, Munich 1:3000 

IgG(H+L)-HRP-

Conjugate 

Goat anti rabbit Bio-Rad, Munich 1:2500 

 

2.3.9 Immunological detection of proteins by enhanced luminescence staining 

In case of the BNP (section 2.3.7) the proteins from the gel were transferred on to a 

Whatman
®
 PROTRAN Nitrocellulose Transfer Membrane (GE Healthcare, Uppsala, 

Sweden), thereby the gel was incubated for 20 min in blotting buffer and assembled as 

described in section 2.3.8. The transfer was performed for 2 hours at 60 V and 4 °C. 

Afterwards the membranes were blocked for 1 hour in blocking buffer and washed three 

times in TBS containing 1 % (v/v) Tween 20 (TBST) for 5, 5 and 15 min while shaking. 

Incubation with the primary antibody (Tab. 2.9) containing 2 % milk powder over-night 

followed. On the next day washing was repeated and the membranes were incubated with 

the horse radish peroxidase conjugated secondary antibody (Bio-Rad, Munich) in TBST 

containing 2 % milk powder for 1 hour. The three washing steps were repeated again and 

the excess liquid was removed by gently tapping the edge of the membrane on a filter 

paper. The membranes were then incubated in 3 ml of enhanced chemi-luminescence 

(ECL) detection solution (WEST-ZOLL Plus Western Blot Detection System, iNtRON, 

Seongnam-Si, Korea) by mixing the two components 1:1 for 1 min. The excess liquid was 

removed again and the membranes were placed in a cassette. Afterwards they were 

incubated in the dark opposite a sheet of Fuji medical X-ray film (Fuji Photo Film Co., 

LTD., Tokyo, Japan) for 1 min before the film was developed to visualize the detected 

bands. 
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Blocking buffer for BNP:  2 % (w/v)  milk powder 

     1 % (v/v)  Tween 20 

dissolved in TBS 

 

2.3.10 Isolation of chloroplasts from A. thaliana 

For this method all solutions (see below) and tools were pre-cooled to 4 °C. The razor 

blades in the blender were replaced each time with washed, fresh ones. About 50 ml 

blending buffer was reserved, while BSA and sodium ascorbate were added to the 

remaining buffer and the 80 % and 40 % PBF-Percoll solutions were prepared (Tab. 2.10). 

Then 3 ml of the 80 % PBF-Percoll was transferred into a SS34-centrifuge tube and 

overlaid with 9.5 ml of 40 % PBF-Percoll. All solutions were then stored on ice.  

Two layers of miracloth were soaked in blending buffer, set in a pre-cooled funnel and 

placed in a 500 ml conical flask. Then the leaves of 6-8 plants of one genotype were put in 

the cooled blender and 150 ml blending buffer was added and the mixture homogenized for 

5 sec. The mixture was quickly filtered through the miracloth, the liquid was carefully 

squeezed out, the brie was returned to the blender and another 150 ml blending buffer was 

added before homogenizing again for 5 sec. This mixture was then filtered through the 

same miracloth. Subsequently 50 ml of the filtrate was poured into each SS34-centrifuge 

tube and centrifuged for 2 min at 3500 rpm and 4 °C (SS34-Rotor and RC 5B Plus 

centrifuge, SORVALL, Hamburg). The supernatant was discarded gently, the tubes were 

blotted upside down and placed on ice. The pellets were re-suspended gently in 1 ml 

blending buffer each, using a natural fiber paintbrush, and combined in one tube. The 

remaining tubes and brush were rinsed with 1 ml further blending buffer and added to the 

pool. If more than one genotype was used, the whole procedure was repeated with the 

other genotypes using fresh layers of miracloth and glass ware each time. 

After re-suspension each genotype was overlaid on one PBF-Percoll two-step (40 %:80 %) 

gradient and centrifuged for 8 min at 7500 rpm and 4 °C with the brake off (HB4-Rotor, 

SORVALL, Hamburg). The broken chloroplasts were aspirated and the intact ones were 

carefully extracted from the boundary between 80 % and 40 % percoll layers and were 

transferred into a new centrifuge tube. After this the chloroplasts were washed by adding 

three volumes of blending buffer without BSA and ascorbate and centrifuged for 5 min at 

3000 rpm and 4 °C. The supernatant was discarded and the chloroplast pellet for use in 
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affinity chromatography (section 2.3.12) was re-suspended in an adequate volume of re-

suspension buffer, depending on the yield of chloroplasts. Chloroplasts used for BNP were 

directly frozen in liquid nitrogen and stored at -80 °C after discarding the supernatant 

(section 2.3.7). 

Blending buffer: 330 mM  sorbitol 

   5 mM   HEPES-NaOH (pH 7.5) 

   2 mM   EDTA 

   1 mM   MgCl2 

   0.25 % (w/v)  BSA 

   0.1 % (w/v)  sodium ascorbate 

PBF-Percoll:  1.5 g   PEG 4000 

   0.5 g   BSA 

   0.5 g   Ficoll 70 

   50 ml   Percoll 

 

Tab. 2.10: Composition of the 80 % and 40 % Percoll gradients. 

Component Percoll 

80 % 40 % 

PBF-Percoll 10 ml 16 ml 

MilliQ-H2O - 15.2 ml 

0.5 M EDTA 50 µl 160 µl 

1 M MgCl2 16.5 µl 40 µl 

1 M MnCl2 16.5 µl 40 µl 

1 M HEPES-NaOH (pH 7.5) 624 µl 2 ml 

2 M sorbitol 2 ml 6.6 ml 

 

2.3.11 Photometric determination of chlorophyll concentration 

The photometric determination of chlorophyll concentration took place according to 

LICHTENTHALER (1987). For this, 20 µl of the sample (section 2.3.10) was mixed with 

980 µl 80 % acetone and incubated for 5 min on ice. A centrifugation step for 5 min at 

13200 rpm and 4 °C followed. Afterwards the absorption of the supernatant was measured 
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in a glass cuvette at the wavelengths of 646.6 and 663.6 nm (Specord® 50 Photometer, 

Analytik Jena, Jena). A cuvette filled with 80 % acetone served as a blank. The 

concentration of chlorophyll was calculated with formula 2. 

[(                )  (                 )]                              
  

  
 

           Formula 2 

 

In case of the experiments on the greening of plants (section 3.2.1.3) a calculation for 

separate chl a and chl b concentrations according to PORRA et al. (1989) was used. This 

calculation is shown in formula 3. 

       [(                 )  (                )]                  

      [(                 )  (                )]                  Formula 3 

 

2.3.12 Isolation of Fd2 and FdC1 interacting proteins from chloroplast stroma 

AtFd2 and AtFdC1 were produced for affinity chromatography. The transformation, over-

expression and the purification was performed according to HANKE et al. (2004) and VOSS 

et al. (2011) respectively. 

 

2.3.12.1 Covalent binding of Fd to the column matrix 

After the purifaction of the respective protein (section 2.3.1), the buffer was exchanged to 

an inorganic NaHCO3 by gel filtration over a closed gel filtration column filled with 

superose 12 with a flow rate of 0.4 ml/min. The samples were eluted and the purity was 

determined by measuring the absorption spectrum (250-600 nm). For resin production 1 ml 

gel of swollen cyanogen bromide activated sepharose was estimated to bind 10 mg protein. 

The dry resin was stirred in 1 mM HCl till contaminants were completely dissolved and 

washed with 0.1 mM HCl with over 5 times gel volume to remove impurities. Afterwards 

the liquid was discarded and before drying of the matrix the respective Fd was added. For 

both Fd2 and FdC1 10 mg of protein was added to 1.5 ml resin buffer. As a control a blank 

resin was produced. The mixtures of resin and protein were incubated over-night at 4 °C 
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with slow shaking. The resins were washed with the same volume of blocking buffer to 

block all remaining active sites and centrifuged for 5 min at 300 rpm and 4 °C to settle the 

resin. The supernatants were removed and the washing step was repeated five times. Until 

use the resins were stored in blocking buffer (2-4 ml) at -80 °C. 

Inorganic buffer:  0.1 M   NaHCO3 

    0.5 M   NaCl 

Blocking buffer: 50 mM   Tris-HCl (pH 7.5) 

   0.5 M   NaCl 

 

2.3.12.2 FPLC: affinity chromatography of stromal proteins against Fd2 and 

FdC1 covalently bound to the column matrix 

Pooled isolated chloroplasts (section 2.3.10) were used for stroma extraction by 

centrifugation for 10 min at 12000 rpm and 4 °C. After reserving the supernatant the pellet 

was re-suspended in Thy-buffer and the centrifugation was repeated. Then the supernatants 

were pooled and centrifuged for 15 min at 13200 rpm and 4 °C to remove all insoluble 

materials. A desalting step of the stromal fraction over an open sephadex G-25 column 

followed. The protein concentration was detected by using the Roti-Quant
®
 Brandford 

reagent (section 2.3.3). The stromal protein fraction was then applied to the blank resin, 

which was equilibrated with W-buffer, with a flow rate of 1 ml/min. This step was 

necessary so that all proteins, which bound to the blank resin without interacting with the 

Fds, were removed. The non-bound proteins were pooled and divided into two equal parts 

and stored on ice. The bound proteins were eluted with E-buffer from the blank resin and 

prepared for SDS-PAGE. The FdC1 column was assembled and equilibrated with W-

buffer. One half of the flow through from the blank column was applied to the column with 

a flow rate of 1 ml/min. The eluent was discarded as non-binding proteins afterwards. The 

bound proteins were eluted with E-buffer, pooled and spin-concentrated to a volume less 

than 100 µl in Amicon Ultra Centrifugal Filter Devices (Millipore, Darmstadt) at 3000 rpm 

at 4 °C. The sample was then prepared for SDS-PAGE. Afterwards the system was washed 

with W-buffer and the whole procedure was repeated using the remaining flow through 

from the blank column to challenge the Fd2 column. 
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Thy-buffer:  50 mM   Tris-HCl (pH 7.5) 

   1 mM   MgCl2 

   100 mM  NaCl 

W-buffer:  50 mM   Tris-HCl (pH 7.5) 

   1 mM   MgCl2 

E-buffer:  50 mM   Tris-HCl (pH 7.5) 

   1 mM   MgCl2 

   1 M   NaCl 

 

2.3.13 Isolation of protoplasts from A. thaliana 

Protoplasts from A. thaliana were isolated for transformation. Using scotch tape the 

underside of the epidermal layer of young leaves was removed. This method is called 

“tape-arabidopsis sandwich” according to WU et al. (2009). Afterwards the leaves were 

stored underside down in a sterile petri dish containing 15 ml solution A. The solution was 

then removed by pipetting and replaced with 10 ml of solution A including cell wall 

digestion enzymes. An incubation step for 1 hour at RT and shaking at 50 rpm in the dark 

to release the protoplasts from the tissue followed. The solution with the protoplasts was 

transferred very gently to a 50 ml falcon tube using a pipette with a cut off tip and 

centrifuged for 3 min at 100 g and 4 °C. The supernatant was discarded and the pellet was 

re-suspended in 10 ml of W5 solution by inverting and the centrifugation step was 

repeated. Then the supernatant was removed and the pellet was re-suspended again in 6 ml 

W5 solution by inverting and incubated on ice for 30 min. The protoplast concentration 

was calculated by counting in a Neubauer chamber and the centrifugation step was 

repeated. The supernatant was removed and the protoplasts were re-suspended in ice cold 

MMG solution to a final concentration of 1.6x10
6
 protoplasts per ml. 
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Solution A:  0.4 M   mannitol 

   20 mM   KCl 

   20 mM   MES (pH 5.7) 

   10 mM   CaCl2 

   0.1 % (w/v)  BSA 

sterile filtered 

with enzymes:  1.5 % (w/v)  Cellulase R10 

   0.4 % (w/v)  Macerozyme R10 

W5 solution:  154 mM  NaCl 

   125 mM  CaCl2 

   5 mM   KCl 

   2 mM   MES (pH 5.7) 

   5 mM   glucose 

MMG solution: 0.4 M   mannitol 

   15 mM   MgCl2 

   4 mM   MES (pH 5.7) 

 

2.3.14 Transformation of protoplasts 

Plasmid DNA (80-100 µg; max. 30 µl) was added to 200 µl of the isolated protoplasts in 

MMG solution (section 2.3.13) in a 15 ml falcon tube. Then 220 µl PEG solution was 

added very carefully drop wise and the solution was incubated for 15 min in the dark on 

ice. 0.5 ml W5 solution was slowly added and mixed by inverting. Incubation for 15 min in 

the dark on ice followed and another 1 ml of W5 solution was added and mixed as 

carefully as before. The incubation was repeated and the mixture was centrifuged for 3 min 

at 100 g and 4 °C. The supernatant was removed and the pellet was re-suspended in 2 ml 

W5 solution very gently. The incubation was repeated again before further 4 ml W5 was 

added and slowly mixed. The falcon tube was wrapped in tinfoil and incubated over-night 

at RT, with the tube laying horizontal to increase the area for gas diffusion into the buffer. 

On the next day the sample was centrifuged for 3 min at 100 g and RT. The supernatant 

was removed until approximately 200 µl was left. In this volume the pellet was re-

suspended carefully and used in microscopy. 



 Material and methods 

47 

PEG solution: 40 % (w/v)  PEG 4000 

   0.2 M   mannitol 

   100 mM  CaCl2 

 

2.3.15 Protoplast staining with the stain Hoechst 33258 

In order to visualize nucleic acids, the transformed protoplasts (section 2.3.14) were 

stained with Hoechst 33258 (Invitrogen, Eugen, USA) before they were used for 

microscopy analysis. In this case 20 µl of the stain (10 mg/ml) was mixed with 480 µl 

MMG solution to give a 400 µg/ml stock solution. Afterwards 5 µl of the stock was added 

to 200 µl to give a 10 µg/ml solution. Incubation for 30 min at RT in the dark was followed 

by centrifugation for 3 min at 100 g and RT. The supernatant was discarded and the pellet 

was gently re-suspended in 100 µg MMG. Then the protoplasts were visualized by 

microscopy. Rupturing by physical disruption released stained chloroplasts from 

transformed protoplasts to enable nucleotide visualization. Fluorescence from the nucleus 

was too intensive to allow chloroplast nucleotide visualization in intact protoplasts. 

 

2.3.16 Sample preparation protocol for electron micrographs images of chloroplasts 

The fixation of the leaf material was performed at 4 °C for 20 h in 0.1 M phosphate buffer 

with 2 % glutaraldehyde. Afterwards the sample was rinsed in buffer for 2 h, which was 

replaced every 20 min. The post fixation was done at 4 °C for 3.5 h with 1 % OsO4. The 

dehydration of the sample occurred in graded ethanol series at 4 °C with following steps: 

5 min in 30 %, 5 min in 50 %, 10 min in 70 %, 10 min in 80 % and 10 min in 95 % 

ethanol. Further dehydration happened at RT for 10 min in 95 % and 10 min in 100 % 

ethanol. For the infiltration the sample was transferred to a 1:1 mixture of propylene oxide 

and ethanol at RT for 10 min. Then the sample was transferred to propylene oxide for 

5 min and two times. For the last step of the infiltration the sample was transferred to a 1:3 

mixture of propylene oxide and Epon (1:1 mixture A/B plus 1.5 % DMP 30). For the 

embedding the sample was washed with Epon (1:1 mixture A/B plus 1.5 % DMP) for three 

times for 5 min at 60 °C. Afterwards the sample was transferred to Epon (1:1 mixture A/B 

plus 1.5 % DMP) filled into embedding moulds with following polymerization at 65 °C for 

48 h. In the end the sample was sectioned at the Ultramicrotome (Ultracut UCT, Leica) and 
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stained for 30 min with 2 % uranyl acetate and for 20 min with lead citrate. The 

transmission electron microscopy images were recorded with the EM 902 from Zeiss. 

Mixture A:  62 ml  Epon 812 

   100 ml  DDSA (hardener) 

Mixture B:  100 ml  Epon 812 

   85 ml  NMA (hardener) 

 

2.4 Molecular biological methods 

2.4.1 Isolation of genomic DNA 

Genomic DNA from plant material was isolated according to the method of DOYLE & 

DOYLE (1990). For each sample approximately 100 mg leaf material was transferred into a 

reaction tube and immediately shock frozen in liquid nitrogen. Afterwards this leaf 

material was pulverized with an electric grinder (RW 20, Janke & Kunkel, IKA-Werk, 

Staufen) to disrupt the cells and to release the DNA, while cooling with liquid nitrogen. 

After grinding the leaf powder was mixed with 1 ml of 40-50 °C pre-warmed CTAB-buffer 

and 20 µl β-mercaptoethanol. After homogenizing the mixture by vortexing an incubation 

step for 60 min at 65 °C followed (Thermomixer comfort 5436, Eppendorf, Hamburg). 

Then 500 µl chloroform-isoamylalcohol was added for precipitation of proteins, lipids and 

secondary compounds. The mixture was vortexed again and incubated for 30 min at RT. A 

centrifugation step using the benchtop centrifuge for 20 min at 13200 rpm and RT 

followed. Then the upper water phase containing the DNA was transferred to a new 

reaction tube and 500 µl of chloroform-isoamylalcohol was added, vortexed, incubated for 

10 min at RT and centrifuged for 10 min at 13200 rpm and RT. Afterwards the water phase 

was transferred into a new reaction tube and 1 ml of ice-cooled isopropanol was added and 

inverted carefully to precipitate the DNA. A centrifugation step for 30 min at 13200 rpm 

and RT followed. The supernatant was then discarded and the pellet was washed twice by 

adding 300 µl of 70 % ethanol and centrifuging for 5 min at 13200 rpm and RT. Then the 

supernatant was discarded and the pellet briefly dried under a sterile bench (Mahl, Neuss). 

Afterwards the pellet was re-suspended in 50 µl HPLC-H2O and incubated over-night at 

4 °C. The isolated genomic DNA was stored at -20 °C until use. 

 



 Material and methods 

49 

CTAB-buffer: 2 % (w/v)  CTAB 

   1 % (w/v)  polyvinylpyrrolidone (PVP) 

   1.4 %   NaCl 

   20 mM   EDTA 

   100 mM  Tris-HCl (pH 8.0) 

 

2.4.2 Photometric determination of nucleic acid concentration 

The determination of nucleic acid concentration was performed using the Eppendorf Bio 

Photometer 1101 M (Eppendorf, Hamburg) at the wavelength of 260 nm. The comparison 

of the 260nm/280nm and 260nm/230nm ratios confirmed the purity of the sample. The 

DNA samples were diluted for quantitation at a ratio of 1:100 with MilliQ-H2O in a UV-

transparent cuvette (Plastibrand
®

, Brand, Wertheim) and measured against MilliQ-H2O as 

a blank value. 

 

2.4.3 DNA amplification through polymerase chain reaction 

The polymerase chain reaction (PCR) was carried out in 0.2 ml volume tubes and in a 

thermal cycler (Mastercycler gradient, Eppendorf, Hamburg). For standard PCR set ups the 

enzyme Dream Taq
TM

 DNA polymerase, which polymerizes approximately 1 kb per 

minute, was used together with the corresponding buffer and dNTP mix. A master mix 

with an adequate volume for the total number of reactions was prepared and mixed 

together by pipetting, to ensure reproducibility and enable correct comparison between 

reactions. The master mix consisted of all components except the DNA template. The 

template DNA was directly applied to the reaction tubes and aliquots of the master mix 

were then added to these tubes and mixed by pipetting. The samples were then stored on 

ice till the cycler reached 95 °C to make a semi-hot start. 

For detection of the PCR product and to check if the desired DNA fragment was amplified, 

agarose gel electrophoresis was performed (section 2.4.5). For conformation of the size of 

the desired DNA fragment, which is determined by the choice of the primers, a DNA size 

standard (GeneRuler
TM

 100 bp Plus DNA Ladder) was used as a comparison. 
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Standard PCR set up (25 µl): 1 µl  template DNA 

     0.5 µl  dNTP mix (10 mM) 

     2.5 µl  10 x Dream Taq buffer 

     0.75 µl  forward primer (10 µM) 

     0.75 µl  reverse primer (10 µM) 

     0.25 µl  Dream Taq polymerase (5 U/ml) 

     19.25 µl sterile HPLC-H2O 

Standard PCR program: 

Initial denaturation  95 °C  5 min 

Denaturation   95 °C  40 sec 

Primer annealing  55 °C  30 or 40 sec   25-35 cycles 

Elongation   72 °C  1 min/kb 

Final elongation  72 °C  5 min 

Cooling   10 °C  ∞ 

 

2.4.4 Colony PCR 

This specific PCR identified E. coli colonies transformed with a specific plasmid. A 

toothpick was dipped into a colony of transformed cells, streaked out on a master plate, 

then inserted into a PCR reaction tube, which was filled with 30 µl sterile HPLC-H2O, and 

stirred briefly. The sample was heated for 10 min at 95 °C. Afterwards a centrifugation 

step for 5 min at top speed followed and 10 µl of the supernatant was then used as a 

template for PCR reaction set up (section 2.4.3). 

 

2.4.5 Agarose gel electrophoresis 

For the separation of amplified DNA fragments on the basis of their size agarose gel 

electrophoresis was performed. For the analysis of PCR products 0.5-1.5 % agarose gels in 

1 x TBE buffer were used. To make the gel agarose was boiled in 50 (small gel) to 100 ml 

(big gel) 1 x TBE buffer. The gel was poured using the Mupid
®
-exU Gel Electrophoresis 

System (Eurogentec, Toyama, Japan) and the PCR samples were mixed with 6 x loading 

dye. Afterwards the samples were loaded on a gel and separation took place at a constant 

voltage of 100 V for 25 min. As a standard for size estimation the GeneRuler
TM

 100 bp 
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DNA Ladder was used. After electrophoresis, the gel was stained for 30 min in a 0.1 % 

ethidium bromide bath and washed with water. The DNA bands were visualized under 

UV-light using the Molecular Imager Gel Doc XR System (Bio-Rad, Munich). 

10 x TBE buffer: 10.8 % (w/v)  Tris-HCl (pH 5.5) 

   5.5 % (w/v)  boric acid 

   20 mM   EDTA 

 

2.4.6 Cleanup of PCR products 

Samples chosen for sequencing were purified using the Nucleo Spin
® 

Extract II kit from 

Macherey-Nagel (Düren). The preparation was performed as described in the manufactures 

instructions. The only change to the protocol was the final elution step. The plasmid DNA 

was eluted with 15 µl sterile HPLC-H2O instead of buffer. 

 

2.4.7 Identification of proteins interacting with FdC1 and FdC2 by Y2H screen 

To identify proteins that interact with FdC1 and FdC2 a cDNA library Y2H screen was 

performed according to FIELDS & SONG (1989). For this purpose two plasmids were used. 

The plasmid pGBT9 (Fig. 8.9) containing a sequence coding for the GAL4-DNA-binding 

domain (BD) fused with the respective Fd (bait) and also a sequence enabling tryptophan 

synthesis as a selection marker. The second plasmid pACT-2 (Fig. 8.10) contains a 

sequence for the GAL4-DNA-activation domain (AD) fused with sequences from the 

cDNA library (prey), which had been produced previously, and a sequence enabling 

leucine synthesis as a selection marker. If the AD and BD interact together they activate 

the expression of reporter genes. Hence these reporter genes are only transcribed when 

transformants contain the bait and prey plasmids of interacting proteins. 

The plasmids were transformed into competent yeast cells, with the strain Y187 as a bait-

strain and the strain AH109 as a prey-strain. Furthermore an empty vector substituted for 

the bait plasmid as a control. Both strains were obtained from Clonetech Laboratories. The 

cDNA library was a kind gift from Prof. Koncz (Max Planck Institute for Plant Breeding 

Research, Colone). The Y2H screen had been prepared using the Matchmarker
TM

 Library 

Construction & Screening Kit (Clonetech, France). Transformants were identified using 

selective dropout (SD) medium. By mating cells with the different plasmids, cells 
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containing plasmids for interacting proteins were obtained. Based on their positive 

interaction the mated cells were able to grow on media without histidine and adenine, since 

the positive interaction activates reporter genes including sequences enabling growth on 

this selective media. At first the cells were selected by growth on SD agar plates missing 

tryptophan, leucine and adenine. The obtained cells were additionally selected on agar 

plates without tryptophan, leucine and histidine to reduce the chance of false positives. For 

further experiments the selected colonies were transferred to masterplates. 

10 x Dropout solution: 200 mg/l L-Adeninehemisulfate 

    200 mg/l L-Arginine-HCl 

    200 mg/l L-Histidine-HCl-H2O 

    300 mg/l L-Isoleucine 

    1000 mg/l L-Leucine 

    300 mg/l L-Lysine-HCl 

    200 mg/l L-Methionine 

    500 mg/l L-Phenylalanine 

    2000 mg/l L-Threonine 

    200 mg/l L-Tryptophan 

    300 mg/l L-Tyrosine 

    200 mg/l L-Uracil 

    1500 mg/l L-Valine 

autoclaved and stored at 4 °C 

SD medium:   6.7 g/l  nitrogen base without all amino acids 

    2 % (w/v) glucose 

    10 % (v/v) 10 x Dropout solution 

 

2.4.8 Production and transformation of chemicaly competent 

Saccharomyces cerevisiae cells 

The production and transformation of chemicaly competent S. cerevisiae cells was 

performed according to ITO et al. (1983). An over-night culture was inoculated in 5 ml 

YPD media. On the next day 500 µl of this culture was transferred into a fresh 10 ml 

aliquot of YPD and grown for the next 4 hours at 30 °C with shaking. After this, the 
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sample was centrifuged in a 15 ml falcon tube for 3 min at 2000 rpm and RT. The 

supernatant was carefully discarded and the pellet re-suspended in 10 ml of 1 x LiAc/TE 

by inverting the tube. A centrifugation for 3 min at 3000 rpm and RT followed. The 

supernatant was discarded again and the pellet was re-suspended in 200 µl of 1 x LiAc/TE 

and transferred to a new 1.5 ml reaction tube. ssDNA was heated for 5 min at 65 °C and 

20 µl were added to the cells as well as 15 µl plasmid DNA and 800 µl 50 % PEG 

LiAc/TE. The sample was vortexed and incubated for 30 min at 30 °C and shaking. Then a 

heat shock was done for 20 min at 42 °C. Afterwards the sample was centrifuged for 30 sec 

at 7000 rpm and RT and the supernatant was discarded. The pellet was re-suspended in 

1 ml YPD media and incubated for 1 hour at 30 °C with shaking. After this the sample was 

centrifuged for 10-20 sec at 4000 rpm and RT and 980 µl of the supernatant was discarded. 

The pellet was re-suspended in the remaining supernatant and plated on plates with 

selection medium.  

YPD (1 l):    20 g  peptone 

     10 g  yeast extract 

     950 ml  MilliQ-H2O 

autoclave, before usage add 

     50 ml  40 % glucose 

10 x TE:    100 mM  Tris-HCl (pH 7.5) 

     10 mM   Di-Na-EDTA 

10 x Lithium Acetate (LiAc): 1 M   lithium acetate 

1 x LiAc/TE:    1 ml   10 x TE 

     1 ml   10 x LiAc 

50 % PEG LiAc/TE:  8 ml   50 % PEG 3350 

     1 ml   10 x LiAc 

     1 ml   10 x TE 
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2.4.9 Production of chemicaly competent E. coli cells 

The production of chemicaly competent E. coli cells was performed according to 

HANAHAN (1983). The E. coli strain XL1 blue was cultivated over-night at 37 °C in YT 

medium with tetracycline (10 µg/ml) for selection. On the next day 1 ml of the culture was 

transferred into 100 ml YT medium without any antibiotics and grown until an optical 

density (OD
600nm

) of 0.4 to 0.5 was reached. An incubation step for 10 min on ice 

followed. The bacterial suspension was then centrifuged for 10 min at 5000 rpm and 4 °C 

in a GSA-Rotor and the supernatant was decanted. The pellet was re-suspended in 30 ml 

pre-cooled TFB1 buffer and incubated for 10 min on ice. Another centrifugation step for 

10 min at 5000 rpm and 4 °C followed. The supernatant was discarded and the pellet re-

suspended in 4 ml pre-cooled TFB2 buffer. After this 100 µl aliquots of the bacterial 

suspension were transferred into reaction tubes and immediately shock frozen in liquid 

nitrogen. The competent cells were stored at -80 °C until use. 

YT medium:  8 g  bacto tryptone 

   5 g  bacto yeast extract 

   2.5 g  NaCl 

make up to 900 ml with MilliQ-H2O, adjust pH with NaOH to pH 7.0, adjust volume to 

1 l, autoclave for 20 min and store at RT 

TFB1:   30 mM  potassic acetate 

   50 mM  MnCl2 

   100 mM RbCl2 

   10 mM  CaCl2 

   15 % (v/v) glycerine 

adjust pH with acetic acid to 5.8 and sterilize by filtration 

TFB2:   10 mM  MOPS 

   75 mM  CaCl2 

   15 mM  RbCl2 

   15 % (v/v) glycerine 

adjust pH with NaOH to 7.8, autoclave for 20 min 
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2.4.10 Transformation of plasmid DNA into E. coli XL1 blue competent cells 

E. coli transformation was performed according to the method of COHEN et al. (1972). An 

aliquot of 100 µl competent E. coli XL1 blue cells was rapidly thawed by holding in the 

hand. Afterwards 1 µl of the plasmid DNA for transformation was added, carefully mixed 

and the sample was incubated for 30 min on ice. A heat shock step followed for 90 sec at 

42 °C using the Thermomixer comfort 5436. Immediately after this the cells were 

incubated for 2 min on ice. Then 1 ml SOC media without any antibiotics was added and 

the cells were incubated for 1.5 h at 37 °C with agitation. In the end, 200 µl of the sample 

was spread on YT plates with ampicillin (50 µg/ml) and incubation over-night at 37 °C 

followed.  

SOC media:  2 g  bacto tryptone 

   0.5 g  bacto yeast extract 

   0.2 ml  5 M NaCl 

   0.25 ml 1 M KCl 

   1 ml  1 M MgCl2 

   1 ml  1 M MgSO4 

   2 ml  1 M glucose 

make up to 100 ml with MilliQ-H2O, autoclave for 20 min and store at 4 °C 

 

2.4.11 Isolation of plasmid DNA from E. coli 

To isolate and purify plasmid DNA from E. coli the method according to BIRNBOIM & 

DOLY (1979) was used with the Nucleo Spin Buffer Set from Macherey-Nagel (Düren). At 

first 5 ml of an over-night bacterial culture was centrifuged in 2-3 aliquots for 5 min at 

5000 g and RT. The supernatants were discarded, 250 µl A1 buffer, which contains a 

ribonuclease, was added to each tube and the pellets were re-suspended. 250 µl A2 buffer 

for cell lysis was added and mixed gently by inverting the tube 6-8 times. Then 300 µl A3 

buffer was added and the suspension was mixed gently by inverting the tube again 6-8 

times. In this step the chromosomal DNA and proteins precipitated and the sample was 

centrifuged for 10 min at 11000 g and RT. During the centrifugation a new reaction tube 

was prepared on ice containing 600 µl isopropanol. The clear part of the supernatant, 

which contained the DNA, was transferred into the new tube containing isopropanol and 

incubated for 10 min on ice to precipitate the DNA. After this, the sample was centrifuged 
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for 10 min at 11000 g and 4 °C. Thereafter, the pellet was washed with 800 µl 80 % 

ethanol by centrifugation for 10 min at 10000 g at RT. The supernatant was discarded and 

the pellet was dried for 15 min under a sterile bench (Mahl, Neuss). Finally 20-30 µl sterile 

MilliQ-H2O was added, the pellet carefully re-suspended and incubated for 2 hours at 4 °C 

to swell. The plasmid DNA was stored at -20 °C until use. 

 

2.4.12 Isolation of plasmid DNA from S. cerevisiae 

For the isolation of plasmid DNA from S. cerevisiae the Nucleo Spin buffer Set from 

Macherey-Nagel (Düren) was used again with some modifications to the manufacturers 

instructions. An aliquot of 5 ml SD medium missing tryptophan, leucine and histidine was 

inoculated with selected colonies and grown for two days at 30 °C. The obtained pellets 

were re-suspended in 200 µl A1 buffer and 2/3 of the sample volume of glass pearls (Ø 

0.25 nm) were added to disrupt the cell walls and shaken for 20 min at 4 °C and top speed 

(VIBRAX basic, IKA, Staufen). Afterwards 200 µl A2 buffer was added and mixed gently 

by inverting the tubes 6-8 times. Then 240 µl A3 was added to neutralize the solution and 

mixed by inverting again. A centrifugation step for 10 min at 11000 g and RT followed. 

The supernatants were transferred into tubes with 490 µl pre-cooled isopropanol and 

incubated for 10 min on ice to precipitate the plasmid DNA before centrifugation for 

10 min at 11000 g and 4 °C. The supernatant was discarded and the pellets were washed 

with 200 µl 80 % ethanol and the centrifugation was repeated. As much as possible of the 

ethanol was removed and the pellets were dried under the clean bench (Mahl, Neuss). The 

samples were finally re-suspended in 20 µl sterile HPLC-H2O, incubated for 2 hours at 

4 °C to swell and stored at -20 °C until use. 

 

2.4.13 Production of chemicaly competent Agrobacterium tumefaciens cells 

For the production of chemicaly competent A. tumefaciens cells an over-night culture was 

inoculated. After this, 200 ml YEB-medium with 100 µg/ml rifampicin was inoculated 

with 2 % (v/v) of the over-night culture and grown at 28 °C and shaking (180 rpm) until an 

optical density (OD
600nm

) of 0.4-0.5 was reached. A centrifugation for 20 min at 3000 g 

and 4 °C followed. The supernatant was discarded and the pellet was washed in 10 ml pre-

cooled TE-buffer before the centrifugation step was repeated. The supernatant was again 

removed and the pellet was re-suspended in 20 ml pre-cooled YEB-medium. The cell 
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suspension was then divided into 500 µl aliquots in 1.5 ml reaction tubes and shock frozen 

in liquid nitrogen. The aliquots were stored at -80 °C until use. 

YEB medium:  0.5 % (w/v)  beef or meat extract 

    0.1 % (w/v)  yeast extract 

    0.5 % (w/v)  peptone 

    0.5 % (w/v)  sucrose 

    2 mM   MgSO4 

adjust with NaOH to pH 7.0, for agar plates: add 1.5 % agar 

 

2.4.14 Transformation of plasmid DNA into A. tumefaciens cells 

Transformation of plasmid DNA into A. tumefaciens took place according to the method 

from HÖFGEN & WILLMITZER (1988). An aliquot of 500 µl competent A. tumefaciens cells 

was thawed on ice. Afterwards the cells were carefully mixed with ca. 10 µg of plasmid 

DNA and an incubation for 5 min on ice followed. The suspension was then shock frozen 

in liquid nitrogen and thawed at 37 °C. After this 1 ml of YEB medium without antibiotics 

was added and the mixture was incubated for 2-4 hours at 28 °C, while the bacteria 

stabilized. Aliquots of 200, 400 µl and the remainder of the bacterial suspension were 

spread on YEB plates with streptomycin (100 µg/ml) and incubated for two days at 30 °C. 

 

2.4.15 A. tumefaciens communicated floral transformation of A. thaliana (“Floral-

Dip”) 

The method was performed according to CLOUGH & BENT (1998) and enables the insertion 

of the T-DNA insert from the vector into the genome of A. thaliana through 

A. tumefaciens. The primary fluorescence was removed from the plants used in this 

experiment to get a higher growth of secondary fluorescences and therefore more 

transformation potential. A culture from A. tumefaciens was inoculated over-night at 28 °C 

in 500 ml YEB medium with 100 µg/ml streptomycin until the culture reached an optical 

density (OD
600nm

) of 0.9. The bacteria suspension was then centrifuged at 5000 rpm for 

10 min and the supernatant was decanted. The pellet was re-suspended with 500 ml of 5 % 

(w/v) sterile sucrose solution. After this, 0.05 % (v/v) Silvet L-77 (Lehle-Seeds, Round 

Rock, Texas, USA) was added and the plants were dipped completely into the suspension, 
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so that all fluorescences were covered with the mixture. After this the plants were left on 

their side for 12 to 24 hours to drip dry. During this time the plants were covered to get a 

higher humidity and placed under low light conditions. After one week the cover was 

removed, the plants were washed with MilliQ-H2O and transferred to normal light. To get 

a higher transformation ratio the whole procedure was replicated after seven days. 

Afterwards the plants were grown to seed. The seeds were collected and sowed on MS 

plates with BASTA (5 µg/ml) for selection. 

 

2.4.16 Restriction digest 

Restriction digests of plasmid DNA were carried out during subcloning and screening of 

transformants. In Tab. 2.11 the restriction enzymes used in this thesis are shown. The set 

up was performed on ice and optimized as recommended in the manual. Afterwards the 

reactions were incubated at 37 °C over-night or for at least 3 hours. 

Tab. 2.11: All utilized restriction endonucleases, their corresponding restriction sites 

and recommended Fermentas buffers. The location of the cut whithin the restriction 

site is indicated by “^”. 

Restriction endonuclease Restriction site Fermentas Buffer 

XbaI 5’…T^CTAGA…3’ 

3’…AGATC^T…5’ 

red 

XhoI 5’…C^TCGAG…3’ 

3’…GAGCT^C…5’ 

tango 

KpnI 5’…GGTAC^C…3’ 

3’…C^CATGG…5’ 

unique 

StuI 5’…AGG^CCT…3’ 

3’…TCC^GGA…5’ 

blue 

EcoRI 5’…G^AATTC…3’ 

3’…CTTAA^G…5’ 

orange 

PstI 5’…CTGCA^G…3’ 

3’…G^ACGTC…5’ 

orange 

Cfr9I 5’…C^CCGGG…3’ 

3’…GGGCC^C…5’ 

unique 

N.B. for XbaI and XhoI double digest 2 x tango buffer was used. 
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2.4.17 RNA isolation from A. thaliana 

For the isolation of RNA from A. thaliana the RNeasy Mini Kit from Qiagen (Hilden) was 

used as described in the manufacturers protocol for purification of total RNA from plant 

cells. 

 

2.4.18 cDNA synthesis of A. thaliana RNA 

For the synthesis of cDNA from RNA the RevertAid H Minus First Strand cDNA 

Synthesis Kit from ThermoScientific (Schwerte) was used according to the manufacturers 

instructions. 

 

2.4.19 DNA precipitation 

DNA was precipitated in cases where there was a need for buffer change between two 

restriction digestions with different enzymes. In this case, 5 µl of 3 M Na-acetate was 

added to a 50 µl sample and mixed carefully. Afterwards 150 µl of 100 % ethanol was 

added, mixed by pipetting and incubation for at least 40 min at -80 °C followed. Then the 

sample was centrifuged for 15 min at top speed and 4 °C and the supernatant was 

discarded. 700 µl 70 % ethanol was added and the pellet was washed by centrifuging for 

5 min at top speed and 4 °C. The supernatant was removed and the pellet was dried for 

30 min under a sterile bench (Mahl, Neuss). The pellet was then re-suspended in 30 µl 

sterile HPLC-H2O or in the appropriate buffer used for further digestions. 

 

2.4.20 Dephosphorylation of DNA 

To reduce self ligation during subcloning, the FastAP Thermosensitive Alkaline 

Phosphatase was used to dephosphorylate digested plasmids. After the extraction of 

digested DNA fragments from an agarose gel (approximately 18 µl) 2 µl of the 10 x 

FastAP buffer and 1µl enzyme was added and mixed carefully. An incubation step for 

15 min at 37 °C followed. Then the enzymatic reaction was stopped by heating the sample 

for 5 min at 75 °C. Before using the sample for ligation the buffer was removed by an 

ethanol precipitation (2.4.19). 
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2.4.21 Cloning of inserts into vectors 

Subcloning of inserts into the pJET vector was performed using the CloneJET PCR 

Cloning Kit (ThermoScientific, Schwerte). The procedure was performed as described in 

the manufactures instructions. Cloning of inserts into the pGFP-2, pGBT9, pT3871-5, 

pTRC99a, pACT2, pSPYCE(M) and pSPYNE173 vector (section 8.7 in the appendix, for 

pSPYCE(M) and pSPYNE173 see: WAADT et al., 2008) were performed using the T4 

ligase. The procedure was performed as described in the user manual. 

 

2.5 Fluorescence measurements 

Measurements of chlorophyll fluorescence was performed basically as described by 

HANKE & HASE (2008) and measured using a Mini-pulse amplified modulator (PAM) 

fluorometer with attached Arabidopsis leaf clip (Heinz Walz GmbH, Effeltrich). F0 and Fm 

are the fluorescence minima and maxima on excitation with a 0.8 sec pulse of saturating 

light following dark adaptation for 15 min. Non-photochemical quenching (NPQ) was 

calculated as (Fm-F
´
m)/F

´
m, where F

´
m is the fluorescence maxima in steady state light. 

Photochemical quenching (qP) was calculated as (F
´
m-F)/(F

´
m-F0), where F is the 

fluorescence in steady state light. Electron transport rate (ETR) was estimated as 

yield x photosynthetically active radiation (PAR) x 0.5 x ETR factor, where the yield is 

(Fm-F)/F
´
m and the ETR factor was taken as the standard of 0.84, previously calculated for 

spinach and bean (WHITE & CRITCHLEY, 1999). The calculation of ETR was based on the 

actual measurements of PAR, which were made by the external Mini-PAM leaf clip. 

The measurements of photosynthetic electron transport response to light induction were 

performed after plants were dark adapted for 15 min in complete darkness. The 

determination of F0 and Fm took place after 40 sec further dark incubation. Saturating pulse 

measurements were performed every 25 sec for 5 min over light induction. The settings of 

the Mini-PAM were as follows: measuring intensity 2 (ML BURST setting) actinic light 1 

(PAR 120 µmol quanta m
-2

s
-1

), saturation pulse 2. 

For the rapid light curves plants were dark adapted for 15 min in complete darkness and 

then Fm and F0 were determined with the Mini-PAM. The leaf was then retained in the 

light clip, for consistent data, and the far red light source/measuring light removed for an 

adaptation of 15 min at approximately 60 µmol quanta m
-2

s
-1

. After this low light 

adaptation, the measuring light was replaced and the rapid light curve was immediately 

performed at an intensity level 1 with the measurement of saturation pulse and stepwise 
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increases in PAR in 15 sec intervals. Further Mini-PAM parameters were: measuring 

intensity 2 and saturation pulse 2. 

 

2.6 Bioinformatic methods 

Information about nucleotide and amino acid sequences of genes and proteins from 

A. thaliana that were used during this thesis was taken from different online databases. The 

data were used for primer design, alignment of nucleotide and amino sequences and for 

protein characterization. A list of the used databases and programs is given in Tab. 2.12. 

 

Tab. 2.12: Used online databases and programs. 

Database / Program Description / Web page 

Genetics database of the “National 

Center for Biotechnology 

Information (NCBI)” 

search of literature; http://www.ncbi.nlm.nih.gov/ 

“Basic Local Alignment Search 

Tool (BLAST)” 

comparison of nucleotide and amino acid 

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

“The Arabidopsis Information 

Research (TAIR)” 

Preliminary information of genes, gene expression 

data and comparison of nucleotide and amino acid 

sequences; http://www.arabidopsis.org/ 

Primer3 primer design; http://frodo.wi.mit.edu/ 

European Bioinformatics Institute 

(EBI) – “ClustalW2” and “Clustal 

Omega” 

sequence alignment program; 

http://www.ebi.ac.uk/Tools/msa/clustalw2/ 

http://www.ebi.ac.uk/Tools/msa/clustalo 

WOLF PSORT protein subcellular localization prediction; 

http://wolfpsort.seq.cbrc.jp/  

The Sequence Manipulation Suite collection of JavaScript programs for generating, 

formatting, and analyzing short DNA and protein 

sequences; http://www.bioinformatics.org/sms2/ 

Genevestigator The gene expression search engine; 

https://www.genevestigator.com/gv/ 
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2.7 Laser scanning microscopy 

For the localization of fluorescent signal within the transformed protoplasts the confocal 

laser scanning microscope (LSM 510 META, Zeiss, Göttingen) was used. To prevent 

crushing of the protoplasts the glass slides were prepared with a scotch tape frame. 

Visualization of protein fluorescence was performed by detection of the fluorescence 

emission of GFP at an excitation wavelength of 488 nm (argon laser). The emission of 

GFP was detected between 500 and 530 nm while the autofluorescence of chlorophyll 

emission was determined between 650 and 710 nm. 
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3. Results 

The main aim of this work was to find evidence about the function of the novel Fds, FdC1 

and FdC2, and to establish how these novel proteins are involved in plant development. 

Several methods were used to identify which metabolic pathways the FdCs are involved in. 

In the following sections the results of these experiments are presented. 

 

3.1 Analysis of FdC1 

3.1.1 Genetic system for studying the effect of FdC1 on plant development 

To test the influence of FdC1 on plant development, A. thaliana RNAi plants with a lower 

FdC1 content were generated as described in HANKE & HASE (2008). This was necessary 

because no knockout lines for this gene were previously available. The outcome of this 

process was six knockdown lines with different amounts of FdC1. 

To examine whether the RNAi lines show a phenotype, the seeds were grown on soil and 

compared to A. thaliana wild type plants. Representative lines are shown in Fig. 3.1A. To 

confirm that the transgenic plants had altered FdC1 contents, crude extracts were made and 

separated on a SDS PAGE gel for FdC1 detection by western blotting using α-FdC1 

primary antibody generated against recombinant FdC1 (Fig. 3.1B). As a loading control 

the detection of Fd2 was used, which shows equal amounts of Fd2 in all lines. 

The RNAi::fdc1 lines 1-1 and 1-3 show a slightly paler phenotype and are also smaller in 

size in comparison to the wild type (Fig. 3.1A). Furthermore, the plants show elongated 

petioles, the stem between the leaf and the center of the rosette, which is a phenotype 

associated with shaded plants (DEVLIN et al., 1999). Fig 3.1B displays the western blot 

analysis of the RNAi::fdc1 lines and it was detected that FdC1 could be found only in the 

wild type sample. In contrast, in the samples of the knock down lines no FdC1 could be 

detected.  

These results reveal that the RNAi::fdc1 plants are a good system to examine the role of 

FdC1 in plants. 
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Fig. 3.1: The effect of a lower FdC1 content in plants. A: The phenotype of A. thaliana 

wild type (wt) plants and representative RNAi::fdc1 lines (1-1 and 1-3) plants. B: The 

RNAi lines and the wild type were grown on soil. Afterwards crude extracts of these were 

made and were prepared for SDS-PAGE. The electrophoretic separation took place on 

12 % acrylamide gel. Western blot analysis for the immunological investigation of FdC1 

(FdC1) and ferredoxin 2 (Fd2) was made. 1. antibody: FdC1 (1:100), Fd2 (1:10000), 2. 

antibody: Goat anti-Rabbit lgG (H+L)-AP conjugate (1:3000). Each lane was loaded with 

10 µg protein. 
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3.1.1.1 FdC1 contains a [2Fe-2S] cluster 

To help investigate the function and role of FdC1 within the plant, the properties of the 

purified, recombinant FdC1 protein were tested. Due to the fact that knowledge about the 

structure of FdC1 is very rare untill now, it was tested whether the protein contains a [2Fe-

2S] cluster, as in the case of well-known Fds. 

Therefore the protein was expressed in E. coli cells, purified and the absorbance spectrum 

was measured. The spectrum holds two peaks at around 420 and 460 nm (Fig. 3.2B, VOSS 

et al., 2011). These peaks are characteristic for the spectrum of a [2Fe-2S] cluster-

containing protein. In comparison to Fd2 it can be seen that the peaks of FdC1 show a 

significant shift to the blue. In Fig. 3.2A the protein displays also a slower migration 

through a native PAGE than Fd2, which is the well studied photosynthetic protein (HANKE 

et al., 2004), and Fd3, which is a root-type Fd (HANKE et al., 2004). Afterwards the 

purified proteins were used for measurements of electron paramagnetic resonance (EPR, 

Fig. 3.2C). The EPR measurements of dithionite-reduced Fd2 and FdC1 resulted in a 

rhombic spectra that is typical for Fds, with g values of gz= 2.05, gy= 01.95, gx= 01.89, and 

gz= 2.03, gy= 1.94, gx= 1.90, respectively. 

The slower migration indicates that the surface of FdC1 is less negatively charged in 

comparison to the other Fds. The shift to the blue in the spectrum indicates differences 

from the [2Fe-2S] clusters of the well-known Fds in the protein organization around the 

cluster and its ligands. The missing detection of other signals in the EPR spectra indicates 

that only a [2Fe-2S] cluster was present in both Fd2 and FdC1 and confirms the fact that 

both proteins possess an intact [2Fe-2S] cluster and not another cluster type. Furthermore, 

Fd2 shows g values that are typical of those for leaf-type Fds, which are photosynthetically 

active. The g values of FdC1 are in contrast more similar to those observed for the [2Fe-

2S] cluster of succinate dehydrogenase from Bacillus subtilis (HEDERSTEDT et al., 1985). 

This suggests again that the observed differences between both EPR and visible spectra are 

due to alteration in the environment of the cluster or to charged side chains surrounding the 

cluster (VOSS et al., 2011).  
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Fig. 3.2: Purified, recombinant FdC1 contains a [2Fe-2S] cluster. A: native PAGE gel 

showing separation of the recombinant proteins Fd2 (1), Fd3 (2) and FdC1 (3), which were 

purified from Arabidopsis. Lanes were loaded with 20 µg protein. B: Absorbance spectra 

of 90 µM purified recombinant Arabidopsis Fd2 (black line) and FdC1 (grey line) based 

on ferredoxin Ɛ420 of 10 mM
-1

cm
-1

. C: Electron paramagnetic resonance (EPR) spectra of 

dithionite-reduced Fd2 (solid line) and FdC1 (dashed line) showing 2Fe-2S g values of 

gz=2.05, gy=01.95, gx=01.89, and gz=2.03, gy=1.94, gx=1.90, respectively. The samples 

were run under identical conditions at 15 K (VOSS et al., 2011). 
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3.1.2 Photosynthetic capabilities of FdC1 

Due to the fact that FdC1 contains a [2Fe-2S] cluster as described in previous chapter and 

is localised to the chloroplast (VOSS et al., 2011), the next step was to test if it is also able 

to transfer electrons as PetF-type Fds do.  

For this purpose the purified FdC1 protein was tested for its capability to transfer electrons 

in PET. The results were compared to Fd2 as it is well known that Fd2 can act in PET 

(HANKE et al., 2004). In Fig. 3.3A it can be seen that FdC1 is able to receive electrons from 

PSI, even though it has a more than a tenfold lower affinity for PSI than does Fd2. This is 

indicated by the Km values in Tab. 3.1. Surprisingly, Fig. 3.3B shows that FdC1 is 

incapable of supporting NADP
+
 photoreduction and is unable to transfer electrons, derived 

from PSI, to the endogenous FNR on the thylakoid membranes. The absence of this 

activity could be due to a poor interaction between FdC1 and FNR. To test this, the 

electron transfer from NADPH- reduced FNR to Fd was measured (Fig. 3.3C and D). 

Again, a tenfold lower affinity for the leaf type FNR to FdC1 was detected than the affinity 

to Fd2 (Tab. 3.1). The affinity of the root-type FNR for FdC1 is only three fold less in 

comparison to Fd2. 

These results demonstrate that FdC1 is able to interact with both kinds of FNR, although 

with a lower affinity than Fd2, and can accept electrons from them, so poor interaction can 

be excluded as a cause of the disrupted NADP
+
 reduction. The inability to reduce FNR 

must therefore be due to another reason. Furthermore the results indicate that FdC1 is 

lower in the hierarchy to receive PET electrons than Fd2, due to the lower affinity for PSI.  
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Fig. 3.3: Electron transfer abilities of FdC1. The electron transfer capabilities of 

Arabidopsis Fd2 (closed diamonds) and FdC1 (open circles) were compared. A: 

electron transfer from PSI to Fd, the electron donation was measured by illuminating 

spinach thylakoid membranes in the presence of the indicated Fd concentrations and 

following the change in absorption of cyt c at OD
550nm

. B: electron transfer from PSI to 

NADP
+
, the photoreduction of NADP

+
 at OD

340nm
 was followed on illumination of 

spinach thylakoid membranes (with endogenous FNR) in the presence of the indicated 

Fd concentrations. C: electron transfer from leaf-type FNR to Fd, FNR was reduced by a 

glucose-6-phosphate dehydrogenase based NADP
+
 re-reduction system, the electron 

transfer was measured at the indicated Fd concentrations by following reduction of cyt c 

at OD
550nm

. D: as for C, but with root-type FNR. Values are mean ± S.D. of at least 3 

independent measurements; values for Km and Vmax (kcat were appropriate) calculated 

from these data are given in Tab. 3.1 (VOSS et al., 2011). 
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Tab. 3.1: Kinetic parameters of Fd2 and FdC1 in electron transfer reactions. 

Fd type PSI to Fd PSI to NADP
+
 via Fd leaf FNR to Fd root FNR to Fd 

Km
a
 

[µM] 

Vmax 

[µmol mg

 chloroph

yll
-1

h
-1

] 

Km 

[µM] 

Vmax 

[µmol mg 

chlorophyl

l
-1

h
-1

] 

Km 

[µM] 

Vmax(kcat) 

[µmol µm

ol FNR
-1

s
-

1
] 

Km 

[µM]  

Vmax(kcat) 

[µmol µm

ol FNR
-1

s
-

1
] 

AtFd2 0.06±0

.03 

24.9±0.5 0.10±0.

03 

24.6±0.1 2.8±

0.0 

107±16 13.8

±1.2 

231±25 

AtFdC1 0.82±0

.29 

34.5±3.8 ND
b
 ND 27.4

±1.9 

130±32 39.9

±3.2 

261±18 

a
 Km and Vmax parameters were calculated from data sets used to generate the mean ±S.D. 

shown in Fig. 3.3. 
b
 ND indicates that no activity could be detected in NADP

+
 photoreduction assays. 

 

3.1.2.1 Photosynthetic response to rapid changes in light intensity 

To test if photosynthesis is affected in the RNAi::fdc1 lines the photosynthetic capacity of 

these plants was measured. This was done by measuring leaf chlorophyll a fluorescence. 

When chlorophyll a is excited, excess energy is released via this fluorescence, which 

predominantly derives from PSII (EVANS & BROWN, 1994). In these experiments the light 

adapted plants were subjected to increased photosynthetically active radiation (PAR) over 

a rapid light curve. The rapid light curve analysis leads to information on the physiological 

flexibility and capacity of the plant to cope with rapid changes in light intensity (WHITE & 

CRITCHLEY, 1999). These rapid changes are more similar to what would be seen in the 

natural environment. Light excitation of chlorophyll does not result in maximum levels of 

chlorophyll fluorescence under steady state conditions. This is because of alternative 

mechanisms of energy dissipation, termed as quenching. Quenching consist of qP, in 

which electrons are passed from PSII along the electron transfer chain in linear electron 

flow, and NPQ (GENTY et al., 1989; MAXWELL & JOHNSON, 2000). After the 

measurements, ETR (Fig. 3.4A), qP (Fig. 3.4B) and NPQ (Fig. 3.4C) were calculated. 
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Fig. 3.4: Comparison of the rapid light curve kinetics of A. thaliana wild type and 

RNAi::fdc1 lines. Following determination of F0 and Fm plants were low light adapted 

for a 15 min light induction at 60 µmol quanta m
-2

s
-1

. Rapid light curves were then 

conducted while monitoring chlorophyll fluorescence over a 2 min period. PAR increased 

stepwise every 15 s, resulting in the following intensities: 250, 442, 681, 923, 1238, 1764, 

2354 and 3375 µmol quanta m
-2

s
-1

. Saturation pulses were applied every 15 s, prior to 

increases in PAR to determine fluorescence maxima, ETR (A), qP (B) and NPQ 

parameters (C) were calculating from resulting data. Data points are: wild type, black 

diamonds; RNAi line 1-1, light grey circles; RNAi line 1-2, dark grey triangle, RNAi line 

1-3, black diagonal crosses. 

 

 

 

As can be seen in Fig. 3.4 the A. thaliana wild type and RNAi::fdc1 lines 1-1, 1-2 and 1-3 

show a similar behavior for all calculated parameters. All plants display ETR (Fig. 3.4A) 

increases in the initial phase, where light is limiting and saturation at maximum ETR rates 

around PAR 500-1200 µmol quanta m
-2

 s
-1

. At PAR over 1200 µmol quanta m
-2

s
-1

, ETR 

declines, which is due to up regulation of NPQ mechanisms and presumably regulatory 

photoinhibition (Fig. 3.4C). It is noticeable that the data for ETR in the RNAi lines are 
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slightly, but not significantly, higher in comparison to the wild type. With increased PAR, 

the rise in ETR and qP in both wild type and RNAi plants (Fig. 3.4B) indicates that the 

oxidation state of the PQ pool is rapidly reduced and that the whole electron transport 

chain is in a more reduced state as a consequence. 

The qP and NPQ measurements indicated no dramatic differences between wild type and 

RNAi lines along the rapid light curve. 

 

3.1.2.2 Redox potential measurements 

Another possibility exists, which could explain the inability of FdC1 to support NADP
+
 

photoreduction. A difference in the relative redox potential of FdC1 might make the 

electron transfer thermodynamically unfavorable.  

To test if this is the case for FdC1, the redox potentials of purified, recombinant Fd2 and 

FdC1 proteins were compared by redox potentiometry (Fig. 3.5; VOSS et al., 2011). The 

major UV visible spectral features for the oxidized form of FdC1 are at 333, 415 and 

455 nm. All of these features are decreased in intensity on reduction of the [2Fe-2S] cluster 

(Fig. 3.5C). In the case of FdC1, reduction peaks decrease between approximately 309 and 

540 nm, with a distinctive shoulder at around 400 nm. The absorption change of the peak 

at 415 nm was plotted against the applied potential and the data were fitted using the 

Nernst equation. This gave a midpoint reduction potential of E
`
0= -281±3 mV against the 

normal hydrogen electrode (NHE, Fig. 3.5D). Fitting the data plotted at 455 nm obtained 

an identical value. Comparable absorption features for oxidized Fd2 were found at 331, 

424 and 465 nm. Again, all features are diminished in intensity on Fe-S cluster reduction 

(Fig. 3.5A). The reduced Fd2 also has an increased absorbance peak at around 655 nm in 

comparison to the oxidized form. By fitting the absorbance versus the applied potential 

data for Fd2 at 424 nm a value of E
`
0= -429±3 mV (Fig. 3.5B) was obtained. A data fit at 

465 nm gave an identical value within the error (E
`
0= -428±5 mV).  

In conclusion, because the redox potential of NADP(H) is around -340 mV (HANKE et al., 

2004), the electron transfer data and redox potentials lead to the assumption that FdC1 is 

unable to support NADP
+
 photoreduction because of its more positive redox potential. The 

redox potential makes the electron transfer to FNR energetically unfavorable. 
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Fig. 3.5: FdC1 has a more positive redox potential than photosynthetic [2Fe-2S] 

Fds. A: Spectra accumulated during redox titration of Fd2 (~115 µM). B: Plot of Fd2 

absorption data at 424 nm versus the applied potential, with the data fitted using the 

Nernst function. This generated a midpoint reduction potential of E
`
0= -429±3 mV. 

Arrows indicate the direction of spectral absorption change on [2Fe-2S] cluster 

reduction. C: Spectra accumulated during redox titration of FdC1 (~85 µM). D: Plot of 

FdC1 absorption data at 415 nm versus the applied potential (relative to NHE), with the 

data fitted using the Nernst function, producing a midpoint reduction potential of E
`
0= -

281±3 mV (VOSS et al., 2011). 

 

 

3.1.2.3 Do the RNAi::fdc1 lines show changes in PET enzymes? 

Since it was seen that FdC1 has the capability to receive electrons from PSI (section 

3.1.2.1), levels of some photosynthetic proteins were tested in the RNAi::fdc1 lines. 

Therefore A. thaliana wild type and three lines of the RNAi::fdc1 (1-1, 1-5 and 1-6) plants 

were grown on soil. After six weeks of growing, crude extracts were made from these 

plants and the samples were prepared for use by electrophoretic separation via SDS-PAGE 

with western blot analysis (Fig. 3.6). 

In these analyses, the immunological detection of the small subunit of RubisCO was used 

as a loading control. It was established that there are no changes in the protein levels of 
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Fig. 3.6: Influence of FdC1 on PET enzymes. Crude protein extracts of A. thaliana wild 

type and RNAi::fdc1 plants, which were grown on soil for six weeks, were prepared for 

SDS-PAGE. The electrophoretic separation took place on 12 or 15 % acrylamide gel. 

Western blot analysis for the immunological investigation of the small subunit of 

RubisCO (SSU), FNR (FNR), the core subunit of PSI-D (PsaD), the light harvesting 

complexes a 1 and b 1 (Lhca1, Lhcb1), plastocyanin (PC), cytochrome f (Cyt f) and the 

D1 protein of PSII (PsbA) were performed. 1. antibody: SSU (1:10000), FNR (1:10000), 

PsaD (1:5000), Lhca1 (1:5000), PC (1:2000), Cyt f (1:5000), PsbA (1:10000), Lhcb1 

(1:50000) 2. antibody: Goat anti-Rabbit lgG (H+L)-AP conjugate (1:3000). The lanes for 

FNR, PsaD and PC were loaded with 30 µg protein, the lanes for Cyt f, PsbA, LhCa1 and 

LhCb1 were loaded with 20 µg protein and the lane for SSU was loaded with 10 µg 

protein. 

FNR, Lhca1, PC, PsbA and Lhcb1. The only change appears in the protein levels of PsaD, 

a core subunit of PSI-D, and Cyt f. For both proteins a higher level in the RNAi::fdc1 lines 

were identified.  

This analysis leads to the assumption that only the second part of the photosynthetic 

electron transport chain seems to be affected in the RNAi lines. This can be seen in the 

increased protein levels detected for Cyt f and PsaD. This fact is interesting in connection 

with the results from the electron transfer abilities for FdC1 (section 3.1.2), where a lower 

affinity from FdC1 against PSI was found. The absence of FdC1, with its lower affinity for 

PSI might be compensated by increasing the protein levels of PSI. 
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3.1.3 Analysis of in vivo interactions: FdC1-interacting proteins from chloroplast 

stroma can be isolated by affinity chromatography against FdC1 

Due to the fact that FdC1 could not donate electrons to FNR, it was tested whether FdC1 

interacts with one of the known electron acceptors of Fds. Therefore an experiment was 

performed to identify interacting partners as described in 2.3.12. For this purpose, FdC1 

interacting proteins were isolated by an FPLC affinity chromatography of chloroplast 

stromal proteins against FdC1 from Arabidopsis, which was covalently linked to a 

sepharose column matrix. As a positive control an affinity chromatography for Fd2 from 

Arabidopsis was also performed to identify proteins that specifically interact with FdC1, 

rather than all Fd types. Furthermore a control with a blank sepharose column was 

performed in order to identify proteins that interact unspecifically with the matrix and not 

with FdC1 or Fd2.  

Both proteins were covalently linked to a column matrix as described in 2.3.12.1. Stroma 

from isolated Arabidopsis chloroplasts was used as a protein sample for identification of 

binding partners, due to the fact that FdC1 is localized in the chloroplast (VOSS et al., 

2011) and to avoid identification of false positive that are not chloroplast proteins. After 

eluting, the fractions obtained were combined, concentrated and prepared for SDS-PAGE 

gel electrophoresis. After the gel electrophoresis the protein bands were visualized by blue 

silver staining (section 2.3.6; Fig. 3.7B). 

In Fig. 3.7B the different protein composition of fractions interacting with each resin can 

be seen. Only a few protein bands were detected for the blank resin. For FdC1 some 

additional protein bands were found. Abundant eluted proteins were visualized in the blue 

silver stain on eluent from the Fd2 resin. The bands were then cut out and used for MS 

analysis to identify the different proteins (section 2.3.6). A list of identified proteins can be 

found in Tab. 3.2. In Fig. 3.7A the elution profiles of the different samples are shown. In 

the sample of the blank resin the lowest UV was detected and the highest UV was 

identified for the Fd2 resin, in which many protein bands were seen in the Coomassie 

staining.  
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Fig. 3.7: Different proteins interact with Fd2 and FdC1. Both proteins were purified 

and linked to a cyanogen bromide activated sepharose resin. As a control a blank resin was 

used. The resins were packed into closed columns. After isolating stromal proteins from 

Arabidopsis wild type chloroplasts, the samples were desalted by gel filtration (open G-25 

sephadex column) and applied to the closed columns. A: Elution profiles of the affinity 

chromatography of stromal proteins over the different resins. The elution of the bound 

proteins was done by applying NaCl at a concentration of 500 mM. UV: UV absorbance, 

represents the amount of protein in the sample; conductivity: represents the salt 

concentration in the samples; solid black line: blank resin, solid grey line: Fd2 resin, 

dotted line: FdC1 resin, solid light grey line: conductivity. B:. Coomassie staining of 

stromal proteins that bound to the resins. The samples from Fd2, FdC1 and blank resin 

were concentrated and then prepared for SDS-PAGE and separated on a 12 % acrylamide 

gel. Numbers indicate the cut bands. 
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In Tab. 3.2 it is clear that only one protein was found to bind specifically to FdC1 and not 

to the other two resins. It is the chloroplastic aspartate aminotransferase, which is involved 

in the conversion of glutamine or glutamic acid to aspartic acid or asparagine. The other 

chloroplast redox enzymes that bind to both Fd2 and FdC1 are 3-oxoacyl-[acyl-carrier-

protein] reductase, thioredoxin F1 and peroxiredoxin Q. Furthermore it was found that 

proteins or enzymes involved in photosynthesis, which are bound to the Fd2 column, did 

not bind to the FdC1 column. The lack of binding of FNR to the FdC1 column supports the 

finding that the affinity of FNR is less for FdC1 than Fd2 (Fig. 3.3, Tab. 3.1). In the end, 

this leads to the assumption that FdC1 has a completely different role in the plant to that 

played by Fd2.  

 

Tab. 3.2: Proteins identified using MS-MS, which bound to FdC1 and Fd2 resin 

during the affinity chromatography. 

Protein name Coverage in 

MS-MS [%] 

found in 

band 

FdC1 Fd2 

Peptides binding FdC1 only 

aspartate aminotransferase, chloroplastic 21 - 8 

Peptides binding both Fd2 and FdC1 

chloroplast redox enzymes 

3-oxoacyl-[acyl-carrier-protein] reductase, 

chloroplastic 

35 50 10, 29 

thioredoxin F1, chloroplastic 22 14 B, 36 

peroxiredoxin Q, chloroplastic 42 51 A, 35 

photosynthesis and primary metabolism related 

photosystem I reaction center subunit IV B, 

chloroplastic 

32 57 A, 34, 35 

glyceraldehyde-3-phosphate dehydrogenase A, 

chloroplastic 

29 46 8, 23 

thylakoid lumenal 29 kDa protein, chloroplastic 18 30 10, 29 

oxygen-evolving enhancer protein 3-2, chloroplastic 9 15 A, 35 

protein THYLAKOID FORMATION 1, 8 8 10, 29, 30 
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chloroplastic 

other 

50S ribosomal protein L3-1, chloroplastic 15 41 10, 30 

50S ribosomal protein L11, chloroplastic 22 29 A, 35 

50S ribosomal protein L1, chloroplastic 34 37 9, 27 

50S ribosomal protein L18, chloroplastic 18 33 B, 36 

50S ribosomal protein L14, chloroplastic  13 33 B, 36 

nucleoside diphosphate kinase II, chloroplastic 19 5 A, 34 

ribonucleoprotein, At2g37220, chloroplastic 8 14 10, 29 

Peptides binding Fd2 only 

well-known Fd-dependent enzymes 

ferredoxin-dependent glutamate synthase 1, 

chloroplastic 

- 53 11, 12,13, 

14 

sulfite reductase [ferredoxin], chloroplastic - 17 16, 17 

ferredoxin-nitrite reductase, chloroplastic - 3 16 

ferredoxin-NADP reductase, root isozyme 1, 

chloroplastic 

- 27 25 

ferredoxin-NADP reductase, root isozyme 2, 

chloroplastic 

- 40 26 

ferredoxin-NADP reductase, leaf isozyme 1, 

chloroplastic 

- 66 26, 27, 28 

ferredoxin-NADP reductase, leaf isozyme 2, 

chloroplastic 

- 50 27, 28 

ferredoxin-thioredoxin reductase catalytic chain, 

chloroplastic 

- 22 35 

acyl-[acyl-carrier-protein] desaturase 7, chloroplastic - 17 23 

other redox and related chloroplast enzymes 

zeta-carotene desaturase, chloroplastic/chromoplastic - 11 17 

thioredoxin-like 2-1, chloroplastic - 7 35 

3-oxoacyl-[acyl-carrier-protein] synthase I, 

chloroplastic 

- 52 20 

3-oxoacyl-[acyl-carrier-protein] synthase II, 

chloroplastic 

- 26 21 
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3-oxoacyl-[acyl-carrier-protein] synthase III, 

chloroplastic 

- 2 24 

Photoynthesis and primary metabolism related 

photosystem I reaction center subunit IV A, 

chloroplastic 

- 36 34 

photosystem II stability/assembly factor HCF136, 

chloroplastic 

- 27 24 

glyceraldehyde-3-phosphate dehydrogenase B, 

chloroplastic 

- 31 21 

phosphoglycerate kinase 1, chloroplastic - 25 21 

oxygen-evolving enhancer protein 1-1, chloroplastic - 36 28 

oxygen-evolving enhancer protein 3-1, chloroplastic - 28 35 

carbonic anhydrase, chloroplastic - 19 30 

other 

acetylglutamate kinase, chloroplastic - 23 28 

peptide deformylase 1B, chloroplastic - 14 30 

glutathione S-transferase T1 - 8 30 

glutamate--tRNA ligase, chloroplastic/mitochondrial - 24 18 

signal recognition particle 54 kDa protein, 

chloroplastic 

- 13 19 

nucleoside diphosphate kinase III, chloroplastic/ 

mitochondrial 

- 25 35 

50S ribosomal protein L5, chloroplastic - 6 30 

50S ribosomal protein L6, chloroplastic - 48 31, 32, 36 

50S ribosomal protein L10, chloroplastic - 14 31 

50S ribosomal protein L12-3, chloroplastic - 21 34 

50S ribosomal protein L29, chloroplastic - 27 35 
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3.1.4 Analysis of interactions in S. cerevisiae 

Due to the fact that FdC1 could not donate electrons to FNR (section 3.1.2) and no Fd-

dependent enzymes were found to specifically interact with FdC1 within the affinity 

chromatography (section 3.1.3), it was necessary to identify other potential electron 

transfer partners. The affinity chromatography identifies the weak interactions, which are 

necessary for electron transfer. A cDNA library screen was performed using the Y2H 

system to identify stronger interactions. The aim was that with this protein-protein 

interaction study new electron transfer partners could be identified. 

In the cDNA library screen more than 150 clones were identified. Because many proteins 

were presumably detected in duplicate, it was decided not to sequence this high number of 

clones. Therefore all yeast colonies, which survived on selective medium, were used for 

plasmid extraction. Afterwards, all plasmid samples were used as templates for PCR using 

primers for either sides of the cloning site and the product size was estimated via agarose 

gel electrophoresis. PCR products of identical size were assumed to be generated from 

identical constructs and to avoid duplicate sequencing, only one sample of each size was 

chosen for further analysis. 

The sequences that were obtained from the cDNA library screen were used for a database 

search. The most likely interacting partners are listed in Tab. 3.3. For further investigations 

only chloroplast proteins were chosen, which have a match of more than 60 %, since FdC1 

is known to be a leaf-type Fd (VOSS et al., 2011). After analyzing the results of the Y2H 

screen, it was possible to identify five chloroplast FdC1 interacting proteins. A closer look 

at these candidates shows that three of them were previously reported to have a chloroplast 

location, namely the 3′-phosphoadenosine 5′-phosphosulfate (APS3), the heteroglycan 

glucosidase 1 (HGL1) and the serine O-acetyltransferase (SERAT2;1). The proteins 

CLAVATA3/ESR-related 44 (CLE44) and the sterile alpha motif (SAM) domain-

containing protein were predicted to be localized in the chloroplast by using the prediction 

tool WOLF PSORT. All of these proteins were identified as a single clone, except for 

CLE44 where three clones were detected. The interacting partners identified were not 

involved in a single metabolic pathway. Two of the candidates, the CLE44 and the SAM 

domain-containing proteins, are suspected to be involved in organ and cell differentiation. 

Besides this, both the SAM domain-containing protein and HGL1 mediate hydrolase 

reactions. APS3 and SERAT2;1 are known to mediate two of the main reactions during 

sulfate assimilation . In this pathway only five enzymes are involved (Fig. 4.1). The 
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finding of two of these five enzymes is a strong indication that FdC1 may be related to this 

assimilatory pathway. 

 

Tab. 3.3: Putative FdC1-interacting chloroplast proteins identified by Y2H-analysis. 

Genes were identified by sequencing of PCR products generated using primers against the 

binding domain plasmid, and as a template the binding-domain plasmids that gave positive 

results in a cDNA library Y2H-screen against FdC1 in the activation-domain plasmid. The 

number of clones obtained from the Y2H-screen is listed for each gene sequence as well as 

the results of database analysis. As the localization was not known for all identified 

proteins, putative localization was predicted using the WOLF PSORT tool. QC: query 

coverage, chlo: chloroplast, chlo env: chloroplast envelope, chlo str: chloroplast stroma, 

plas: plasma membrane, mito: mitochondria, E.R.: endoplasmatic reticulum, mem: 

membrane, nucl: nucleolus, pero: peroxisome, cyto: cytosol, cysk nucl: cytoskeleton, 

nuclear, vacu: vacuolar membrane, extr: extracellular. 

Number 

of clones 

QC 

[%] 

Gene ID Putative protein Putative 

function 

Localization 

TAIR 

BLAST 

WOLF 

PSORT 

1 91 AT4G14680 3‘-

phosphoadenosine 

5‘-phosphosulfate 

synthase (APS3) 

sulfate 

assimilation 

chlo chlo: 12.0 

mito:   1.0 

1 81 AT3G23640 heteroglycan 

glycosidase 1 

(HGL1) 

carbohydrate 

metabolic 

process 

chlo nucl: 6.0 

cyto: 3.0 

cysk: 2.5 

cysk_plas: 

2.0 

chlo: 1.0 

1 74 AT1G55920 serine-O-

acetyltransferase 

(SERAT2;1) 

cellular 

response to 

sulfate 

starvation, 

response to 

cold, sulfur 

assimilation 

and cysteine 

biosynthesis 

chlo, 

cyto, 

nucleus 

cyto: 7.0 

cysk: 3.0 

chlo:  2.0 

nucl:  2.0 

3 75 AT4G13195 CLAVATA/ESR-

related 44 

(CLE44) 

suppressor 

of plant stem 

cell 

diffentiation, 

phloem or 

xylem 

histogenesis 

 chlo: 5.0 

nucl: 3.5 

cyto_nucl: 

3.5 

cyto: 2.5 

mito: 2.0 

1 61 AT2G45700 sterile alpha motif 

(SAM) domain-

containing protein 

hydrolase 

activity 

 nucl: 10.0 

chlo:  1.0 

cyto:  1.0 

vacu: 1.0 
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3.1.4.1 Correlations between expression of FdC1 and FdC1-interacting proteins 

Because correlation in expression levels between FdC1 and genes for putative FdC1 

interacting proteins could indicate that the proteins are involved in the same pathway, the 

levels of genes for putative interacting proteins were compared to those of FdC1. For this 

Genevestigator, a database of RNA-microarray data, was used to identify similarities in the 

expression response under published environmental influences. The data in this database is 

derived from different microarray expression level studies. A large number of these 

microarray datasets were screened, but only figures for genes and conditions that are well 

correlated are shown (Fig. 8.1 in the appendix). 

Expression of the two genes for FdC1 interacting proteins involved in sulfate assimilation 

was specifically investigated in detail. At first, the data for gene expression were compared 

over plant development (Fig. 3.8) showing a correlation between expression of FdC1, 

SERAT2;1 and APS3 in different tissues. Tab. 3.4 shows that correlations in expression 

with FdC1 were found under at least one category of microarray studies for all five 

proteins that are listed. Only general trends are reported in the table, the full data are 

presented in the appendix (Fig. 8.1). Furthermore the changes in expression levels of APS3 

and SERAT2;1 were compared to those of FdC1 under sulfate malnutrition stress (Fig. 8.2 

in the appendix), because both proteins are involved in S assimilation. FdC1 and 

SERAT2;1 show similarities in the relative changes of expression levels in these studies. 

 



Results   

82 

Fig. 3.8: Comparison of expression levels of FdC1 and putative interaction 

partners involved in sulfate assimilation in organs of Arabidopsis plants. 
Expression was compared using the bioinformatics tool Genevestigator based on an 

extensive collection of microarrays. The changes in expression levels at different 

developmental stages were examined for similarities between FdC1, APS3 and 

SERAT2;1. 

 

 

Changes in expression levels of FdC1 and genes for the identified interacting partners were 

then compared to each other in microarray experiments under different general stress 

conditions (Fig. 8.1A in the appendix). In this comparison many correlations were found 

and to confirm the connections more detailed data was gathered to complete the analysis of 

specific conditions. Enough mircoarray data was found for meaningful comparison of 

expression response under heat, cold and light stress treatments (Tab. 3.4; full data in Fig. 

8.1B, C and D in the appendix). 

SERAT2;1 and FdC1 show correlations in expression levels over development. Under S 

malnutrition the relative response in expression levels also shows similarities, as well as 
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under cold and heat stress conditions. In contrast, under drought, osmotic and oxidative 

stress conditions both proteins show inversely correlated tendencies in expression levels. 

The expression levels of APS3 revealed over development, under cold, heat, drought, 

genotoxic and osmotic stress to FdC1. Under S malnutrition treatments and under 

oxidative stress the expression responses are not similar. The expression levels of HGL1 

and FdC1 show the same tendencies in expression responses under ozone, cold, heat and 

genotoxic stress conditions. Under osmotic and salt stress they display inverse trends. 

Under drought, oxidative, ozone, genotoxic, heat and osmotic stress CLE44 and FdC1 

show similar expression patterns. For high light conditions nearly identical expression 

levels were found. For the SAM-domain containing protein and FdC1 some correlations 

were found under cold, heat, ozone, genotoxic and high light stress conditions. For drought 

stress some similarities in the relative response could be seen, but the values were not 

consistent between microarray experiments. 

 

Tab. 3.4: Changes in expression levels of FdC1-interacting proteins identified by 

Y2H, in comparison to the changes of FdC1. Expression of FdC1 and the genes 

encoding putative interacting proteins identified by Y2H analysis were compared using the 

bioinformatics tool Genevestigator, based on an extensive collection of microarrays. 

protein Co-expression 

develop-

ment 

stress changing 

light 

sulfate 

deficiency cold heat drought 

SERAT 2;1    ~ -  

APS3     - ~ 

HGL1 -   ~ - - 

CLE44 -     - 

SAM-domain 

containing protein 

-     - 

 changes in expression levels show similarities. 

~ changes in expression levels show no similarities. 

- no data for the changes in expression levels available. 
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3.1.4.2 Verification of the Y2H interactions 

Due to problems with the re-transformation of the necessary plasmids that contained the 

sequences encoding genes for the interaction partners into yeast cells, it was not possible to 

confirm all of the identified interaction partners from the Y2H analysis with a one-to-one 

screen. The only working re-transformation was achieved using the plasmid containing the 

sequence for SERAT2;1. Afterwards a yeast mating was performed in order to retest the 

positive Y2H interaction. Three different combinations were used: Two were control 

combinations mating SERAT2;1 and FdC1 with the empty vectors (pGBT9). These 

matings should not be viable on the SD medium without tryptophan, leucine and adenine, 

as genes for adenine synthesis are only transcribed when the activation and binding protein 

domains are interacting. The mixture of the empty pGBT9 vector and FdC1 acted as a 

negative control, due to a lack of an empty pACT2 vector. The third combination was 

SERAT2;1 in pACT2 mated with FdC1 in pGBT9. If the Y2H indicates a specific 

interaction, then a colony should be visible on the medium without tryptophan, leucine and 

adenine. 

Fig. 3.9 shows that all three combinations can grow on the medium without tryptophan. 

This was expected, because the plasmid pGBT9, which is present in all three tests, enables 

the yeast cells to grow on this medium, since it contains the sequences of genes for 

tryptophan synthesis. On the medium without leucine only the combinations containing the 

pACT2 vector can grow, as this vector encodes genes for leucine synthesis. For the same 

reason, on the medium without tryptophan and leucine the same result can be seen as on 

the medium without leucine. Only the combination of SERAT2;1 and FdC1 shows 

colonies on the selection medium without tryptophan, leucine and adenine. Under adenine 

deficiency the cells can only grow when the two proteins are interacting and so activating 

the transcription of genes for adenine synthesis. 

To sum this up, these results leads to the conformation that SERAT2;1 and FdC1 interact 

in yeast cells and indicate that both proteins might be involved in the same metabolic 

pathway in plants. 
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Fig. 3.9: Drop tests of the mated yeast cell strains AH 109 and Y 187 to establish 

the positive interaction between SERAT2;1 and FdC1. The empty pGBT9 and the 

pGBT9 containing FdC1 were transformed into the strain Y 187. The plasmid pACT2 

containing SERAT2;1 was transformed into the strain AH 109. 5 µl of each reaction 

was pipetted on the plates SD/-Trp, SD/-Leu, SD/-Trp/-Leu and SD/-Trp/-Leu/-Ade 

and incubated for five days at 30 °C.  

 

 

3.1.5 Influence of sulfate on RNAi::fdc1 plants 

3.1.5.1 Effect of sulfate on plant growth 

Due to the fact that in the Y2H screen hints were found for the interaction of FdC1 with 

APS3 and SERAT2;1 (section 3.1.4), which are both involved in sulfate uptake (KORPIVA, 

2006; KRUEGER et al., 2009; MUGFORD et al., 2009), more testing was undertaken to 

examine the connection between FdC1 and S assimilation. 

In order to test if sulfate has any influence on the plants, wild type seeds and the seeds 

from the RNAi::fdc1 lines were grown on media with different sulfate concentrations. For 
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this experiment, the concentrations of 0, 10, and 100 µM as well as the theoretical 

optimum of 4 mM of MgSO4 were used. After five weeks growth images from the plates 

were taken and compared. 

Fig. 3.10 shows the RNAi::fdc1 plants of the different lines appear larger in size than the 

wild type plants (wt) on media with 10 µM MgSO4 (A, B). However, at 100 µM (C, D) 

and 4 mM (E, F) no clear evidence about the influence of sulfate can be seen, because 

there are no dramatic differences in size with the wild type. Furthermore, the seeds were 

also grown on plates with different cysteine concentrations (10 and 100 µM, Fig. 8.3 in the 

appendix) to test whether cysteine, the end product of sulfate assimilation, has an effect on 

plant growth or if only sulfate has an influence. In Fig. 8.3 the results can be seen for this 

growth experiment. The only effects were again detected on plates with 10 µM MgSO4, at 

this concentration the wild type plants are once again smaller in size. On the other plates 

no significant changes could be noticed. 

To test if the plants of different genotypes varied in biomass, the weights were measured 

and then the mean and the median were calculated (Fig. 3.11). 

Fig. 3.11A displays the mean. A significant increase of weight can be seen for the 0 and 

10 µM MgSO4 plates for the RNAi lines 1-2 and 1-4 in comparison to the wild type. The 

other RNAi lines show either no significant change in weight or it is slightly reduced. For 

the other plates no clear evidence can be draw. On the plate with a concentration of 

100 µM cysteine some RNAi lines show a decreased weight (1-5, 1-6, 1-7). However, the 

lines 1-1, 1-2 and 1-4 display no change to the wild type. The same tendencies can be seen 

in B, where the median is shown.  

These measurements indicate that the different concentrations of sulfate or cysteine in the 

media have no dramatic changes on the growth of the plants. Nevertheless, some 

RNAi::fdc1 lines are bigger under low sulfate concentrations in comparison to the wild 

type plants.  
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Fig. 3.10: Influence of the sulfate concentration on the plant growth. A. thaliana wild 

type plants (wt) and RNAi::fdc1 plants (lines 1 to 7) were grown on media with different 

amount of MgSO4 (A, B: 10 µM, C, D: 100 µM, E, F: 4 mM MgSO4). The left plates 

contain the RNAi::fdc1 lines 1, 2 and 4. The plates on the right hold the RNAi::fdc1 lines 

5, 6 and 7. 
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Fig. 3.11: The effect of sulfate concentration on the weight of RNA::fdc1 plants. 
A. thaliana wild type plants (dark blue columns) and RNAi::fdc1 lines (dark red 

columns: line 1-1; green columns: line 1-2; purple columns: line 1-4; light blue 

columns: line 1-5; ocher columns: line 1-6; blue-purple columns: line 1-7) were 

grown on media with different sulfate (0, 10, 100 and 4000 µM MgSO4) and cysteine (10 

and 100 µM) concentrations. After five weeks growth following sowing the weight of 

the plants was measured. In A the mean of the fresh weight is shown and in B the median 

of the fresh weight is displayed.  
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Fig 3.12: Response of Fd iso-proteins to sulfate deficiency. A. thaliana wild type plants 

were grown on media with different concentration of MgSO4 (0, 10, 100 and 4000 µM) 

and cysteine (10 and 100 µM). After five weeks crude extracts of these were prepared for 

SDS-PAGE. The electrophoretic separation took place on 15 % acrylamide gel. Western 

blot analysis for the immunological investigation of ferredoxin (Fd) and FdC1 (FdC1) 

were performed. 1. antibody: Fd (1:10000), FdC1 (1:100), 2. antibody: Goat anti-Rabbit 

lgG (H+L)-AP conjugate (1:3000). Each lane was loaded with 10 µg protein. 

3.1.5.2 Response of FdC1 to sulfate deficiency 

Since the different sulfate and cysteine concentrations did not have consistent effect across 

genotypes on the growth of plants, it was tested whether FdC1 contents were up or down 

regulated to deal with the changes in the media. 

Crude extracts were prepared from the wild type plants grown on 0 and 100 µM and 4 mM 

MgSO4, as well as with 10 and 100 µM cysteine. After the weight of the plants was 

determined, the samples were used in SDS-PAGE followed by western blot analysis (Fig. 

3.12). 

No changes in proteins levels of photosynthetic Fd at different sulfate and cysteine 

concentrations could be detected in the samples of the wild type plants. In the analysis of 

FdC1 also no differences were found under the various conditions, except for a small 

decrease in the protein level under 100 µM cysteine conditions. 

These results indicate that the plants show no dramatic changes in Fd and FdC1 levels in 

response to the sulfate and cysteine concentrations in media. The only noticeable effect 

was that some of the RNAi::fdc1 line plants are bigger in size under low sulfate 

concentrations in comparison to the wild type, but this was not consistent between all lines. 
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3.2 Analysis of FdC2 

3.2.1 Genetic system for studying the role of FdC2 in plant development 

To test the influence of FdC2 on the development of a plant, A. thaliana RNAi plants with 

a lower FdC2 content were previously generated from PD Dr. G. T. Hanke, as described in 

HANKE & HASE (2008). This was necessary because no knockout lines for this protein are 

available. The outcome of this process was ten knockdown lines (2-1 to 2-10) with 

different amounts of FdC2. 

To see if the RNAi lines show a phenotype, the seeds were grown on soil and compared to 

A. thaliana wild type plants (Fig. 3.13A). To confirm that the transgenic plants had altered 

FdC2 contents, crude extracts were made and separated on a SDS PAGE gel for FdC2 

detection by western blotting using α-FdC2 as primary antibody (Fig. 3.13B). Due to the 

paler phenotype of the knockdown plants, the chlorophyll content was measured in all ten 

lines (Fig. 3.13C). 

The RNAi lines show a spectrum of phenotypes, for example the line 2-8 is small in size 

and looks very pale. Line 2-1 does not seem to be affected and line 2-9 is pale but bigger in 

size than line 2-8 (Fig. 3.13A). It can be seen that the severity of the phenotype correlates 

with the total FdC2 amount in the lines (Fig. 3.13B). The lower the FdC2 content in the 

RNAi line, the paler the phenotype and the smaller the plants are in size. Also, the 

chlorophyll content seems to be linked to the amount of FdC2 in a plant (Fig. 3.13C). Line 

2-8, which has the severest phenotype, has the lowest chlorophyll amount. 

The fact, that the plants show a phenotype according their FdC2 content, makes the RNAi 

plants an excellent system for studying the influence of variable FdC2 contents. 
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Fig. 3.13: The effect of a lower FdC2 content in plants. A: The phenotype of A. thaliana 

wild type (wt) plants and different RNAi::fdc2 plants (2-1, 2-8 and 2-9). B: The RNAi lines 

and the wild type were grown on soil. Afterwards crude protein extracts were made and were 

prepared for SDS-PAGE. The electrophoretic separation took place on 12 or 15 % SDS-

polyacrylamide gels. Western blot analysis for the immunological investigation of the 

Cytochrome f (Cyt f), FNR (FNR) and FdC2 (Fdc2) were made. 1. antibody: Cyt f (1:5000), 

FdC2 (1:10000), 2. antibody: Goat anti-Rabbit lgG (H+L)-AP conjugate (1:3000). Each lane 

was loaded with 10 µg protein. C: Chlorophyll content in µg per ml extract. 
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3.2.1.1 Impact of the absence of FdC2 on the plant 

In order to study the impact of the absence of FdC2, the line 2-8 was chosen, because in 

previous screening of the different lines (3.2.1) it was detected that this line has the 

greatest decrease in FdC2 protein level and the most severe phenotype. 

Therefore wild type and 2-8 seeds were grown on soil and compared for color and size. As 

shown in Fig. 3.14, the RNAi::fdc2 plants have yellow leaves and are smaller in size. 

Based on this phenotype the importance of FdC2 for plants development is clearly 

demonstrated.  

 

 

 

Due to the fact that the lack of FdC2 leads to a reduced chlorophyll amount, the next step 

was to look at the chloroplasts to find out if there are less chloroplasts or if the chloroplasts 

contain lower chlorophyll. 

Therefore, wild type and 2-8 mesophyll cells were prepared for visualization by removing 

the epidermis from the bottom side of the plant leaves. Afterwards, the mesophyll cells 

were used to take images with a Leica DM5000 B. 

Fig. 3.15 shows a dramatic difference. The RNAi::fdc2 line (Fig. 3.15B and D) has less 

chloroplasts than the wild type (Fig. 3.15A and C). In addition, the color of the 

chloroplasts of the 2-8 line is paler than the chloroplasts from the wild type.  

Fig. 3.14: Phenotype of the RNAi::fdc2 plants. On the left side is shown a 10 week 

old wild type plant from A. thaliana (wt). On the other side a 10 weeks old RNAi::fdc2 

plant (fdc2) can be seen. The small size of the RNAi plant is noticeable and also its paler 

color. 
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These results indicate that the reduced amount of FdC2 in a plant results in a decreased 

amount of chlorophyll in the chloroplasts. This leads to the result that the chloroplasts are 

paler. 

 

 

 

3.2.1.2 FdC2 has an influence on the structure of thylakoid formation 

To test if decreased FdC2 has also an effect on the internal structure of the chloroplast and 

not only on chloroplast number and pigment content, electron micrographs of wild type 

and RNAi::fdc2 leaves were performed. 

Fig 3.16A shows represesentative images from the wild type and in B the images from the 

RNAi::fdc2 chloroplasts are indicated. The results reveal an absence of grana stacks, which 

are marked with a star, in the RNAi::fdc2 plants. 

Fig. 3.15: Comparison between A. thaliana wild type and RNAi::fdc2 mesophyll 

cells. In A is shown the overview of the wild type mesophyll layer, B presents the same 

for the FdC2 knockdown mesophyll. C and D show mesophyll cells with a higher 

magnification. Images were taken with a Leica DM5000 B and edited with Leica 

application suite.  

 



Results   

94 

The lack of grana stacks in RNAi::fdc2 plants indicates that FdC2 could have a direct or 

indirect role in grana stack formation. The thylakoid membrane system consists of two 

different parts, the stroma lamellae and the grana stacks. The grana stacks contain the PSII 

machinery and the light-harvesting complex II (LHC II) trimmers, whereas the PSI 

machinery and the ATP synthase can be found in the stroma lamellae (ALBERTSSON, 

2001). In addition the cytochrome b6f complex seems to be distributed homogeneously 

(COX & ANDERSSON, 1981). This data suggests that the lack of FdC2 causes problems in 

the PET apparatus as indicated by the chlorotic phenotype. An explanation for this could 

be that FdC2 is involved in grana stack formation and that a decreased amount of FdC2 

also leads to a decreased amount of grana stacks in the chloroplasts and hence less PSII 

content giving low chlorophyll content. Another possibility could be that the lack of grana 

stacks in RNAi::fdc2 is a response to stress as reported by ARMOND et al. (1980) and 

GOUNARIS et al. (1984). 

 

 

Fig. 3.16: Electron micrographs of chloroplast structure in A. thaliana wild type 

(A) and RNAi::fdc2 (B) transgenic plants. Grana stacks (*) are absent in the 

transgenic line. Figures were recorded with the Zeiss EM 902 using a 50.000-fold 

magnification. Black bar: 200 nm.  
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3.2.1.3 FdC2 is associated with greening of plants 

Due to the evidence suggesting that a reduced amount of FdC2 disturbs chloroplast 

development and that the absence of FdC2 results in problems with grana stack formation, 

this connection was tested in more detail. 

To verify the involvement of FdC2 in greening of plants, Arabidopsis and maize plants 

were grown in the dark. Unfortunately the sample collection of Arabidopsis plants was not 

possible, because their growth performance was very poor. Samples were therefore only 

taken from maize plants. The samples were taken from fully etiolated plants and from 

etiolated plants after 2, 3 and 6 days of exposure to light. To demonstrate the process of 

greening chlorophyll content was measured for all samples (Fig. 3.17A). To see if there are 

changes in FdC2 protein amount over greening an immunological detection of FdC2 and 

root FNR (RFNR) as a non-photosynthetic protein control was performed (Fig. 3.17B). 

Results indicate that the chlorophyll amount increases after the first two days of greening. 

The increase reaches a plateau on the third to sixth day (Fig. 3.17A). Fig. 3.17B shows that 

the content of FdC2 is lowest in etiolated seedlings and highest after two days of exposure 

to light, before the seedlings are fully greened. No increase of the FdC2 content is visible 

from this point on. 

This relationship between FdC2 and greening indicates that FdC2 is related to the 

development of photosynthetic capacity.  
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3.2.1.4 Do the RNAi::fdc2 lines show changes in stress response? 

Since it was seen that the FdC2 amount and photosynthetic pigments are related, levels of 

some photosynthetic proteins were tested. Due to the fact that normal Fds are not only 

involved in photosynthesis but also in nitrate assimilation (KNAFF, 1996), some proteins, 

which are involved in nitrate assimilation were analyzed, too. In addition, it was checked 

whether sucrose has an effect on the growth of the plants by supplying the photosynthetic 

product that might be missing from RNAI::fdc2 plants due to decreased photosynthesis. A 

positive connection is reported between photosynthesis and sucrose transport (WU & 

BIRCH, 2007). 

A. thaliana wild type and two lines of the RNAi::fdc2 plants were grown on media with 

5 mM KNO3 and 0 or 2 % sucrose. After 20 or 25 days, pictures were taken from these 

plates and the sizes were compared (Fig. 3.18A). Furthermore, crude extracts were made 

Fig 3.17: Influence of FdC2 on the greening in plants. A: The amount of chlorophyll 

in greening maize plants. Etiolated maize plants were transferred to light. After 0, 2, 3 

and 6 days of exposure to daylight leaf samples were taken from these plants. The 

chlorophyll content was determined from absorption values at OD
646.6 nm

 and OD
663.6 nm

 of 

an acetone extract from leaves. The amount is shown as an indicator for the development 

of greening. B: Development of FdC2 content in greening maize. Proteins were extracted 

from each sample and separated electrophoretic by SDS-PAGE using a 15 % acrylamide 

separating gel. Afterwards western blot analysis for the immunological investigation of 

FdC2 and a root-type FNR (as a non-photosynthetic control) was performed. 1. antibody: 

FdC2 (1:10000), FNR (1:10000), 2. antibody: Goat anti-Rabbit lgG (H+L)-AP conjugate 

(1:3000). Each lane was loaded with 20 µg protein. 
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from these samples and prepared for use in SDS-PAGE and western blot analysis (Fig. 

3.18B). 

In Fig. 3.18A, it can be seen, that the wild type plants can grow on media without sucrose, 

whereas RNAi lines 2-8-6 and 2-8-2 show severely decreased growth. If there is sucrose in 

the media, the plants germinate and grow, although they are smaller than the wild type. In 

case of line 2-8-6, two different sizes of the plants are detectable in both media conditions 

bigger and smaller ones. For immunological analysis, plants from the media with sucrose 

were taken. Crude extracts from these were made and then prepared for electrophoretical 

separation via SDS-PAGE with western blot analysis (Fig. 3.18B). In these analyses, it is 

clear that the bigger plants from the 2-8-6 lines contain FdC2 in the same amount as the 

wild type. This points to the fact that these plants have the wild type genotype, as there is 

no selection marker in the medium and the RNAi::fdc2 2-8-6 line is not homozygous. In 

the smaller plants from 2-8-6 and the plants from 2-8-2, no FdC2 could be detected. It was 

established that there are no changes in the protein levels of Fd2, FNR, Cyt f, GS2, GS1, 

NiR and PsbA. The only change appears in the protein level of PsaD, which is a core 

subunit of PSI-D. The line 2-8-2 and the smaller sized plants from 2-8-6 show a slightly 

decreased level.  

This analysis could suggest that photosynthesis is disturbed in the RNAi::fdc2 lines and 

they cannot produce sugar in the Calvin cycle. This means the plants are unable to grow on 

media without sucrose, due to a lack of energy. Alternatively, it is known that sucrose can 

act as signaling molecule (ROLLAND et al., 2006; STOKES et al., 2013) and can regulate 

many genes, which are involved in growth and development (KOCH, 2004). It may also 

therefore be possible that a lack of FdC2 makes plants more sensitive to a sucrose derived 

signal. If the plants have extra sugar, in terms of sucrose, in the medium, they do not have 

this problem and can grow.  
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3.2.2 Photosynthetic capacity of different RNAi::fdc2 lines 

3.2.2.1 Light induction kinetics 

To test whether photosynthesis is affected in the RNAi::fdc2 lines, the photosynthetic 

capacity of these plants were measured. This was done by measuring the photosynthetic 

performance via leaf chlorophyll a fluorescence. When chlorophyll a is excited, excess 

Fig. 3.18: Influence of sucrose and stress response. A: A. thaliana wild type (wt) plants 

and two different lines of RNAi::fdc2 plants (2-8-6, 2-8-2) were grown on media with 

5 mM KNO3 and different concentration of sucrose (0 and 2 %). B: Afterwards crude 

extracts of the plants, which were grown on the medium with sucrose, were made and were 

prepared for SDS-PAGE. The electrophoretic separation took place on 12 or 15 % 

acrylamide gel. Western blot analysis for the immunological investigation of FdC2 

(FdC2), ferredoxin 2 (Fd2), FNR (FNR), the Cytochrome f (Cyt f), the glutathione 

synthesis 1 and 2 (GS1, GS2), the nitrite reductase (NiR), the core subunit of PSI-D 

(PsaD) and the D1 protein of PSII (PsbA) were performed. 1. antibody: FdC2 (1:10000), 

Fd2 (1:10000), FNR (1:10000), Cyt f (1:5000), GS (1:50000), NiR (1:50000), PsaD 

(1:5000), PsbA (1:10000), 2. antibody: Goat anti-Rabbit lgG (H+L)-AP conjugate 

(1:3000). Each lane was loaded with 10 µg protein. 
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energy is released via this fluorescence, which predominantly derives from PSII (EVANS & 

BROWN, 1994). Afterwards the chlorophyll α fluorescence steady state was compared with 

its maxima on application of a saturating pulse of light. Hence the proportion of PSII 

complexes that are active could be estimated. From these parameters information about the 

active state of PET are drawn.  

For this experiment lines with a less severe phenotype were chosen, because the 

compensatory mechanisms in these plants are not so strongly induced as in lines with a 

more severe phenotype. The measurements of the lines with the more severe phenotype are 

identical to the wild type (data not shown). The calculated ETR (Fig. 3.19A) shows that the 

rate of the wild type is slightly lower than the rates of the RNAi plants following light 

induction. Light excitation of chlorophyll does not result in maximum levels of chlorophyll 

fluorescence under steady state conditions. This is because of alternative mechanisms of 

energy dissipation, termed quenching. Quenching consist of qP, in which electrons are 

passed from PSII along the electron transfer chain in linear electron flow, and NPQ 

(GENTY et al., 1989; MAXWELL & JOHNSON, 2000). The calculated qP data (Fig. 3.19B) 

displays the same patterns as the ETR. Photochemical quenching is slightly higher in the 

RNAi lines than in the wild type. The NPQ in Fig. 3.19C shows that while the wild type 

overlaps with the line 2-3, the lines 2-4 and 2-6 show increased values of NPQ, especially 

in the time from 0 to 150 sec. Afterwards the different phenotypes illustrate similar trends. 

Based on the chloritic phenotype it is surprising that no dramatic changes were found 

during these measurements. Because the ETR, qP and NPQ measurements are relative to 

total chlorophyll contents, this indicates that the entire photosynthetic chain is down 

regulated to prevents dramatic imbalance. Nevertheless the decreased qP data for the wild 

type indicates that the PQ pool is in a more oxidized state in the light than in the 

RNAi::fdc2 lines. The increased NPQ from the lines 2-4 and 2-6 in the beginning of the 

kinetic measurement could arise from increased photoinhibition, state transitions or the 

xanthophyll cycle (KRAMER & EVANS, 2011). Another reason for the increased NPQ is that 

PSII related processes are down regulated in response to stress. Furthermore, the increased 

rate of electron transport in the RNAi lines leads to the assumption that they try to 

compensate the decreased amount of FdC2 by upregulating PET. 
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Fig. 3.19: Comparison of light induction kinetics of A. thaliana wild type with 

RNAi::fdc2 lines. Plants were dark adapted for 15 min and transferred to actinic light at 

120 µmol quanta m
-2

s
-1

 for 5 min while monitoring chlorophyll fluorescence. Saturation 

pulses were applied every 25 s to determine fluorescence maxima. ETR (A), qP (B) and 

NPQ (C) parameters were calculated from the resulting data. Data are from mature leaves 

from six to nine separate plants = SE. Data points are: wild type, black diamonds; RNAi 

line 2-3, light grey circles; RNAi line 2-4, dark grey triangle, RNAi line 2-6, black 

diagonal crosses. 
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3.2.2.2 Photosynthetic response to rapid changes in light intensity 

For further experiments on photosynthetic capacity, the same parameters were measured 

while light adapted plants were subjected to increased PAR over a rapid light curve. In the 

previous test (3.2.2.1) the response to growth light intensity was checked, where the plants 

were adapted for at least 10 min before the measurement. In contrast to this, the rapid light 

curve analysis leads to information on the physiological flexibility and capacity of the 

plant to cope with rapid changes in light intensity (WHITE & CRITCHLEY, 1999). These 

rapid changes are more similar to what would be seen in the natural environment. 

Fig. 3.20 shows the ETR, qP and NPQ parameters of light adapted A. thaliana wild type 

and RNAi::fdc2 lines 2-3, 2-4 and 2-6 over a rapid light curve. All plants display ETR 

(Fig. 3.20A) increases in the initial phase, where light is limiting and saturation at 

maximum ETR rates around PAR 500-1200 µmol quanta m
-2

 s
-1

. At PAR over 1200 µmol 

quanta m
-2

s
-1

, ETR declines, which is due to up regulation of NPQ mechanisms and 

presumably regulatory photoinhibition (Fig. 3.20C). With increased PAR, the qP (Fig. 

3.20B) indicates that the oxidation state of the PQ pool is rapidly reduced and that the 

whole electron transport chain is in a more reduced state as a consequence. While the wild 

type has the lowest ETR, it also has the slightly higher NPQ rates. 

This data suggests that rapid increases in light intensity result in enhanced electron 

transport in the RNAi lines. The qP and NPQ measurements indicated no dramatic 

changes, regardless of plant type, along the rapid light curve. 
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Fig. 3.20: Comparison of the rapid light curve kinetics of A. thaliana wild type and 

RNAi::fdc2 lines. Following determination of F0 and Fm plants were low light adapted for a 

15 min light induction at 60 µmol quanta m
-2

s
-1

. Rapid light curves were then conducted 

while monitoring chlorophyll fluorescence over a 2 min period. PAR increased stepwise 

every 15 s, resulting in the following intensities: 250, 442, 681, 923, 1238, 1764, 2354 and 

3375 µmol quanta m
-2

s
-1

. Saturation pulses were applied every 15 s, prior to increases in 

PAR to determine fluorescence maxima, ETR (A), qP (B) and NPQ parameters (C) were 

calculating from resulting data. Data points are: wild type, black diamonds; RNAi line 2-3, 

light grey circles; RNAi line 2-4, dark grey triangle, RNAi line 2-6, black diagonal crosses. 
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3.2.2.3 FdC2 is not able to donate electrons to NADP 

Because the photosynthetic measurements do not give a clear overview about the 

photosynthetic activity in the RNAi::fdc2 plants, an assay to test the actual electron 

transport capacity was performed. 

In this assay, the purified protein was used to check the electron transport from NADPH 

via FNR to Fds and then to Cyt c. Cyt c is not the natural electron exchange partner for 

Fds, but due to its positive redox potential and positively charged surface it directly 

oxidises any reduced Fd in the assay. In these experiments, a well-known photosynthetic 

Fd from Anabeana, PetF, was used as a control. It has already been shown that this Fd is 

able to accept electrons from FNR and transfer them to Cyt c (FLOß et al., 1997). These 

measurements record the color change of oxidized to reduced Cyt c by a photometer. 

In Fig 3.21, the calculated velocity of electron transfer by PetF and AtFdC2 dependent on 

the Fd concentration can be seen. As projected, the PetF (black line) shows a high electron 

transport activity. At 20 µM PetF a velocity of around 250 µmol/sec/µmol FNR was 

detected and the rates started to plateau. This is opposite in the case of FdC2. Using the 

same concentration of FdC2, a velocity of only 10 µmol/sec/µmol FNR was measured. In 

addition, the Km, Vmax and Kcat were calculated for both proteins and compared (Tab. 3.5). 

These data display a not detectable Km of FNR and Vmax for FdC2. The Km is 

unmeasurable. In comparison the Km of PetF is around 4. Also the Vmax of PetF is many 

times higher than the Vmax of FdC2. 

This indicates that there is a low affinity of FNR for FdC2, but the catalytic efficiency of 

FdC2 is very poor in comparison to that of PetF. Based on these results it can be assumed 

that FdC2 is not efficient in transferring electrons from FNR. This is very unusual among 

Fds studied so far. 
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Fig. 3.21: FdC2 is not able to transfer electrons. Purified proteins were used in an 

assay for electron transfer, to see if FdC2 is capable of transferring electrons to other 

proteins. Tested was the electron transfer from Fd:NADPH oxidoreductase (FNR) to 

Cyt c. Calculated velocity of electron transfer from FNR to Cyt c of different 

ferredoxins. PetF (black line): a ferredoxin from Anabeana and AtFdC2 (grey line): a 

ferredoxin from A. thaliana with C-terminal extension. The velocity was calculated for 

different ferredoxin concentrations (0-20 mM) in a reaction containing 50 nM FNR, 

50 µM NADPH and 200 µM Cyt c. 

 

 

 

Tab. 3.5: The calculated Km and Vmax of PetF and AtFdC2. 

 Km  

[µM] 

Vmax  

[µmol sec
-1

 µmol 

FNR] 

Kcat  

[µmol sec
-1

] 

PetF 4.13 316.7 76.7 

AtFdC2 N.D. N.D. N.D. 

 N.D. = not detectable 
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Fig. 3.22: Electron transfer from PSI to Fd. Purified proteins were used in an assay for 

electron transfer, to see if FdC2 is capable of transferring electrons. The electron transfer 

from PSI to Cyt c was tested over variable Fd concentrations. Calculated transfer from 

Fd2 (black line) and FdC2 (grey line), the measurement was performed over different 

ferredoxin concentrations (0-5 mM) in a 1 ml reaction containing 10 µg chlorophyll 

spinach thylakoid membranes and 200 µM Cyt c. 

In order to confirm this inability, a second assay was performed. In this assay, the electrons 

came directly from illuminated PSI and were donated to Fd in order to reduce Cyt c. In this 

experiment Fd2 was used as a control and the donation of electrons over Fd concentration 

was measured. 

In Fig. 3.22 it can be seen that Fd2 transfers electrons very efficiently, whereas FdC2 does 

not. Even at higher concentrations of FdC2 the reaction is not possible. 

This again leads to the conclusion that FdC2 is not able to function in photosynthetic 

electron distribution. 
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3.2.3 FdC2 is identified in one membrane associated protein complex 

The evidence for the curious lack of FdC2 ability in electron transfer makes identification 

of its role problematic. As an alternative strategy an investigation was made into which 

proteins this Fd is associated with and its location in vivo. It was detected that FdC2 is 

bound to a membrane in vivo (Fig. 3.23), which is very unusual for Fds, since it was 

previously thought that all plant-type Fds were soluble (HANKE et al., 2004). 

To identify which membrane complex FdC2 is bound to, chloroplasts from A. thaliana 

wild type and RNAi::fdc2 plants were isolated. Then the membrane fraction was divided 

from the stroma fraction and the samples were separated by SDS-PAGE (Fig. 3.23A). The 

native protein complexes of thylakoid membranes from these plants were separated also by 

BNP to identify any specific putative FdC2 associated complex. For this purpose, the 

protein complexes of thylakoid membranes were solubilized by a treatment with detergent. 

Samples of different chlorophyll concentrations were treated with different detergent 

concentrations to find the best conditions for solubilization. 

As expected, FdC2 is not present in samples of RNAi plants but could be found in the 

membrane fraction of wild type plants (Fig. 3.23A). In the BNP a different band pattern is 

detected for the wild type than for the RNAi plants (Fig. 3.23B). After western blot 

analysis FdC2 is only immunologically detected in one complex in the wild type samples. 

FdC2 is detectable when a chlorophyll content of 0.1 µg and detergent concentrations of 

0.5 and 1 % were used. It is not possible to detect FdC2 in any samples containing 0.14 µg 

chlorophyll or samples that were treated with 2 % detergent (Fig. 3.23C). These 

experiments indicate that FdC2 is located in the membrane fractions and furthermore is 

associated only to one specific protein complex at the membranes. 
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Fig. 3.23: FdC2 is present in one membrane associated complex in wild type plants 

but not in RNAi::fdc2 plants from A. thaliana. Chloroplasts were isolated from 

Arabidopsis wild type (wt) and an RNAi::fdc2 line 2-8-2 (f). Each sample was separated 

into a membrane (M) and a soluble (S) fraction and used for electrophoretic separation 

and immunological detection of proteins. A: Immunological detection of FdC2 and FNR 

in soluble and membrane fractions. Fractions of soluble cell components and the 

membranes of wild type and mutant chloroplasts were separated electrophoreticaly via 

SDS-PAGE using a 15 % acrylamide separating gel. Afterwards western blot analysis 

for the immunological investigation of FdC2 and FNR (as a control) was performed. 1. 

antibody: FdC2 (1:10000), FNR (1:10000), 2. antibody: Goat anti-Rabbit lgG (H+L)-

AP conjugate (1:3000). Each lane was loaded with 20 µg protein. B: Electrophoretic 

separation of protein complexes via BNP. Protein samples from isolated chloroplasts of 

wild type and RNAi::fdc2 plants were treated with different concentrations of n-

dodecyl-β-D-maltoside (0.5, 1 and 2 %) and prepared for electrophoretic separation. For 

each chloroplast sample, either 0.1 or 0.14 µg chlorophyll were loaded. Separation was 

performed on a 12-6 % polyacrylamide gradient gel. C: Immunological detection of 

FdC2 in native protein complexes separated by BNP. A western blot was performed 

with electrophoretically separated protein complexes. 1. antibody: FdC2 (1:10000), 2. 

antibody: Goat anti-Rabbit lgG (H+L)-HRP conjugate (1:3000). 
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Fig. 3.24: Controls for a chloroplast and a cytosolic signal of GFP-protein fusions. 
After purification of protoplasts from A. thaliana, they were transformed with GFP-

protein fusion constructs. Afterwards the signals were visualized with the confocal 

microscope. Green channel: GFP-protein, red channel: autofluorescence of chlorophyll, 

white channel: brigthfield. Overlay at the bottom right. The 20 x objective was used. A: 

FNR-GFP transformed protoplast. B: GRXS17-GFP transformed protoplast. 

3.2.4 Subcellular location of FdC2 

For further investigation of the location of FdC2, the sequence of FdC2 was cloned into a 

GFP vector (pGFP-2). Afterwards protoplasts from A. thaliana were transformed with the 

constructed vector, under control of the 35S promoter. Two additional controls were used 

in this experiment. On the one hand a FNR-GFP construct, which is known to be located in 

the chloroplast. On the other hand a cytosolic enzyme was used, named GRXS17. The 

transformed protoplasts were examined under the laser scan microscope LSM 510 META 

(Zeiss, Jena). 

A uniform distribution within the chloroplast was seen in the FNR control. The signals for 

the autofluorescence of chlorophyll (red color) and for GFP (green color) displayed similar 

location (Fig. 3.24A). The chlorophyll is associated with the photosystems in the thylakoid 

membranes of chloroplasts. FNR is known to bind to the thylakoid membranes and so co-

localization of GFP with chlorophyll is expected. The image for GRXS17 (Fig. 3.24B) 

clearly shows a location in the cytosol. Both controls show the expected fluorescence and 

can be compared with the location of FdC2. 
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Fig. 3.25: Subcellular location of FdC2-GFP. Protoplasts were purified from 

A. thaliana and transformed with FdC2-GFP fusion construct. The signal was then 

visualized with the confocal microscope. The 20 x objective was used. Green: FdC2-

GFP, red: autofluorescence of chlorophyll, blue: brightfield. 

The protoplasts transformed with GFP-FdC2 can be seen in Fig. 3.25. The detection of the 

GFP signal in the chloroplasts of transformed protoplasts leads to the conclusion that GFP-

FdC2 is expressed by the cells and then transported into the chloroplasts. It could be seen 

that the distribution of FdC2 is not ubiquitous in the chloroplasts as in the case of FNR 

(Fig. 3.24A) and does not overlap with the autofluorescence of the chlorophyll. FdC2 is 

focused in small spots within the chloroplast and this suggests a specific level of 

organization for FdC2 in the organelle. In further experiments it was noticed that the GFP 

signal changed over the time interval between transformation and detection. 18 h after 

transformation the signal for GFP-FdC2 seemed to be located in the cytosol (Fig. 3.26A), 

which is similar to the signal of GFP-GRXS17 (Fig. 3.26B). Over time an increasing 

amount of signal could be detected in the chloroplasts (Fig. 3.26B & C, 18.45 and 19.30 h 

after transformation). 20 h after transformation the suborganelle location was clearly 

distinguishable (Fig. 3.26D). 
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Fig. 3.26: Changes in location of FdC2 in transformed protoplasts of A. thaliana 

over time. After purification of the protoplasts, they were transformed with a FdC2-

GFP fusion construct. The signals were then visualized with the confocal microscope. 

Green channel: FdC2-GFP, red channel: autofluorescence of chlorophyll, white 

channel: brightfield. Overlay at the bottom right. The 20 x objective was used. A: 

Protoplast 18 h after transformation. B: Protoplast 18 h and 45 min after transformation. 

C: Protoplast 19.5 h after transformation. D: Protoplast 20 h after transformation. 

These results lead to the conclusion that the distribution of FdC2 seems to be time 

dependent. Over the course of the experiment, FdC2 gradually moves from the cytosol to 

specific suborganelle spots in the chloroplast.  

In order to identify where the exact FdC2 accumulation in the chloroplast takes place and 

to specify how many loci of FdC2 emerged per chloroplast further experiments with higher 

resolution were conducted. 
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3.2.4.1 Suborganelle location of FdC2 

To find the exact location of FdC2 in the chloroplasts a higher resolution and a different 

microscopy technique was required. Therefore the 40 x objective and the Z-stack method 

was used to create a three dimensional impression of the protoplasts. This method was 

used to give further evidence of the number of FdC2 accumulation foci and the location of 

them. 

The number of FdC2 accumulation centers in each chloroplast was determined on the basis 

of the Z-stack (Fig. 3.27). In most cases at least two accumulation points of GFP-FdC2 

were detected in each chloroplast. This can be clearly seen in the last 10 images of the Z-

stack when the three chloroplasts in the center of the protoplasts were observed. 
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Fig. 3.27: A Z-stack of a whole protoplast transformed with FdC2-GFP. After 

purification of protoplasts from A. thaliana, they were transformed with FdC2-GFP 

fusion construct and the signal was visualized with the confocal microscope. Green: 

FdC2-GFP, red: autofluorescence of chlorophyll. The 40 x objective was used. Images 

were recorded at 1.3 µm intervals from left to right and top to bottom. 

 

 

To determine the exact location of FdC2 within the organelle, a more detailed Z-stack of 

only a few chloroplasts within an intact protoplast was performed at a higher resolution. 
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Fig. 3.28: A Z-stack through the chloroplast layer of protoplasts transformed with 

FdC2-GFP. Protoplasts were purified from A. thaliana leaves, transformed with a 

FdC2-GFP fusion construct and visualized with the confocal microscope. Green: 

FdC2-GFP, red: autofluorescence of chlorophyll, blue: Brightfield. The 40 x objective 

was used and the images were recorded at 1.3 µm intervals from left to right, top to 

bottom. 

The images can be seen in Fig. 3.28 where the autofluorescence of chlorophyll is shown in 

red and the GFP signal in green. Only the grana stacks and the lamellae of the thylakoids 

of the chloroplast are visible, due to the fact that the chlorophyll is located only in the 

thylakoid membrane. The whole dimension of the organelle is given by the brightfield in 

blue. 

The signal of GFP-FdC2 was detected within the chloroplasts, but not in the thylakoids. 

FdC2 seems to be located in clearly defined spots between the thylakoid membranes and 

the outer envelope.  
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Fig. 3.29: Protoplasts of A. thaliana 24 h after transformation with FdC2-GFP. 
Protoplasts were purified from A. thaliana leaves, transformed with an FdC2-GFP 

fusion construct and visualized with the confocal microscope. Green: FdC2-GFP, red: 

autoflourescence of chlorophyll. Overlay of both channels at the right. The 40 x 

objective was used. 

During this experiment another phenomenon was observed, which is shown in Fig. 3.29. 

24 h after transformation the distribution of FdC2 showed a very specific pattern. Instead 

of small, sharply focused spots of FdC2, thin lines were found. These lines were different 

in length, some of them appear to be about one third of the chloroplast diameter and others 

are almost as long as the chloroplast itself. Also, some of them seem to be branched. 

This phenomenon was detected in several but not all chloroplasts 24 h after transformation. 

These structures were may be the further development of the foci that were seen before. 

 

 

 

3.2.4.2 Is FdC2 co-located with chloroplastidial DNA? 

Several foci of FdC2 were found in every chloroplast (Fig. 3.27), which is similar to the 

reported DAPI-stained chloroplast nucleoli from JAMES & JOPE (1978). It was therefore 

checked if FdC2 is co-located with chloroplastidial DNA (cpDNA). cpDNAs are located in 

the stroma in differentiated areas within the chloroplast. Several components of the 

photosystems, the cytochrome b6f complex and the ATP synthase, are encoded by cpDNA 

(SUGIURA, 1989). 

For this purpose the transformed protoplasts were stained with Hoechst 33258 as described 

in 2.3.15. The Hoechst 33258 stained the DNA within the chloroplasts. Afterwards the 

signal of the dye was visualized with the confocal microscope. 
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Fig. 3.30 shows that the yellow signal from the Hoechst stain is not always at the same 

position as the blue signal from FdC2 within the chloroplasts. The overlay of both signals 

reveals that the majority of FdC2 foci are not co-located with the cpDNA. 

This result leads to the assumption that FdC2 foci are not specifically located within the 

chloroplast nucleoid. Hoechst stained cpDNAs and the loci for FdC2 are mostly 

unconnected and another explanation for the foci could be that FdC2 proteins are 

aggregated due to over-expression by the powerful 35S promoter following transformation. 

BREUERS et al. (2012) found similar tubular structures, which evolved from the chloroplast 

and formed surrounding circles following over-expression of integral chloroplast envelope 

membrane proteins. FdC2 is localized at the chloroplast membrane (Fig. 3.23) and FdC2-

GFP fluorescence is not detected in the thylakoid, but structures were detected similar to 

those found after expressing a chloroplast inner envelope membrane protein (BREUERS et 

al., 2012). The similarity between these results points to a chloroplast envelope membrane 

distribution of FdC2. 

 



Results   

116 

Fig. 3.30: FdC2 and cpDNA do not show a co-location. Protoplast were isolated from 

A. thaliana wild type plants and transformed with FdC2 fused to GFP. Afterwards they 

were stained with the stain Hoechst 33258. The signal was visualized with a confocal 

microscope. Yellow: Hoechst 33258 stained cpDNA, blue: FdC2-GFP, grey: 

brightfield, green: overlay of both channels. 

 

 

3.2.5 Analysis of interactions in S. cerevisiae 

In order to explore the function of FdC2 a cDNA library screen was performed using the 

Y2H system. Using the cDNA library screen more than 900 clones were identified, with 

many proteins presumably detected in duplicate. It was not possible to sequence this high 

number of clones and therefore all yeast colonies, which survived on selective medium, 

were used for plasmid extraction. Afterwards, all samples were amplified by PCR and the 

size was estimated via agarose electrophoresis. PCR products of the same size were 
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assumed to be identical to avoid duplicate sequencing, thus for each gel only one sample of 

each size was chosen for further analysis. 

The sequences that were obtained in the cDNA library screen were used for a database 

search. The most likely interacting partners are listed in Tab. 3.6. For further investigations 

only chloroplast proteins were chosen, which had a match of more than 60 %, since FdC2 

is a chloroplast localized protein (section 3.2.4). After performing an Y2H screen, it was 

possible to identify 12 chloroplast interacting proteins. A closer look at these candidates 

showed that five of them were previously reported to have a chloroplast location, namely 

the putative Cu transporting P-type ATPase PAA1 (PAA1), a cystathionine beta-lyase 

(CBL), a 3-ketoacyl-CoA thiolase 2 (PKT3), the chloroplast chaperonin 10 (CPN10) and 

the uncharacterized protein AT1G48450. In addition to the query coverage, which matches 

the unknown sequence in comparison to the putative gene sequence, the number of 

identified clones is also an important factor, as a high amount of detected interactions 

decreases the probability of a non-specific interaction. In the end, four clones for the 

thioredoxin-like protein Clot and for the uncharacterized protein AT5G48500 were found. 

Furthermore three clones for PKT3 and the uncharacterized protein AT1G20100 could be 

detected. The high number of 16 for clones of PAA1 is very remarkable and therefore it is 

likely that this interaction is specific. Because the functions of the interacting partners are 

in various cellular processes, it is difficult to identify a single pathway in which FdC2 

could be involved. Nevertheless, several regulatory proteins were detected such as the 

LOB domain containing protein 41 (LBD41), the thioredoxin-like protein Clot and the 

thioredoxin family protein AT3G25580. The two thioredoxin related proteins are likely 

redox regulatory proteins in the same mode as thioredoxin. Also PKT3 is connected to 

redox regulation. Furthermore, this protein is involved in regulation of ROS generation in 

Arabidopsis (JIANG et al., 2011). Due to the fact that FdC2 is conserved from 

cyanobacteria, all chloroplast interacting proteins were checked to see if they are also 

conserved from cyanobacteria. The results are shown in Tab. 3.7. Only three of these 

proteins have homologues in Synechocystis species. For these homologues, an identity of 

over 30 % was detected. This shows good conservation for such a long evolutionary 

distance. 

The functions of the identified interaction partners indicate that FdC2 could be involved in 

the regulation of different metabolic pathways. To analyze the interaction between FdC2 
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and the identified proteins in more detail, a co-expression analysis with these proteins was 

performed. 

 

Tab. 3.6: Putative FdC2- interacting chloroplast proteins identified by Y2H- analysis. 

Genes were identified by sequencing PCR products generated with primers against the 

binding domain plasmids that gave positive results in a cDNA library Y2H-screen. The 

number of clones obtained from the Y2H-screen is listed for each gene sequence as well as 

the results of database analysis. As the localization was not known for all identified 

proteins, putative localization was predicted using the WOLF PSORT tool. QC: query 

coverage, chlo: chloroplast, chlo env: chloroplast envelope, chlo str: chloroplast stroma, 

plas: plasma membrane, mito: mitochondria, E.R.: endoplasmatic reticulum, mem: 

membrane, nucl: nucleolus, pero: peroxisome, cyto: cytosol, cysk nucl: cytoskeleton, 

nuclear, vacu: vacuolar membrane, extr: extracellular. 

Numbers 

of clones 

QC 

[%] 

Gene ID putative 

protein 

putative 

function 

Localization 

TAIR 

BLAST 

WOLF 

PSORT 

16 81 AT4G33520 Cu-

transporting 

ATPase PAA1 

(PAA1) 

ATP 

biosynthetic 

process, 

photosynthetic 

electron 

transport 

chain 

chlo, chlo 

env, chlo 

str 

chlo: 8.0 

plas: 3.0 

mito: 1.0 

E.R.: 1.0 

3 79 AT2G33150 3-ketoacyl-

CoA thiolase 2 

(PKT3) 

Fatty acid 

oxidation, 

glyoxysome 

organization, 

jasmonic acid 

biosynthesis, 

regulation of 

abscisic acid 

signaling, 

response to 

wounding 

chlo, 

mem, 

mito, 

nucl, 

pero, not 

in cyto 

cyto: 9.0 

pero: 3.0 

nucl: 1.5 

cysk 

nucl: 1.5 

1 86 AT1G48450 uncharacterized 

protein 

unknown 

function 

chlo chlo:14.0 

1 74 AT3G57050 cystathionine 

beta-lyase 

(CBL) 

cystathionine 

beta-lyase 

activity; L-

methionine 

biosynthetic 

process 

chlo chlo: 8.0 

cyto: 3.0 

vacu: 2.0 

 

1 71 AT2G44650 chloroplast 

chaperonin 10 

chaperonin 

binding; 

chlo, chlo 

str 

chlo:12.0 

vacu: 2.0 
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(CPN 10) protein 

folding 

4 76 AT5G42850 thioredoxin-

like protein 

Clot 

cell redox 

homeostasis 

cytoplasm cyto: 8.0 

nucl: 2.0 

chlo: 1.0 

mito: 1.0 

extr:  1.0 

4 76 AT5G48500 uncharacterized 

protein 

response to 

karrikin 

 chlo: 

10.0 

cyto:  2.0 

nucl:  1.0 

3 75 AT1G20100 uncharacterized 

protein 

unknown 

function 

 nucl:10.0 

mito: 2.0 

chlo: 1.0 

1 90 AT5G19350 RNA binding 

protein 

(RBP45) 

RNA binding  nucl: 5.0 

cyto: 5.0 

mito: 2.0 

chlo: 1.0 

1 77 AT3G02550 LOB domain-

containing 

protein 41 

(LBD41) 

regulation of 

transcription 

 chlo:10.0 

mito: 3.0 

1 64 AT2G05910 LURP-one-

related 6 

protein 

unknown, best 

match: 

DUF567 

 cyto:  9.0 

extr:  3.0 

chlo: 1.0 

1 62 AT3G25580 thioredoxin 

family protein 

cell redox 

homeostasis 

 nucl:  6.0 

cyto:  5.0 

chlo:  1.0 

plas:  1.0 

 

Tab. 3.7: Homologues in Synechocis species to the identified Arabidopsis proteins. 

Arabidopsis protein Synechocystis protein / 

homologue 

Identity [%] 

Name Gene ID protein ID 

PAA1 AT4G33520 ZP 21040835.1 41 

CPN10 AT2G44650 NP 440730.1 33 

PKT3 AT2G33150 NP 441202.1 35 
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3.2.5.1 Correlations between expression of FdC2 and FdC2-interacting proteins 

Because correlations in expression levels could indicate that the proteins are involved in 

the same pathway, the expression levels of genes for identified interacting proteins were 

compared to those of FdC2. For this the Genevestigator database of RNA-microarray data 

was used to find similarities in the expression response under different environment 

influences. The data in this database are derived from different expression level studies. 

The entire microarray datasets were screened, but only figures of genes that are well 

correlated are presented. 

By using the data gathered from all available microarray studies, the changes of the 

expression levels were compared over development. The results can be seen in Fig. 3.31. 

The greatest correlation to FdC2 in expression levels could be found by PAA1, CPN10 and 

AT1G48450. Furthermore, the microarray data indicated expression mainly in 

photosynthetic tissues. 

This analysis indicates that the amount of FdC2 is related to the development of 

photosynthetic capacity. This is reflected at RNA levels and, as was seen before, also at 

protein levels (section 3.2.1.3). This leads to the assumption that the expression levels of 

FdC2 respond to different light conditions. The expression response of FdC2 and the genes 

for the interacting proteins in several microarray studies under changing light conditions 

and under high light conditions were therefore compared (Fig. 8.4D in the appendix). In 

addition, the correlations in expression levels were compared under various other stress 

conditions, for example cold, heat and drought stress (Fig. 8.4A, B and C in the appendix). 

Because correlations might have been missed when screening general stress responses in 

huge datasets, expression in specific conditions was also examined. 
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Fig. 3.31: Expression of the genes encoding putative FdC2-interacting proteins that 

correlate with FdC2 expression over development. The expression levels of FdC2 

and selected putative interacting proteins identified by Y2H analysis were compared to 

each other using the bioinformatics tool Genevestigator based on an extensive collection 

of arrays. The changes in expression levels at different developmental stages were 

compared between FdC2 and putative interacting partners. 

 

 

Correlated responses to different stresses between FdC2 and genes for various putative 

interacting proteins are summarized in Tab. 3.8 with full data sets presented in the 

appendix (Fig. 8.4). In light intensity studies, under changing light conditions, under ozone 

and cold stress the expression levels of CBL and FdC2 are very similar. Under drought 

stress treatments and wounding stress, both proteins show similar tendency in expression 

response. The greatest similarities were found under heat stress treatments. A strong 

correlation to FdC2 under changing light intensities is shown by AT5G48500. Both 
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proteins show similarities in expression pattern under cold, drought, genotoxic and 

wounding stress. Similarities in expression levels were particularly strong for FdC2 and 

CPN10 over development. Both proteins show almost identical responses to changing light 

intensities and qualities and ozone stress. The expression levels of Clot show only small 

changes under different light conditions, but these changes are similar to those of FdC2. 

Under different light qualities, the expression levels of RBP45 show only very little 

changes, but under high light, ozone, genotoxic and drought stress they are very similar to 

those of FdC2. Furthermore the expression levels display some correlations under heat 

stress conditions. AT5G48450 and FdC2 show a good correlation in expression pattern 

over development, changing light qualities, genotoxic, osmotic, heat and salt stress 

conditions. The thioredoxin family protein and FdC2 show the same tendencies in 

expression level response only under changing light intensities. The expression patterns of 

PKT3 and FdC2 correlate under drought, oxidative and heat stress, but also display inverse 

correlations. This is the case for osmotic, genotoxic and salt stress conditions, too. Under 

osmotic, salt, heat and wounding stress the expression responses of LBD41 and FdC2 are 

similar, but under cold stress conditions, show inverse responses. PAA1 and FdC2 display 

a very similar pattern in expression over development. Under cold, salt, genotoxic, osmotic 

and drought stress conditions the changes in expression levels are also similar. In cold 

stress response, both proteins show a down regulation of expression. 

 

Tab. 3.8: Correlations in expression response of genes for proteins, which were found 

to interact with FdC2 by Y2H, in comparison to the changes of FdC2. Expression of 

FdC1 and the genes encoding putative interacting proteins recognized by Y2H analysis 

were compared using the bioinformatics tool Genevestigator based on an extensive 

collection of microarrays. 

protein Co-expression 

develop-

ment 

stress changing 

light cold heat drought genotoxic 

PAA1    ~ -  

CPN10     ~  

At5G48500       

Clot -  - ~ ~  

RBP45 - -     
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thioredoxin family - - - - -  

PKT3 -     - 

LBD41 - ~ ~ - - - 

 changes in expression levels show similarities. 

~ changes in expression levels show no similarities. 

-  no data for the changes in expression levels available. 

 

3.2.5.2 Verification of Y2H interactions 

Unfortunately it was not possible to confirm the interaction of identified partners using the 

yeast system, due to problems with the re-transformation of the necessary plasmids that 

contained the sequences for the genes of the interaction partners into yeast cells for a one-

to-one screen. For this reason the split YFP method was utilized with the plant protoplast 

specific plasmids pSPYCE(M) and pSPYNE173 (WAADT et al., 2008) for visualization of 

protein-protein interactions. The technique is based on the association of fluorescent 

fragments that are fused to proteins and form a fluorescent protein if the proteins interact. 

If the fused proteins do not interact, no fluorescence can be detected (OHAD et al., 2007). 

For this purpose the sequence for the genes of FdC2 and PAA1 were cloned into the 

pSPYCE(M) and the pSPYNE173 vectors. The proteins were fused to the C-terminus of 

the pSPYCE(M) vector and to the N-terminus of the pSPYNE173 vector. Afterwards the 

plasmids were grown in E. coli cells, purified and transformed into protoplasts (section 

2.3.14). For the visualization of the fluorophore signal the confocal microscope was used. 

In Fig. 3.32 the autofluorescence of the chlorophyll can be seen in red and the signal of the 

reconstituted YFP in green. Fig 3.32A shows a control with empty split YFP vectors. Here 

a weak signal can be detected in the cytosol or nucleus. In Fig. 3.32B another control can 

be seen with FdC2 fused to both pSPYNE and pSPYCE. Hereby signal was detected at the 

chloroplast. In Fig. 3.32C and D the signals of FdC2 and PAA1 are shown. In C FdC2 is 

fused to the SPYCE vector and PAA1 to the SPYNE vector. In D it is the other way round; 

FdC2 is fused to the SPYNE and PAA1 to the SPYCE vector. In C the signal is slightly 

defuse, but in the overlay it can be seen that it is co-localized with the chloroplasts. In D 

the signal was detected in foci. The overlay of both channels show that the spots are 

located in the chloroplasts but outside of the thylakoid membranes, as in the FdC2-GFP 

signal (Fig. 3.25-3.28). 
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Fig. 3.32: Detection of the split YFP signal in transformed protoplasts of 

A. thaliana. After purification of the protoplasts, they were transformed with FdC2 and 

PAA1 fusion constructs. The signals were then visualized with the confocal 

microscope. Green channel: YFP signal, red channel: autofluorescence of chlorophyll, 

white channel: brightfield. Overlay at the bottom right. The 20 x objective was used. A: 

Protoplast transformed with empty pSPYNE and pSPYCE vectors. B: Protoplast 

transformed with FdC2-SPYNE and FdC2-SPYCE vectors. C: Protoplast transformed 

with FdC2-SPYCE and PAA1-SPYNE vectors. D: Protoplast transformed with FdC2-

SPYNE and PAA1-SPYCE vectors. 

These results leads to the conclusion that FdC2 and PAA1 are interacting in the chloroplast 

based on the signal of the reconstituted YFP. Furthermore the interaction of FdC2 with 

FdC2 may be a hint that it could form a dimer. 
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3.2.6 Influence of Cu on the RNAi::fdc2 plants 

3.2.6.1 Effect of Cu on the plant growth 

Due to the fact that the Y2H screen indicated interaction of FdC2 with PAA1 (3.2.5), 

which is a putative Cu transporting P-type ATPase, more testing was undertaken to 

investigate the connection between FdC2 and Cu metabolism. 

In order to test if Cu has any influence on the plants, wild type seeds and the seeds from 

the RNAi::fdc2 line 2-8-2 were grown on media with different Cu concentrations. For this 

experiment, concentrations of 0, 0.5 and 5 µM of CuSO4 were used. The standard MS 

media concentration of CuSO4 is 0.1 µM and is slightly deficient for plants. After six 

weeks growth images from the plates were taken and compared. 

Fig. 3.33 shows the RNAi::fdc2 plants (fdc2) are always smaller in size than the wild type 

plants (wt) on media with 0 (A), 0.5 (B) and 5 µM CuSO4 (C). By comparing the plants 

under the different conditions no clear evidence about the influence of Cu can be seen, 

because there are no dramatic changes in size. Even the wild type plants on plates with 

different concentrations of Cu have the same size. 

To be sure that the plants of the same phenotype really have the same size on all plates, the 

weights were measured and then the mean and the median were calculated (Fig. 3.34). 

Fig. 3.34A displays the mean. A slight increase of weight can be seen in 0.5 µM CuSO4 for 

the wild type and the RNAi line, but this increase is not significant compared to the 

weights of the plates of 0 and 5 µM CuSO4. The large difference in size between the 

different phenotypes is the only noticeable factor. In B, the median is shown and in this 

case a decrease in weight is seen for the wild type on plates with 0.5 and 5 µM CuSO4, but 

again this decrease is not significant. For the RNAi line 2-8-2 a small increase in weight is 

detectable at 0.5 µM CuSO4. 
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Fig. 3.33: Influence of the Cu concentration on plant growth. A. thaliana wild type 

plants (wt) and RNAi::fdc2 plants (fdc2) were grown on media with different amount 

of CuSO4 (A: 0 µM, B: 0.5 µM, C: 5 µM CuSO4). After six weeks images of the plates 

were taken. 
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Fig. 3.34: Impact of Cu concentration on the weight of the RNA::fdc2 plants. 
A. thaliana wild type plants (black columns) and RNAi::fdc2 (white columns) were 

grown on media with different Cu concentrations (0, 0.5 and 5 µM CuSO4). After six 

weeks the weight of the plants was measured. In A the mean of the fresh weight is 

shown and in B the median of the fresh weight is displayed.  

 

 

 

These measurements indicate that the different concentrations of Cu in the media have no 

dramatic changes on the growth of the plants. Nevertheless, the RNAi::fdc2 plants are very 

small in comparison to the wild type plants. The wild type plants have 3-fold more weight. 

Also it is remarkable that both phenotypes can grow on plates without Cu, a normally 

essential micro nutrient. There are two possibilities for the lack of changes in growth. It 

could be that the medium is already Cu limited, due to EDTA in the medium (personal 

communication, Prof. Stephan Clemens, University of Bayreuth). The other possibility is 

that trace Cu is not removed in the medium and all concentrations are the same due to 

contamination. 
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3.2.6.2 Response of enzymes to Cu deficiency 

Since the different Cu concentrations have no visible effect on the growth of plants, it was 

assumed that some enzymes may be up or down regulated to deal with the changes in the 

media. 

Therefore crude extracts were made from each sample, after the weight of the plants was 

determined and prepared for use in SDS-PAGE for electrophoretic separation and western 

blot analysis to detect proteins related to Cu metabolism (Fig. 3.35). 

No changes in protein levels of Cyt f and Fd at different Cu concentrations could be 

detected in either phenotype. The LHC II also displays no effect, but the protein level is 

always higher in the wild type than in the RNAi plants consistent with the low chlorophyll 

content (Fig. 3.13C), as the LHC contains the bulk of the chlorophyll in the leaf. The 

protein levels of PsaD and PsbA decrease slightly with each higher concentration in wt, but 

not in the RNAi plants. FNR seems to increase in the wild type with increasing 

concentrations, but decreases in the 2-8-2 line. The levels of Cu containing proteins Cu 

chaperone for superoxide dismutase (CCS), SOD and PC increase with higher Cu 

concentrations. This was expected, because if there is more Cu in the media, the plants can 

assemble more Cu containing proteins. Both PC and CCS are increased to a greater amount 

in the wild type, while in contrast SOD accumulates to higher abundance in the RNAi line. 

These results indicate that the plants show a complex response to differences in Cu. This 

response is variable between wild type and RNAi::fdc2 indicating that the regulation of Cu 

metabolism is disturbed in these plants. The changes in SOD amount are the same as the 

changes for SOD in PAA1 mutant plants (ABDEL-GHANY et al., 2005a; COHU & PILON, 

2007). These mutants also accumulate SOD to a higher level. 
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Fig. 3.35: Response of Cu containing proteins and other enzymes to Cu deficiency. 

A. thaliana wild type (wt) plants and RNAi::fdc2 plants (fdc2) were grown on media 

with different concentration of CuSO4. Afterwards crude extracts were prepared for 

SDS-PAGE. The electrophoretic separation took place on 12 or 15 % acrylamide gel. 

Western blot analysis for the immunological investigation of the Cytochrome f (Cyt f), 

the Cu chaperone for superoxide dismutase (CCS), ferredoxin (Fd), FNR (FNR), the 

light harvesting complex II (LHC II), the core subunit of PSI-D (PsaD), the D1 

protein of PSII (PsbA), the chloroplastic Cu/Zn superoxide dismutase (SOD) and 

plastocyanin (PC) in A. thaliana wild type (wt) and RNAi plants for FdC2 (fdc2), 

which were grown on media with different copper concentrations (0, 0.5 and 5 µM 

CuSO4). 1. antibody: Cyt f (1:5000), CCS (1:1000), Fd (1:10000), FNR (1:10000), 

LHC II (1:5000), PsaD (1:5000), PsbA (1:10000), SOD (1:5000), PC (1:2000), 2. 

antibody: Goat anti-Rabbit lgG (H+L)-AP conjugate (1:3000). Each lane was loaded 

with 10 µg protein, except the PsbA and SOD lanes. They were loaded with 1 µg 

protein. 
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3.2.7 Is the C-terminus of FdC2 important for its function? 

In comparison to well-known leaf type Fds, FdC2 features a long C-terminus extension 

(Fig. 1.3). In photosynthetic Fds this C-terminus plays a crucial role in the interaction with 

the D subunit of PSI (LELONG et al., 1994) and may be the reason why FdC2 has such a 

poor activity in electron transfer with PSI (section 3.2.2). To test if the protein behaves the 

same without the C-terminus, two truncated versions were cloned. Since the Arabidopsis 

FdC2 Fe-S cluster was relatively unstable and hence impractical for in vitro analysis, the 

homologous and more stable Thermosynechococcus elongatus FdC2 protein was used as a 

substitute. A 60.7 % similarity was found for these nucleotide sequences and a 51.2 % 

similarity was identified for the amino acid sequence, which is shown in Fig. 3.36. 

Two different stop-codons were introduced into the sequence of TeFdC2 to truncate the C-

terminus. One of the stop-codons was at amino acid 108 and the other one at amino acid 

119. A consequence of these two stop-codons is that a smaller (S-108) and a longer (L-

119) truncated version of TeFdC2 are produced. Afterwards these plasmids were 

transformed into E. coli cells. Cells containing these proteins were grown, harvested and 

the proteins partially purified. During the purification, samples were taken after each step 

and prepared for SDS-PAGE. The partially purified proteins were then used to take 

absorbance spectra. 

Fig. 3.37A shows the SDS-PAGE gel of the samples which were taken during purification. 

The wild type and the truncated versions display different protein profiles. The band for 

FdC2, which can be clearly seen in the wild type at around 12 kDA in the pellet after the 

sonification and in the sample after initial purification, is missing in the longer and smaller 

truncated FdC2. Instead of this band, three smaller ones are detectable. These three bands 

are missing in the wild type FdC2 purification and are therefore might be truncated FdC2 

protein sequences. The presence of three bands could be explained by the difficulty in 

completely reducing the cysteine residues in the [2Fe-2S] binding site before and during 

the SDS-PAGE. This leads to formation of variable disulfide bonds between these residues 

and a multiple band pattern of migrating Fd proteins (personal communication, 

Prof. T. Hase, University of Osaka). Also the loss of the C-terminus may have destabilized 

the protein structure, which leads to degradation. In Fig. 3.37B, the absorbance spectra of 

the purified protein fractions from E. coli, expressing wild type and C-terminal truncated 

FdC2s can be seen. It is noticeable that only the wild type spectrum (black line) shows the 
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Fig. 3.36: Amino acid sequence alignment of the AtFdC2 and TeFdC2 sequence. For 

this alignment the software Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo) was 

used. Black background indicates identical sequences, grey background shows similar 

sequences and white background displays no identity. A similarity of 51.2 % was found 

for both sequences. The vertical arrow indicates the position of the induced stop codons. 

Protein accession numbers are for AtFdC2: NP_174533.1 and for TeFdC2: NP_682446.1. 

characteristic peaks of a [2Fe-2S] cluster at 420 and 460 nm. These peaks are completely 

missing in purified proteins from E. coli, expressing both truncated versions of FdC2. 

This leads to the assumption that a truncation of the C-terminus causes the proteins to lose 

the Fe-S cluster. Also it is possible that the proteins do not lose the cluster, but are not 

properly folded and then degraded by the E. coli cells. The question is now whether the 

[2Fe-2S] cluster is important for the function of FdC2 or not. 

 

AtFdC2    1 MALILPCTFCTSLQKKNFPINRRYITNFRRGATTATCEFRIPVEVSTPSDRGSLVVPSHK 

TeFdC2    1 --------------------------------------------MSTPQTY---TVTIHV 

 

AtFdC2   61 V-TVHDRQRGVVHEFEVPEDQYILHSAESQNISLPFACRHGCCTSCAVRVKSGELRQPQA 

TeFdC2   14 RPLKSEDPPPRTYTITVPSDRYILQHAESQGLELPFSCRNGACTTCAVRILSGHVYQPEA 

 

AtFdC2  120 LGISAELKSQGYALLCVGFPTSDLEVETQDEDEVYWLQFGRYFARGPIERDDYALELAMG 

TeFdC2   74 MGLSPALQAQGYALLCVSYARSDLEVETQDEDEVYELQFGRYFGKGRVQLG-----LPLD 

 

AtFdC2  180 DE* 

TeFdC2  129 ED* 
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Fig. 3.37: Effect of the truncation of the C-terminus in TeFdC2. A: Coomassie 

staining of the separated samples, which were taken after different steps of the 

purification. wt: wild type from T. elongatus with a complete C-terminus, L: longer  

truncated protein with a stop-codon at AA 119, S: smaller truncated protein with a stop-

codon at AA 108, 1, 5, 9: supernatant after sonification, 2, 6, 10: pellet after 

sonification, 3, 7, 11: supernatant from 50 % ammonium sulfate precipitation, 4, 8, 12: 

sample after Talon resin. Each lane was loaded with 20 µg Protein. B: Spectra of the 

partially purified recombinant proteins. Absorbance spectra of the recombinant 

T. elongatus FdC2, without any truncations (black line), the longer truncated protein 

(dark grey line) and the smaller truncated protein (light grey line). Normal ferredoxin: 

E
420nm

 of 10 mM
-1

 cm
-1

. 

 

 

3.2.7.1 Is the [2Fe-2S] cluster important for the function of FdC2? 

To answer the question of whether the C-terminus is important for the function of FdC2, 

different constructs were prepared for rescue of the RNAi::fdc2 line. Furthermore, the 

question of whether it is possible to recover the phenotype by introducing an external FdC2 

protein into RNAi::fdc2 plants could be clarified with this approach. Therefore the 

sequence of the gene for the OsFdC2 was used to prevent a knockdown by the RNAi 

construct. Constructs containing the normal FdC2 sequence, as well as an FdC2 sequence 

with an amino acid exchange at the position 137 were prepared. This is one of the four 

conserved cysteines, which co-ordinate the [2Fe-2S] cluster and was changed to a serine. 

The consequence of this substitution is that the protein is unable to assemble a cluster. The 

OsFdC2 was chosen for this purpose, because the rescue with AtFdC2 would be stopped 

by the RNAi. So an FdC2 sequence was selected that is not very similar to the sequence of 

AtFdC2. If the sequences do not hold a high similarity the RNAi does not interfere with 

the sequence and the rescue can happen. For OsFdC2 a similarity of 66.8 % in the 
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nucleotide sequence was detected. For the amino acid sequence a similarity of 69.3 % was 

found (Fig. 8.5 and Fig. 8.6 in the appendix). 

After cloning the inserts into the pSMAB plant transformation vector, the plasmids were 

transformed into A. thaliana wild type and RNAi::fdc2 plants via A. tumefaciens-

communicated floral transformation. The seeds were collected after flowering of the 

plants. Afterwards, the seeds were sown on selective plates and the plants that were able to 

grow on these plates, were transferred to soil. After the plants reached a reasonable size, 

RNA was purified and cDNA synthesized to use as template in PCR reactions with primers 

to detect the AtFdC2, the rice FdC2 and AtFd2 as a control. 

In Fig. 3.38A the wild type, RNAi::fdc2 and the transformed plants with a RNAi::fdc2 

background can be seen, whereby the first two plants contain the wild type sequence of the 

OsFdC2 and the last two plants have the CS mutated sequence with a serine instead of a 

cysteine. It is noticeable that the OsFdC2 can recover the phenotype of the RNAi::fdc2 

almost completely. The plants have a green color and leaves have the shape of the wild 

type plants. By contrast, it was determined that the mutated rice protein without a Fe-S 

cluster is not able to recover the phenotype, since the plants are still yellow. Also these 

plants show less siliques than the wild type and RNAi::fdc2 plants. Fig. 3.38B shows the 

same transformants as in A, but the plants have a wild type background. The plants with 

the normal sequence of OsFdC2 look similar to the wild type. In C of the same Figure the 

results of the screening PCRs can be seen. The control PCR with primers for the 

amplification of the gene for AtFd2 displays the same expression level for all plants. In 

case of AtFdC2 is it different. The expression level in the plants with a wild type 

background is higher than in the plants with an RNAi::fdc2 background. The primers for 

the amplification of the introduced OsFdC2 are not completely specific. Nevertheless, 

different expression levels could be detected by PCR. The over-expresser of OsFdC2 

shows increased levels in comparison to the wild type and the RNAi::fdc2. 

These results lead to the conclusion that OsFdC2 can recover from the lack of AtFdC2 in 

plants. Furthermore, it was detected that for recovery the Fe-S cluster plays a very 

important role. Without a cluster, the protein is not able to recover the phenotype (Fig. 

3.38). So it can be concluded that the [2Fe-2] S cluster is essential for the FdC2 protein 

function and moreover the C-terminus is also important as the C-terminus seems to 

stabilize the cluster (Fig. 3.37). 

 



Results   

134 

 

 

Fig. 3.38: Influence of introduced rice FdC2 on plants with a wild type and 

RNAi::fdc2 background. A: RNAi::fdc2 plants, which were transformed with rice 

FdC2 and C137S mutated rice FdC2, in comparison to the wild type and an 

untransformed RNAi::fdc2 plant. B: wt plants, which were transformed with rice FdC2 

and C137S mutated rice FdC2, in comparison to the wild type and an untransformed 

RNAi::fdc2 plant. C: semi qualitative RT-PCR screening results from the different 

transformed plants, wild type and RNAi::fdc2 plant. RNA was isolated from plants, the 

cDNA synthesized and used as a template in semi qualitative RT-PCR using specific 

primers for AtFdC2, OsFdC2 and AtFd2 as a control for equal loading. 
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4. Discussion 

4.1 FdC proteins are not directly involved in photosynthesis 

During linear PET, Fds receive electrons from reduced PS1 and donate them to FNR 

causing the reduction of NADP
+
 to NADPH (ARNON, 1988), which is then used in the 

Calvin cycle. However, Fds are also involved in the cyclic PET that promotes increased 

proton pumping and therefore ATP synthesis under ATP deficiency (MUNEKAGE et al., 

2004; JOLIOT & JOLIOT, 2006). Beside FNR there are multiple other acceptors for the 

electrons arising from PET that play roles in nitrogen/sulfur assimilation and redox 

regulation (KNAFF, 1996; HANKE & MULO, 2012). In non-photosynthetic tissues Fds also 

act as electron donors. Here they accept electrons from NADPH via FNR, in order to 

reduce several Fd dependent enzymes (KNAFF & HIRASAWA, 1991). To make this possible 

the redox potentials of the Fd iso-forms, which were found in non-photosynthetic tissues, 

are more positive in comparison to the iso-forms in leaves (HANKE et al., 2004). The 

oxidative pentose phosphate pathway in these tissues provides the necessary NADPH. 

The two recently identified Fd iso-forms from A. thaliana, which contain a C-terminal 

extension (Fig. 1.3) and therefore were called FdC1 and FdC2 (VOSS et al., 2011), appear 

to have alternative functions in the plant, which have not been described till now. FdC1 is 

conserved from algae and FdC2 from cyonabacteria, which can be seen in the phylogenetic 

tree in Fig. 1.4. Although initial results indicated that FdC1 has a specific function as an 

acceptor at PSI in conditions of acceptor limation (VOSS et al., 2011), the new results 

presented in this thesis did not support a direct role in PET. Furthermore, the results lead to 

the conclusion that FdC1 and FdC2 have novel functions, which are not directly related to 

PET and may not be related to the support of classical Fd-dependent enzymes. Evidence 

for this includes the inability of FdC1 to donate electrons to FNR (Fig. 3.3), the more 

positive redox potential of FdC1 (Fig. 3.5), the lack of any classical Fd-dependent enzymes 

interacting with FdC1 in pull down assays (Tab. 3.2) or in Y2H (Tab. 3.3), the low affinity 

of FdC2 to FNR (Tab. 3.5), the inability of FdC2 to transfer electrons (Fig. 3.21, Fig. 3.22) 

and the lack of any classical Fd-dependent enzymes interacting with FdC2 in Y2H (Tab. 

3.6). In the following chapters the results will be discussed in more detail. 
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4.2 Does FdC1 play a metabolic role in the chloroplast? 

4.2.1 FdC1 is not involved in PET 

FdC1 was characterized as a leaf-type like Fd containing a [2Fe-2S] cluster (Fig. 3.2B), 

which is localized in the chloroplast. The cluster shows a unique blue shift in the spectrum 

(Fig. 3.2B and C) indicating that there are differences in the organization around the cluster 

and its ligands in comparison to well-known Fds. Comparing the g values from EPR, FdC1 

contains a [2Fe-2S] cluster more similar to that of the succinate dehydrogenase from 

B. subtilis than other Fds (VOSS et al., 2011). It was proposed that FdC1 is related to the 

availability of acceptors at PSI and that it might partially substitute for Fd2. This indicates 

that FdC1 might be connected to photosynthesis. However, the results presented in this 

thesis indicate that FdC1 is most likely not involved in PET. On the one hand the in vitro 

measurements of electron transport show that FdC1 can interact with the root and the leaf 

type FNR by accepting electrons from them, even if this happens with a lower affinity than 

for Fd2 (Fig. 3.3C and D). On the other hand measurments also detected no ability to 

support NADP
+
 reduction (Fig. 3.3B). Further it is apperent that FdC1 is lower in the 

hierarchy to receive electrons derived from PET than other Fds, for example Fd2, because 

of lower affinities between PSI and FdC1. The measurements of PET in the RNAi::fdc1 

lines also show no differences in comparison to the wild type measurements (Fig. 3.4). An 

analysis of possible changes in PET enzyme protein levels show that only the second part 

of the photosynthetic electron transport chain seems to be affected in the RNAi::fdc1 lines. 

They show slightly increased protein levels for Cyt f and PsaD, a core subunit of PSI (Fig. 

3.6). This might be a compensation mechanism and a result of the lower affinities of FdC1 

towards PSI, with the plant perceiving the absence of electron donation to FdC1 in the 

RNAi lines and responding by increasing PSI subunit expression. On the other hand the 

redox potential of FdC1 is much more positive than the potential of the other Fd iso-forms 

(Fig. 3.5). The measured redox potential is at -281 mV, and in comparison to this the well-

known leaf type Fds have a more negative potential (section 1.3). For example, the redox 

potential of Fd2 is -428 mM (HANKE et al., 2004; VOSS et al., 2011). This makes electron 

donation to NADP
+
 energetically unfavorable and explains why FdC1 is unable to transfer 

electrons from PSI to NADP
+
, because the redox potential of NADP(H) is around -340 mV 

(HANKE et al., 2004). Taken together this leads to the assumption that FdC1 is most likely 

not directly involved in the photosynthetic electron distribution. 
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4.2.2 FdC1 interacts with proteins involved in sulfate assimilation and fatty acid 

synthesis 

Because RNAi::fdc1 lines did not show a specific photosynthetic phenotype, it was 

important to try and identify new putative functions. FdC1 was found to interact with two 

proteins of the sulfate assimilation pathway in the Y2H screen (Tab. 3.3) and it is therefore 

possible that it might also be involved in this pathway. That classical Fds are linked to one 

step of this pathway is already known (1.3.1; Fig. 4.1). This is the reduction of sulfite to 

sulfide, which is catalyzed by sulfite reductase, which contains an Fe-S cluster and a 

siroheme. Furthermore, sulfite reductase needs Fd to donate six electrons for one 

catalytical turnover (AKETAGAWA & TAMURA, 1980; KRUEGER & SIEGEL, 1982). In this 

work it was found that FdC1 interacts with two other components of the pathway, 

SERAT2;1 and APS3. Both of these putative interaction partners are located in the 

chloroplast (Tab. 3.3) and mediate different steps of the sulfate assimilation (Fig. 4.1). The 

formation of O-acetylserine is catalyzed by SERAT2;1 and the initial step of sulfate 

assimilation, the activation of sulfate to adenosine-5-phosphosulfate, is catalyzed by APS3. 

Only five enzymes are involved in the sulfate assimilation pathway and so the ability of 

FdC1 to interact with two of them enforces the possibility that FdC1 might be involve in 

this assimilatory pathway. Due to the fact that only one clone was detected for each 

putative interacting partner in the Y2H screen, it was important to verify these interactions. 

The expression level analysis showed that there are correlations between the responses of 

SERAT2;1 and FdC1 under S malnutrition conditions, whereas no similarities were found 

for APS3 and FdC1 (Fig. 8.2 in the appendix). However, data for only two S related studies 

were available, meaning there is actually insufficient information available to make a 

significant statement. Further evidence for a link between FdC1 and sulfate assimilation 

was found in the correlation in expression levels of all three proteins at the early stages of 

development (Fig. 3.8). It is known that glutathione, which is a product of the sulfate 

assimilation pathway (Fig. 4.1), is involved in multiple stress responses (reviewed by 

NOCTOR & FOYER, 1998). Therefore similarities between the expression response of FdC1, 

SERAT2;1 and APS3 under stress treatments would give further evidence for the 

involvement of FdC1 in the same pathway. Under cold and heat stress conditions the 

expression levels of all three proteins behave in a similar way (Fig. 8.1 in the appendix), 

which indicates that there may be consistant fine regulation of all three expression levels. It 
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can also be said that the changes in expression levels between APS3 and FdC1 are less 

clear than those between SERAT2;1 and FdC1. 

Y2H analysis usually identifies strong binding between interaction partners, but the 

electron transfer from Fd to other proteins must be relatively weak in order that the 

oxidized Fd is released from the enzyme. To identify such interactions affinity 

chromatography was used (section 3.1.3) and further putative interaction partners were 

detected for FdC1. Surprisingly, only one protein was found to only interact with FdC1 and 

not with Fd2, which was used as a control (Tab. 3.2). This protein is the chloroplastic 

aspartate aminotransferase, which catalyzes the reversible reaction of transamination 

between aspartate and 2-oxoglutarate to generate glutamate and oxaloacetate. Although it 

does not catalyse a redox reaction, this protein is a key player in the metabolic regulation 

of carbon and nitrogen metabolism (MIESAK & CORUZZI, 2002; DE LA TORRE et al., 2007) 

and it has been postulated that the chloroplastic iso-form of aspartate aminotransferase has 

a role in shuttling reducing equivalents (SCHULTZ & CORUZZI, 1995; DE LA TORRE et al., 

2007). COPPER & MEISTER suggested in 1985 that in vertebrates the cytosolic and 

mitochondrial iso-forms of aspartate aminotransferases are involved in the transfer of 

reducing equivalents between mitochondria and cytosol by using the malate/aspartate 

shuttle. For the chloroplastic iso-form the same mechanism is suggested, but there are still 

open questions. Its interaction with FdC1 is therefore significant, because Fds are known to 

act as electron carrier proteins (section 1.3). 

Additional chloroplast redox enzymes were found to interact with FdC1 and with Fd2 

(Tab. 3.2). These include the 3-oxoacyl-[acyl-carrier-protein] reductase, thioredoxin F1 

and peroxiredoxin Q. The first protein in this list is responsible for the first reductive step 

in fatty acid biosynthesis and is thought to use NADPH as a cofactor (HARWOOD, 1988; 

ZHANG et al., 2013). Thioredoxin F1 is a thiol-disulfide oxidoreductase that is involved in 

the redox regulation of enzymes of the reductive pentose phosphate pathway, the Calvin-

Benson cycle, and the oxidative pentose phosphate pathway. It can activate the 

glycealdehyde-3-phosphate dehydrogenase, the phosphoribulokinase and the fructose-1,6-

bisphosphate phosphatase in chloroplasts under light or reducing conditions (MICHELET et 

al., 2005; MARRI et al., 2009). Simultaneously it down regulates the activity of glucose-6-

phosphate dehydrogenase (NÉE et al., 2009). The finding of thioredoxin F1 in affinity 

chromatography with Fd2 could indicate that it is recovered in the complex with the 

Fd:thioredoxin reductase, but the reductase was not recovered from the FdC1 affinity 
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Fig. 4.1: Scheme of plant sulfate assimilation pathway. The intermediates are shown 

in bold and the enzymes are provided in boxes. SO4
2-

: sulfate, APS: adenosine 5’-

phosphosulfate, SO3
2-

: sulfite, S
2-

: sulfide, GSH and GSSG: reduced and oxidized 

glutathione, respectively. 

chromatography, indicating that FdC1:thioredoxin F1 interaction may be direct. 

Peroxiredoxin Q reduces hydrogen peroxide using reducing equivalents, which are 

provided through the thioredoxin system. It is also proposed to be involved in protection of 

the PSII against hydrogen peroxide (BROIN et al., 2002; LAMKEMEYER et al., 2006). The 

direct interaction of peroxiredoxin Q with two different Fds opens up the possibility that it 

could be directly reduced by Fd. It should also be noticed that this approach did not 

recover any well-known Fd-dependend enzymes as interacting partners of FdC1 (Tab. 3.2), 

which again indicates that this protein is most likely not involved in PET and functions in a 

different way to other Fds. 

 

 

 

4.2.3 What function might FdC1 have in interacting with 3-oxoacyl-[acyl-carrier-

protein] reductase? 

There is a well established connection between electron supply by Fd and fatty acid 

synthesis. The stearoyl-ACP Δ9 desaturase, which is involved in fatty acid desaturation, is 

reported as a Fd-dependent enzyme (HASE et al., 2006). Moreover, a specific Fd in 

Chlamydomonas reinhardtii, Fdx5, is upregulated in expression during the Cu deficiency 

response (TERAUCHI et al., 2009; CASTRUITA et al., 2011). CASTRUITA and colleagues 

(2011) hypothesized that Fdx5 was involved in synthesis of specific fatty acids in response 

to Cu deficiency. Interestingly Fdx5 seems to have an extended C-terminus, although it is 

not the direct homologue of FdC1 in Chlamydomonas, which is commonly reffered to as 
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Fdx4. As discussed in the chapter above FdC1 does not interact with the common Fd2 

binding proteins, although interactions with three redox proteins were identified (Tab. 3.2). 

One of these three proteins, the 3-oxoacyl-[acyl-carrier-protein] reductase, is involved in 

fatty acid synthesis (HARWOOD, 1988; ZHANG et al., 2013). This poses the question of 

whether FdC1 could channel electrons into the synthesis of specific fatty acids. Due to its 

lower hierarchy in receiving electrons from PET and poor interaction with most Fd-

dependent enzymes, FdC1 is not expected to feed most Fd-dependent pathways with 

electrons (Fig. 3.3). 3-oxoacyl-[acyl-carrier-protein] reductase has a Rossmann fold (NAGY 

& RIGBY, 1995) and therefore is thought to receive electrons from NADPH, but its 

interaction with both Fd2 and FdC1 indicates that it might also take them from Fds. This 

enzyme is a part of the large complex, called fatty acid synthase, acting as the central 

component (CHAN & VOGEL, 2010) and potentially could either receive electrons directly 

from FdC1 or allow FdC1 to donate electrons to other dehydroganases through tertiary 

interactions. In the future a combined transcript and lipidomics study on the RNAi::fdc1 

plants could be performed under different growth conditions to test whether the expression 

levels of FdC1 changes, as for Fdx5 (CASTRUITA et al., 2011), and whether this impacts on 

fatty acid synthesis. Also a measurement of the electron transfer from FdC1 to the purified 

3-oxoacyl-[acyl-carrier-protein] reductase or the whole fatty acid synthetase complex 

would give more information about the validity of this hypothesis.  

 

4.2.4 Possible physiological role of the interaction between FdC1 and SERAT2;1 

The incorporation of S
2-

 into cysteine in chloroplast sulfate assimilation is catalyzed by 

SERAT2;1 and O-acetylserine thiollyase, which interact to form an enzyme complex, 

known as the cysteine synthase (LEUSTEK & SAITO, 1999). O-acetylserine is an 

energetically activated derivative of serine, composed of serine and acetyl coenzyme A, 

whose production is catalyzed by SERAT2;1 (KREDICH, 1996; HELL et al., 2002).  

Interaction between FdC1 and SERAT2;1 was detected in the Y2H screen (Tab. 3.2), and 

afterwards the interaction was verified in a one-to-one screen (Fig. 3.9). Unfortunately, it 

was not able to verify the interaction with APS3, due to re-transformation problems. This 

verification would be a task for the future and confirmation of the Y2H screen by a second 

approach, such as split YFP is essential to eliminate the possibility of false positive 

interactions.  



 Discussion 

141 

The regulation of S metabolism is poorly understood, and the discovery of an interaction 

with FdC1 opens up the possibility of identifying a new player. 

 

4.2.5 How is sulfate assimilation co-ordinated? 

There is ongoing controversy about the regulation of sulfate assimilation in plants and 

there are still many open questions. Besides the fact that the activities of the enzymes 

involved are regulated, sulfate uptake and transport is dependent on the S nutritional status 

of the plant (BUCHNER et al., 2004). The regulation of this pathway is thought to be a 

balance between negative and positive signals (LEUSTEK & SAITO, 1999). Furthermore it is 

still largely unclear to what extent sulfate itself or other products of sulfate assimilation are 

directly involved in acting as regulatory signals (BUCHNER et al., 2004). One possible 

regulation step is the stability of the cysteine synthase enzymes, which are affected by their 

substrates. While O-acetylserine disrupts the stability of the complex, S
2-

 has a stabilizing 

effect on the complex (BOGDANOVA & HELL, 1997). DROUX and coworkers (1998) 

suggested that O-acetylserine functions as a regulator by regulating the SERAT2;1 activity 

in response to the concentrations of O-acetylserine and S
2-

. This regulation could be useful 

for the plant, because it would enable the co-ordination of the two converging pathways 

needed for synthesis of cysteine (Fig. 4.1). If there is not enough S
2-

, because of low sulfate 

assimilation and reduction, the concentration of O-acetylserine would increase, leading to 

the dissolution of the cysteine synthase complex. If there is too much S
2-

 and a shortage of 

O-acetylserine, the complex is stabilized (LEUSTEK & SAITO, 1999: BERKOWITZ et al., 

2002; WIRTZ & HELL, 2006). O-acetylserine is also thought to act as a signal molecule in 

other ways (KOPRIVOVA et al., 2000; HESSE et al., 2003; HIRAI et al., 2003), but this 

involvement has not been studied in detail (WATANABE et al., 2010). Another possible of 

regulation was postulated involve increases in the steady-state mRNA level of SERAT2;1 

after S starvation (TAKAHASHI et al., 1997; NOJI et al., 1998). A specific microRNA 

(miRNA), miR395, is induced under sulfate deprivation (LIANG et al., 2010). Such 

noncoding, small RNAs post-transcriptionally regulate target mRNAs by cleavage or/and 

translation repression (BRODERSEN et al., 2008; LANET et al., 2009). In case of miR395 

different ATP sulfurylase iso-forms and the sulfate transporter SULTR2;1 are 

posttranscriptionaly degraded (JONES-RHOADES & BARTEL, 2004;KAWASHIMA et al., 

2009). Additionally, feedback inhibition of SERAT by cysteine has been discussed as a 
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regulation mechanism, although only in the case of the cytosolic iso-form of SERAT (NOJI 

et al., 1998). Finally, glutathione is suspected to act as a negative signal or repressor in 

sulfate assimilation (RENNENBERG et al., 1989; LAPPARTIENT & TOURAINE, 1996; LEUSTEK 

& SAITO, 1999). In conclusion, it can be said that the molecular mechanisms associated 

with the regulation of the sulfate assimilation and signaling, are still far from being fully 

understood. Also some of the components involved are not identified or fully 

characterized, so that knowledge about the control mechanism of the S metabolism is only 

just beginning to be understood (TAKAHASHI et al., 2011).  

 

4.2.6 What function might FdC1 have in interacting with SERAT2;1 and APS3? 

An interaction of FdC1 was detected with both SERAT2;1 and APS3 enzymes of sulfate 

assimilation in the Y2H screen (Tab. 3.3). None of these enzymes have a need of electrons 

for catalysis (Fig. 4.1) and therefore the interaction with FdC1 might be regulatory. As 

discussed in the earlier chapter, there are several proposed ways for regulating sulfate 

assimilation, involving both negative and positive regulation, but also many open and 

poorly understood questions. Therefore the potential of a regulation via FdC1 is an 

interesting new observation. The data in this thesis suggest that in cases of sulfate limiting 

or starving conditions changes in the interaction of FdC1:SERAT2;1 and FdC1:APS3 

could down regulate metabolism leading to slower growth rates. It was seen that some 

lines of RNAi::fdc1 plants grow to larger size than wild type under low sulfate conditions 

(Fig. 3.10, Fig. 3.11). As an [2Fe-2S] cluster containing enzyme, FdC1 could potentially 

regulate the SERAT2;1 and APS3 enzymes by interaction, depending on the redox state of 

the cluster, or possibly even the presence or absence of the cluster. The [2Fe-2S] cluster of 

FdC1 was found to be less stable than that from other Fds (section 2.3.1.7) and so this 

might be a possibility. In fact cluster-dependent regulation has been demonstrated for other 

Fe-S proteins. HAILE and coworkers (1992) have shown that the transition from a bound 

[Fe-S] cluster in aconitase to its apo-form causes the binding and regulation of mRNA 

translation. Fds itself have been shown to bind RNA (HANKE et al., 2008) and regulate 

specifically photosynthetic transcripts (KOLTON et al., 2011). In order to test this 

hypothesis in more detail, recombinant SERAT2;1 and APS3 should be purified and 

enzyme assays should be performed to test whether the interaction with FdC1 has an 

impact on enzyme activity or reciprocally whether the enzyme activity has an effect on the 
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interaction with FdC1. For this approach enzyme assays can be measured with and without 

recombinant FdC1. It is also necessary to examine whether the [2Fe-2S] cluster is 

important for this interaction/function, which could be achieved by site directed 

mutagenesis to replace cluster co-ordinating cysteines. Furthermore, chloroplast enzyme 

levels should be compared between wild type and the RNAi::fdc1 lines under high und low 

sulfate conditions, to find evidence of differential transduction of the low sulfate signal. 

 

4.3 Does FdC2 play a role in the chloroplast? 

4.3.1 FdC2 is not involved in PET 

Due to the phenotype of the RNAi::fdc2 lines, which exhibit a chloritic color (Fig. 3.13, 

Fig. 3.14), these plants were tested to see whether photosynthesis is affected. As can be 

seen in Fig. 3.19, no dramatic changes were found between wild type and RNAi::fdc2 

plants during measurements on their photosynthetic capacities. However, some hints were 

found for a more oxidized state of the PQ pool during light induction in the wild type, 

indicated by the increased qP data in comparison to the RNAi::fdc2 lines (Fig. 3.19B). For 

these lines an increased NPQ was also detected at the beginning of the kinetic 

measurement (Fig. 3.19C), which leads to the suggestion that some PSII related processes 

might be down regulated due to perceived stress. Increased NPQ was reported to be a sign 

of stress (AZZABI et al., 2012; LAMBREV et al., 2012). The most convincing evidence that 

FdC2 is not involved in photosynthetic activity is provided by measurments of electron 

transport from NADPH to Fd via FNR, in Fig. 3.21 and the calculated data in Tab. 3.5. In 

this experiment PetF, as a well-known photosynthetic Fd, clearly has a much higher 

affinity for FNR than FdC2. FdC2 shows a very low activity, therefore it can be assumed 

that there is no efficient transport of electrons from FNR to Fd. This lack of ability to 

accept electrons from FNR is unique among plant type Fds so far studied. Although Fds 

are known as electron carrier proteins (ARNON, 1988) it also raises the question of whether 

FdC2 is actually a redox active protein. Further tests also demonstrated that FdC2 is an 

extremely poor electron acceptor from PSI (Fig. 3.22) and taken together this leads to the 

conclusion that FdC2 is not able to function in the photosynthetic electron distribution. 

Due to the lack of structural information of FdC2 the reason for the inability of electron 

donation can only be speculated. It may be due to an unfavorable redox potential, as was 

demonstrated for the inabilility of FdC1 to photoreduce NADP
+
 (Fig. 3.5; VOSS et al., 
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2011). A further reason for the inability to accept electrons from PSI could be the unique 

C-terminus extension of FdC2, which might interfere with the PSI interaction of this 

protein, because the C-terminus is important for interaction with PSI (LELONG et al., 1994; 

PANDINI et al., 1999; JORDAN et al., 2001; PIZZITUTTI et al., 2003; GOU et al., 2006). 

 

4.3.2 FdC2 is a chloroplast protein 

Homology to cyanobacterial proteins (Fig. 1.4) and the fact that FdC2 genes from higher 

plants contains N-terminal sequences, which are predicted to act as a transit peptide, leads 

to the suggestion that FdC2 should be a chloroplast protein. For the confirmation of this 

hypothesis, FdC2-GFP fusion protein vectors were constructed and used for the 

transformation of Arabidopsis wild type protoplasts. In Fig. 3.25 it can be seen that the 

fusion protein is clearly co-localized with the chlorophyll autofluorescence when analyzed 

under the microscope, although a total overlap with this autofluorescence was not detected 

indicating that FdC2 is not co-localized with chlorophyll at the thylakoid. The controls in 

Fig. 3.24 support the strong evidence that FdC2 has a chloroplast location. The distribution 

of FdC2 within the chloroplast is not as ubiquitous as the distribution of the control with 

FNR (Fig. 3.24A). FdC2 seems to be focused in small spots in the chloroplast and suggests 

that there is a specific organizational level of FdC2. Furthermore it was detected that the 

GFP signal changed over the time interval following transformation. In the beginning of 

the analysis the GFP-FdC2 signal seemed to be located in the cytosol (Fig. 3.26B), similar 

to the signal of GFP-GrxS17 (Fig. 3.24B), but over time the signal changed and was found 

in the chloroplast (Fig. 3.26B and C). This change suggests that the protein is translated 

from cytosolic ribosomes and is folded into the fluorescent form in the cytoplasm. During 

the translocation into the chloroplast by protein import apparatus FdC2 is likely to be 

unfolded again (GUÉRA et al., 1993). Because of the differences between the stromal and 

cytosolic pH (the stromal pH is slightly more basic), chaperones may be necessary for the 

process of refolding of FdC2 in the different environment. One of the putative interacting 

partners of FdC2, which was identified by the Y2H screen, is the CPN10 (Tab. 3.6). The 

possible need for a chaperonin in the process of refolding increases the suspicion of an 

interaction between these two proteins. Interestingly, the GFP-FdC2 signal in the cytosol 

disappears after some time. Under the control of the strong 35S promoter it would be 

expected that a continuous translation of FdC2 in the cytosol takes place with following 
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transport into the chloroplast. An explanation could be that the chloroplast import 

machinery is ATP-dependent (KEENGSTRA & CLINE, 1999) and the transformed protoplasts 

were kept in the dark before examination under the microscope. The incubation in the dark 

over-night following protoplast translation might inhibit translocation of FdC2 into the 

chloroplast until enough ATP is available from photosynthetic activity and so the protein 

would accumulate in the cytosol. After the incubation, protoplasts are exposed to weak 

light and FdC2 could be imported into the chloroplast causing the cytosolic concentration 

of FdC2 to drop under a detectable level. A further detection in these experiments was that 

FdC2 does not show a ubiquitous distribution in the chloroplast, but forms small dots 

within the chloroplast (Fig. 3.26C). In three dimensional observations via Z-stack and a 

higher resolution (Fig. 3.28) it was possible to see that the GFP-FdC2 signal is located in 

defined spots between the thylakoid membranes and the envelope membrane without 

showing a regular distribution of the spots. A similar distribution was found for the signal 

of GFP-PAA1 (ABDEL-GHANY et al., 2005a), which was identified several times in Y2H 

(Tab. 3.6) and using split YFP (Fig. 3.32) as a FdC2 interaction partner, clear spots where 

also found in the chloroplast. 

 

4.3.2.1 FdC2 is not co-located with cpDNA 

Due to the fact that more than one spot was always identified for the GFP-FdC2 signal and 

a similar distribution has also been reported for cpDNA, which is located in the stroma in 

differentiated areas (JAMES & JOPE, 1978), it was initialy hypothesized that FdC2 could be 

playing a role in gene expression or protein translation within the chloroplast, which would 

be consistent with the severe phenotype seen in the RNAi plants (Fig. 3.14). It was 

therefore tested whether the observed foci of the GFP-FdC2 signal overlap with the 

cpDNA, which can be stained and visualized with Hoechst 33258. Some components of 

the photosystems, the cytochrome b6f complex and the ATP synthase, are among proteins 

encoded by the cpDNA (SUGIURA, 1989). Each chloroplast has several nucleoli, which 

could change in number, size and distribution during the chloroplastidial development 

(KUROIWA et al., 1981). Also some similarities in the signal of GFP-FdC2 were found to 

the DAPI stained chloroplast nucleoli from JAMES & JOPE (1978). Nevertheless, the results 

from the staining in Fig. 3.30 show that in most cases no overlapping of the FdC2 and 

cpDNA signals can be detected. This suggests that it is unlikely that FdC2 and cpDNA are 
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co-located and that the punctate distribution of FdC2 does not reflect a nucleoid location. 

Interestingly, BREUERS and colleges (2012) investigated fluorescent labeling of chloroplast 

inner envelope proteins and found tubular structures. This distribution is similar to that 

seen in some images of GFP-FdC2 suggesting FdC2 may be an inner envelope membrane 

protein. This fact could explain the results from Fig. 3.29, where in some chloroplasts 

FdC2 accumulaties in small dots were still visible, while in others lines appear. It may be 

that the distribution in the form of lines develops out of dots as an artifact due to over-

accumulation of an inner membrane protein. This is supported by proteomics work collated 

in an online database (http://www.grenoble.prabi.fr/at_chloro/), where FdC2 is found 

61.5 % located to the chloroplast inner envelope, while all other Fds are strictly stromal 

(e.g. FdC1, 100 % stromal). 

The over-expression of FdC2 by the 35S promoter presumably causes the observed effects 

and does not reflect the natural conduct of FdC2. The experiments could be repeated with a 

GFP-FdC2 construct under the control of the native promoter to resolve this, although 

FdC2 is not an abundantly expressed protein and fluorescence levels would be low. 

 

4.3.3 FdC2 interacts with proteins involved in Cu transport, protein folding, redox 

homeostasis and development 

In this thesis specific attention was paid to identify the function of FdC2. As a first step, a 

Y2H screen was performed in order to find interaction partners. The list of the identified 

putative partners is displayed in Tab. 3.6. The thioredoxin-like protein Clot and the 

thioredoxin family protein were found to be putative interacting proteins from FdC2. It can 

be assumed that they are similar redox regulatory proteins to known thioredoxins 

(GELHAYE et al., 2005), which are involved in the redox regulatory system within the 

chloroplast (section 1.3.1). A connection between FdC2 and these two proteins might give 

a hint for the involvement of FdC2 in photosynthetic signaling, but both these proteins 

have only a weak prediction for the localization in chloroplasts (Tab. 3.6). Although four 

clones were identified for Clot, a functional interaction with FdC2 is very unlikely in vivo, 

because of the presumed location in different compartments. In case of the CPN10 there is 

a strong suggestion for the localization in the chloroplast (HILL & HEMMINGSEN, 2001). 

Chaperonins are involved in the correct folding of immature proteins in an ATP dependent 

manner and ensure their correct folding in environments when the confirmation is easily 

http://www.grenoble.prabi.fr/at_chloro/
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disturbed, such the antioxidative stress response to light stress in Arabidopsis (WANG et al., 

2004). A further interaction partner identified is the ATP dependent Cu transporter PAA1, 

which is located in the inner membrane of the chloroplast envelope (SHIKANAI et al., 

2003). For photosynthesis, the delivery of Cu to the chloroplast is essential because it is 

needed as a cofactor of PC (sections 1.1.1 and 4.3.4). A high number of clones (16) was 

found for the interaction between FdC2 and PAA1 (Tab. 3.6). Furthermore FdC2 was 

found to be localized in the membrane fraction of isolated chloroplasts (Fig. 3.23A), which 

is very unusual for Fds. Until now it was thought that all plant-type Fds are soluble 

(HANKE & MULO, 2012). FdC2 does not contain any membrane spanning domains and is 

not particularly hydrophobic, and so this interaction would explain the unusual location of 

FdC2. 

LBD41, which is associated with developmental regulation, was also found to interact with 

FdC2 (Tab. 3.6). This member of the LOB-proteins is suggested to be involved in the 

boundary establishment, or communication between meristem and initiation of lateral 

organs (SHUAI et al., 2002). It was also revealed that it functions in the regulation of 

adaxial-abaxial polarity in lateral organs (LIN et al., 2003). Although, the localization of 

this protein is unkown at this point, it is predicted to be very likely localized in the 

chloroplast (Tab. 3.6) and this interaction will be worth investigating in the future. 

Further evidence for the interaction between CPN10 and PAA1 with FdC2 can be seen in 

the expression patterns over development, indicating that they are functional at the same 

development stages (Fig. 3.31). The expression responses of PAA1 are nearly identical to 

those of FdC2 under several conditions (Fig. 8.4A in the appendix). In the case of low 

temperatures, enzymatic processes are downregulated in contrast to the flow of electrons, 

which can cause an excess of electrons in the cell. This means that fine regulation of 

photosynthetic electron flow is needed to avoid oxidative damage (STITT & HURRY, 2002). 

Therefore the correlations in the expression levels between PAA1 and FdC2 support the 

assumption that FdC2 is indirectly linked to photosynthesis through involvement in Cu 

import to the chloroplast. In the event that proteins are related to photosynthesis it is 

expected that they would be regulated in a light dependent manner. The analysis revealed 

that there are some correlations under changing light conditions in the expression levels of 

FdC2 and the putative interacting proteins (Fig. 8.4D in the appendix). Surprisingly, the 

expression levels of CPN10 showed remarkable similarities to those of FdC2 under light 

stress conditions (Fig. 8.4D in the appendix) and co-regulation in these circumstances 



Discussion   

148 

might be consistens with the proteins acting together in Cu import to supply cofactors for 

the Cu/ZnSOD, which removes ROS in conditions of ligh stress. 

 

4.3.4 Possible physiological role for the interaction between FdC2 and PAA1 

Originally PAA1, a member of the metal transporting P-type ATPase family, was detected 

by sequence similarities to the cyanobacterial PacS (TABATA et al., 1997) and therefore 

was suspected to be involved in the Cu delivery to chloroplasts. PAA1 is proposed to be 

localized in the inner envelope membrane of plastids and transports Cu across the plastid 

envelope (SHIKANAI et al., 2003; CATTY et al., 2011), because free Cu is a dangerous 

source of free radicals, PAA1 may donate Cu to a stromal metallochaperone for 

Cu/ZnSOD (SHIKANAI et al., 2003) or the CCS (ABDEL-GHANY et al., 2005b; TAPKEN et 

al., 2012). To reach the PC, which is requiring Cu as a cofactor, Cu must be transported 

also across the thylakoid membrane. A second Cu transporter was localized in the 

thylakoid membrane and named PAA2 (SHIKANAI et al., 2003; ABDEL-GHANY et al., 

2005a). SHIKANAI and colleges (2003) consider PAA1 in Arabidopsis to be the functional 

homolog of the cyanobacterial CtaA (section 4.3.4.1). Although research on both proteins 

produced clear data that PAA1 and PAA2 function in different membranes in the 

chloroplast, it cannot be excluded that a minor fraction of PAA1 could also be active in the 

thylakoid and a minor fraction of PAA2 in the envelope membrane (ABDEL-GHANY et al., 

2005a).  

The first evidence for an interaction between FdC2 and PAA1 was found in the Y2H 

screen (Tab. 3.6). Afterwards, the split YFP method was used to verify this protein-protein 

interaction. In this experiment a signal for the reconstituted YFP could be detected (Fig. 

3.32C and D). In this experimental approach two different cloning combinations were 

used. In the first combination a slightly defuse signal could be detected, whereas in the 

second combination clear spots outside the area of the thylakoid membrane were seen, 

indicating that the interaction of PAA1 and FdC2 is not a Y2H artifact. Since PAA1 is a 

Cu transporter, the impact of the lack of FdC2 on the Cu response of the RNAi::fdc2 plants 

was investigated. When Cu containing proteins were investigated by western blotting, no 

effect of the variable Cu availability was detected on protein levels of PC, but an increase 

was seen in the Cu/ZnSOD protein level in the RNAi plants under 5 µM CuSO4 growth 

conditions (Fig. 3.35). In comparison with similar experiments on paa1 mutants in the 
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literature, correlations could be found with RNAi::fdc2 plants. The paa1 mutants also show 

an increased Cu/ZnSOD content, even though they have a reduced activity for this enzyme, 

indicating that they accumulate only the non-functional apo-protein lacking the Cu 

cofactor (SHIKANAI et al., 2003). No conclusions can be made about the activity of 

Cu/ZnSOD in the RNAi::fdc2 plants, but it seems likely that this might also be the case. 

The growth of the wild type and RNAi::fdc2 plants on different Cu media was compared 

(Fig. 3.33, Fig. 3.34), but in these experiments no significant difference in growth could be 

detected. However, the RNAi::fdc2 plants show the symptoms of Cu deficiency, which are 

described and discussed later in the section 4.3.4.1.1. In summary, it can be said that the 

phenotype of the RNAi::fdc2 plants is similar to the phenotype of the paa1 mutants, which 

are suggested to have a defect in PET, too. SHIKANAI and colleagues (2003) showed that 

electron transport is limited between PSII and PSI, possibly at PQ, cyt b6f complex or PC. 

By contrast, in case of RNAi::fdc2 plants the only PET disturbance measured was a more 

oxidiced PQ (Fig. 3.19B) and greater understanding of disturbances in PET in the different 

plant types, further research is needed. Another similarity between RNAi::fdc2 and paa1 

plants is the reduced chlorophyll content (Fig. 3.13C), which is hypothesized to be a 

secondary effect of Cu deficiency in the chloroplast. SHIKANAI and coworkers (2003) 

postulated that the impaired activity of the Cu/ZnSOD leads to a bleaching of the 

chlorophyll. In order to further test the hypothesis that FdC2 is involved in Cu transport, it 

will be important to measure the Cu content in the RNAi::fdc2 plants, to test if the 

chloroplast Cu content is different in comparison to the wild type. If the chloroplast Cu 

content is decreased it would indicate that the plants only form the non-function apo-form 

of Cu containing proteins like PC and Cu/ZnSOD.  

 

4.3.4.1 How are Fe and Cu assimilation co-ordinated? 

Early in evolution, Fe was freely bio-available due to the anoxic biosphere, and most likely 

played roles as a cofactor of proteins conducting catalysis and redox reactions, which are 

currently filled by Cu containing enzymes (BURKHEAD et al., 2009; RAVET & PILON, 

2013). Cu only becomes more freely available to living cells in exploitable amounts after 

the arrival of cyanobacteria and dioxygen-generating photosynthesis (HARRISON & HOARE, 

1980; CHAPMAN & SCHOPF, 1983; RAVET & PILON, 2013). In these organisms the Cu is 

transported by two P-type ATPases. One of these, the CtaA, is found in the plasma 
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membrane (PHUNG et al., 1994) while the other, PacS was detected in the thylakoid 

membrane (KANAMURA et al., 1994; TOTTEY et al., 2001). In the transition from a reducing 

to an oxidizing atmosphere, Cu was released from insoluble sulfide salts to the soluble 

Cu
2+

 form, while simultaneously Fe became less available due to the formation of 

insoluble Fe oxides (CHAPMAN & SCHOPF, 1983). Probably, cells in this early oxidizing 

atmosphere initially required Cu detoxification systems. These systems might have been 

similar to the machinery that is still used by present-day bacteria like Enterococcus hirae 

(BURKHEAD et al., 2009). This organism needs the cop operon for Cu tolerance under high 

Cu concentrations (MAGNANI & SOLIOZ, 2007). Many of the key components, which play a 

role in Cu homeostasis, are conserved in mammals as well in higher plants and serve to 

deliver Cu to specific targets (BURKHEAD et al., 2009). Due to its ability to cycle between 

oxidized Cu
2+

 and reduced Cu
+
 states, Cu is often used in enzymes and electron carrier 

proteins (LIPPARD & BERG, 1994). The most abundant Cu protein in plants is PC, which 

transfers electrons from the cytochrome b6f complex to PSI (PALMER & GUERINOT, 2009; 

RAVET & PILON, 2013). Because Cu availability is variable in aquatic environments, 

cyanobacterial and algae have a backup system in case of low Cu availability. The green 

algae Chlamydomonas can replace PC functionally with a cytochrome c6, which uses Fe 

contained in haem as a cofactor, if the Cu levels are too low and this deficiency induces 

proteolysis of PC (LI & MERCHANT, 1995). However, there is no evidence for such a 

backup system in higher plants (RAVET & PILON, 2013). A further, large Cu sink in the 

chloroplast is the Cu/ZnSOD and Cu availability controls the expression of the two 

Cu/ZnSOD genes (KUREPA et al., 1997; WINTZ et al., 2003; COHU & PILON, 2007). This 

enzyme is required for the dismutation of superoxide radicals into H2O2 (ASADA, 1999). 

The Cu/ZnSOD genes are downregulated if Cu concentration is deficient (ABDEL-GHANY 

et al., 2005a). In addition to these SODs FeSOD can also be found in the stroma of the 

chloroplast. Under low Cu levels the expression of Cu/ZnSOD is downregulated and Cu 

can be preferentially targeted to the PC in the thylakoid lumen as FeSOD takes over the 

function of Cu/ZnSOD (BURKHEAD et al., 2009). In cases of higher Cu levels the 

expression of FeSOD is downregulated, to reserve Fe for other uses, and the expression of 

Cu/ZnSOD becomes active again (ABDEL-GHANY et al., 2005a and 2005b; COHU & PILON, 

2007; DEL POZO et al., 2010). A reciprocal trend in the leaf concentration of Cu and Fe, 

based on Cu availability has been reported, suggest that Fe translocation to the leaf tissue is 

increased under Cu limitating conditions, possibly for the compensation of Cu deficiency 
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(COHU & PILON, 2007). The expression of proteins, which are involved in Fe uptake and 

shoot translocation were found to be increased under Cu limitation (ROMERA et al., 2003; 

ZHENG et al., 2005; MUKHERJEE et al., 2006). BURKHEAD and colleagues (2009) postulated 

that the prioritized delivery of Cu to essential Cu proteins, such as PC, under Cu deficiency 

by downregulation of nonessential Cu dependent proteins is an essential part of the Cu 

homeostasis mechanism, to allow plants to adjust to a broad range of Cu supply. However, 

there are still a lot of opened questions in this field. For example, there is nothing known 

about the coordination between Fe and Cu assimilation. In this aspect the interaction of a 

Fe-S containing protein, FdC2, with PAA1 opens up the possibility of some redox 

dependent co-ordination of Fe and Cu metabolism involving FdC2. 

 

4.3.4.1.1 Symptoms of Cu deficiency and toxic excess 

When plants grow under Cu deficiency they show decreased growth rate. In addition, 

leaves develop a chlorotic phenotype and curled margins, and damage to the apical 

meristem and a decreased fruit formation has also been reported (for more information see 

reviews: MARSCHNER, 1995; EPSTEIN & BLOOM, 2005; COHU & PILON, 2007). In the case 

of excess Cu concentrations in the soil or the growth media, plants tend to decrease root 

growth rather than shoot growth, due to the preferred accumulation of Cu in the roots 

(ALAOUI-SOSSÉ et al., 2004; NAVARI-IZZO et al., 2006). The thylakoid membrane in the 

chloroplast, especially PSII, is a primary target in events of Cu toxicity (YRUELA et al., 

1996; BERNAL et al., 2004). If Arabidopsis is grown on agar medium with a Cu 

concentration below 0.05 µM a deficient phenotype occurs (ABDEL-GHANY et al., 2005a; 

COHU & PILON, 2007). Cu toxicity occurs at concentrations above 20 µM in the media 

(MURPHY & TAIZ, 1995). The usual growth medium for Arabidopsis the MS medium 

contains 0.1 µM Cu (MURASHIGE & SKOOG, 1962) and is slightly deficient for the plants 

(BURKHEAD et al., 2009). In the growth experiments in this thesis (Fig. 3.33, Fig. 3.34), it 

was detected that the RNAi::fdc2 plants show a smaller size and weight in comparison to 

the wild type plants, even on media with Cu concentrations that are not deficient (0.5 and 

5 µM). The phenotype of the RNAi::fdc2 plants shows a decreased growth rate relative to 

the wild type on media with very low concentrations and with concentration in the normal 

range. This leads to the assumption that the plants have a general problem within the Cu 

homeostatis, which is clearly shown in Fig. 3.13A and Fig. 3.14, by the reduced growth 
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size of these plants. Surprisingly, all plants in this study could also grow on media without 

any Cu inside. This could be because the Cu contained in the seed is enough to support 

initial growth on the plates until the growth stage at which the plants were measured. It 

was also reported that Cu plays a role in thylakoid grana stacking (BERNAL et al., 2006). 

These authors report that under higher Cu concentrations the chloroplasts shows more 

thylakoid stacking than the control, and suggest that this is because the chloroplasts of the 

Cu treated plants contain more dimeric PSII complexes. In our case it was found that the 

chloroplasts exhibited less grana stacking under normal Cu concentrations. This would 

leads to the explanation that they contain more monomeric PSII, and could indicate 

decreased Cu concentrations in the chloroplast of RNAi::fdc2 plants. 

 

4.3.4.2 How is Cu reduced for the import to the chloroplast? 

Very little is known about the Cu transport into and within cells in plants, even though 

several families of heavy metal transporters have been described in recent years 

(HIMELBLAU & AMASINO, 2000; SHIKANAI et al., 2003; SEIGNEURIN-BERNY et al., 2005). 

Until now it is not known in which oxidation state Cu is transported in the xylem, although 

chelators are thought to be involved in this long distance transport. There is an assumption 

that the P-type ATPase subgroup to which PAA1 belongs transport Cu as Cu
+
 (BURKHEAD 

et al., 2009; CATTY et al., 2011). Due to the specificity for monovalent or divalent cations 

of the different subgroups of transporter, the apparent redundancy between HMA1 and 

PAA1, which are both found in the envelope membrane of the chloroplast, could hide 

specific roles in the transport of Cu in different redox states (SEIGNEURIN-BERNY et al., 

2006). Because PAA1 donates Cu to CCS, which then interacts with the Cu/ZnSOD, and 

PAA2, it is thought to be the major Cu transport system into the chloroplast, and to provide 

the photosynthesis with Cu for cofactors (SEIGNEURIN-BERNY et al., 2006). A further 

problem for the transport of the ions across different membranes and into different 

compartments is in differences in the pH. For example the pH in the stroma is higher than 

in the cytosol and this electrochemical gradient over the thylakoid membrane would not 

favor the transport of Cu ions across the membrane (ABDEL-GHANY et al., 2005a). The 

usual redox state of Cu is Cu
2+

 and therefore it is assumed that is must be reduced to Cu
+
 

before the transport by PAA1 into the chloroplast. The mechanism for this reduction in 
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unknown and so it is significant that an electron transfer protein, such as FdC2, is able to 

interact with PAA1 was identified. 

 

4.3.4.3 What function might FdC2 have in interacting with PAA1? 

On the one hand FdC2 could act in a mechanistic way to regulate PAA1. It is likely that 

there is a need for electrons from inside the chloroplast to reduce Cu, which appears on the 

outside and has to be reduced before it can be transported into the chloroplast via PAA1. 

This would be analogous to the system by which FRO7 reduces Fe for transport into the 

chloroplast (JEONG et al., 2008). Due to the fact that FdC2 is conserved from the 

cyanobacteria (Fig. 1.4) it could be a part of an ancient pathway to support this reduction. 

In future work, the Cu content in chloroplasts should be measured to see if there are 

differences in Cu contents between the RNAi::fdc2 and wild type plants. The next task 

would also be to identify what is reducing FdC2 at the envelope membrane of the 

chloroplast. This is probably not FNR, because it was not identified in the Y2H as an 

interacting partner (Tab. 3.6) and FdC2 shows no affinity against FNR and very low ability 

to accept electrons from FNR and PSI (Tab. 3.5, Fig. 3.21, Fig. 3.22). There remain also 

big questions in this proposed role for FdC2 reducing Cu
2+

 outside the chloroplast: How 

would the electrons then cross the membrane? Are they released from FdC2 and guided 

through PAA1 to the outside the chloroplast? Or is there another transfer mechanism? 

An alternative for FdC2 might be a signaling role in Cu homeostasis. It is possible that 

FdC2 binds PAA1 and is released afterwards as a signal to chloroplast gene transcription 

or translation. Most regulation of Cu homeostasis that has been identified takes place in the 

nucleus or cytosol. For example, there are Cu-microRNAs, which are active under low Cu 

conditions and downregulate nonessential Cu-containing proteins by controlling their 

translation (reviewed in BURKHEAD et al., 2009). The direct regulation of Cu enzyme gene 

transcription by FdC2 is unlikely, because most known proteins, including Cu/ZnSOD and 

PC, are nuclear encoded genes. A further alternative is that FdC2 is a component in 

transducing the Fe status of the chloroplast to the nucleus. In Fe homeostasis, the 

mammalian IRPs perform an analogous function and are the principal regulators of the 

cellular Fe homeostasis. They bind to Fe-responsive elements of mRNAs, which encode 

proteins involved in Fe uptake, for example the mitochondrial aconitase, and in this way 

control the translation of these proteins (KHAN et al., 2009; ANDERSON et al., 2012). FdC2 
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might also regulate the activity of PAA1 and therefore Cu import into the chloroplast. This 

could be part of a machinery to balance Fe and Cu homeostasis in the chloroplast, which is 

known to be very well-co-ordinated (section 4.3.4.1), although the mechanism is unknown. 

An imbalance of this could lead to the massive production of ROS, resulting in unbalanced 

PET components, such as the Cu containing PC and the Fe containig PSI, cyt b6f complex 

and Fd. 

To test the hypothesis that FdC2 regulates PAA1 it would be good to analyze paa1/fdc2 

double knock out mutants. If these plants have identical phenotype to the paa1 mutants 

(SHIKANAI et al., 2003; ABDEL-GHANY et al., 2005a) then it would indicate that both 

proteins are involved in the same pathway and that PAA1 is regulated by FdC2. If these 

plants show a very severe phenotype it would indicate that by contrast FdC2 has another 

role in the chloroplasts, such as transducing a signal from PAA1 to Fe homeostasis. 

 

4.3.5 The C-terminus of FdC2 is important for its function 

FdCs differ from other well studied Fds in their highly conserved C-terminus extension 

(Fig. 1.3) and this extension is therefore assumed to be important to the function of the 

protein. Primarily, it is noticeable that a truncation of the C-terminus prevents the protein 

from folding and/or assembly its Fe-S cluster (Fig. 3.37). This indicates that the extension 

of FdC2 plays an important role in the structure of the protein. It is also shown in this 

thesis that not only the C-terminus is important for the stability or structure of FdC2, but 

also the [2Fe-2S] cluster. In complementation studies only a cluster-containing FdC2 could 

recover the phenotype of the RNAi::fdc2 plants (Fig. 3.38). It can therefore be summarized 

that both the [2Fe-2S] cluster and the C-terminus are needed for the functionality and 

stability of the protein. 
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5. Abstract 

In higher plants, [2Fe-2S] cluster containing fererdoxins (Fds) are the unique electron 

acceptors from photosystem I (PSI). Fds are small, soluble proteins and distribute these 

electrons to many enzymes, which act in different metabolic and signaling pathways. In 

addition to four well studied Fds, Arabidopsis possess genes for two significantly different, 

as yet uncharacterized Fds, with extended C-terminals, which are therefore called FdCs. 

For normal Fds, this C-terminus is critical for interaction with the C, D and E subunits of 

PSI during photosynthetic electron transport (PET). FdC1 and FdC2 are highly conserved 

from algae and cyanobacteria respectively to higher plants. This leads to the suggestion 

that they fulfill a conserved function, which is so far unknown. 

The results presented in this thesis show that FdC1 is a chloroplast located protein with a 

[2Fe-2S] cluster showing a blue shift in the electron paramagnetic resonance (EPR) 

spectrum in comparison to the well-known Fds. The EPR g values of FdC1 point to high 

similarity with the organization of the succinate dehydrogenase [2Fe-2S] cluster than that 

of classical Fd clusters. Furthermore it was established that FdC1 is unlikely to be involved 

in PET, due to its inability to photoreduce NADP
+
, because of a more positive redox 

potential in comparison to the well-studied Fds. In several interaction studies no previously 

described Fd-dependent enzymes could be found. By contrast FdC1 was found to interact 

with two of five enzymes of sulfate assimilation, serine O-acetyltransferase 2;1 

(SERAT2;1) and 3‘-phosphoadenosine 5‘-phosphosulfate synthase (APS3), and it is 

proposed that FdC1 might have a regulatory function in sulfur assimilation through its 

interaction with these two proteins. Furthermore, several redox enzymes were found to 

interact with FdC1. One of these enzymes is the 3-oxoacyl-[acyl-carrier-protein] reductase, 

which is part of the fatty acid synthase complex. This interaction opens up the question, 

whether FdC1 might be able to channel electrons into the synthesis of specific fatty acids. 

In case of FdC2 the results have also proven that it is a chloroplast located protein 

containing a [2Fe-2S] cluster. FdC2 was detected in defined foci in the chloroplast, and our 

data suggests that in is both soluble and localized at the chloroplast envelope membrane. 

FdC2 is also very unlikely to be involved in PET, because it was found to be unable to 

receive electrons from PSI or FNR. Furthermore it is proposed that FdC2 has an alternative 

function in copper (Cu) import into the chloroplast through interaction with a Cu 

transporting ATPase, PAA1. This interaction was confirmed by several methods, although 
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its functional significance is not yet completely understood. One possibility is that FdC2 

regulates PAA1 or supports the reduction of Cu
2+

 to Cu
+
, before import into the chloroplast 

is possible. 
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6. Zusammenfassung 

In höheren Pflanzen besitzen Ferredoxine (Fd), die ein [2Fe-2S]-Zentrum enthalten, eine 

wichtige Funktion als Elektronenakzeptoren am Photosystem I (PSI). Fds sind kleine, 

lösliche Proteine, die diese Elektronen dann in verschiedene Stoffwechsel- und Signalwege 

weiterleiten. Zusätzlich zu den vier gut untersuchten Fd-Genen sind in Arabidopsis zwei 

weitere, signifikant davon abweichende und bis jetzt nicht untersuchte Fd-Gene zu finden. 

Deren Genprodukte weisen einen verlängerten C-Terminus auf und werden aus diesem 

Grund FdCs genannt. Im Fall der gut untersuchten Fds spielt der C-Terminus eine kritische 

Rolle für die Interaktion mit den Untereinheiten C, D und E des PSI im photosynthetischen 

Elektronentransport (PET). FdC1 und FdC2 sind hoch konserviert von Cyanobakterien 

bzw. Algen bis hin zu höheren Pflanzen. Dies lässt darauf schließen, dass beide Proteine 

ebenfalls eine essentielle Funktion innehaben, die jedoch noch nicht bekannt ist. Die 

vorliegende Arbeit soll dazu beitragen, diese Funktion zu entschlüsseln. 

Die Ergebnisse, die in dieser Arbeit präsentiert werden, zeigen, dass FdC1 in den 

Chloroplasten lokalisiert ist und ein [2Fe-2S]-Zentrum enthält, das im Spektrum der 

Elektronenspinresonanz (ESP) im Vergleich zu den bekannten Fds eine Verschiebung in 

den blauen Bereich aufweist. Die ESP g-Werte deuten darauf hin, dass das Zentrum mehr 

Ähnlichkeiten mit der Organisation des Zentrums der Succinat-Dehydrogenase aufweist 

als der klassischen Fd. Des Weiteren wurde etabliert, dass FdC1 höchstwahrscheinlich 

nicht in PET involviert ist, weil es nicht in der Lage ist, NADP
+
 zu reduzieren, da es im 

Vergleich zu den gut untersuchten Fds ein positiveres Redoxpotential hat. In 

Interaktionsstudien wurden keine der vorher beschriebenen Fd-abhängigen Enzyme 

gefunden. Stattdessen wurden zwei der fünf Enzyme der Sulfatassimilation, Serin-O-

Acetyltransferase 2;1 und 3‘-Phosphoadenosin 5‘-Phosphosulfat-Synthase (APS3) als 

Interaktionspartner von FdC1 gefunden. Dies deutet darauf hin, dass FdC1 eine 

regulatorische Funktion in der Sulfatassimilation haben könnte. Zudem wurden einige 

Redoxenzyme identifiziert, die mit FdC1 interagieren. Darunter fand sich die 3-Oxoacyl-

[Acyl-Carrier-Protein]-Reduktase, die ein Teil des Fettsäure-Synthase-Komplexes ist. 

Diese Interaktion wirft die Frage auf, ob FdC1 möglicherweise in der Lage ist, Elektronen 

in die Synthese bestimmter Fettsäuren einzuschleusen. 

Im Fall von FdC2 haben die Ergebnisse gezeigt, dass es sich ebenfalls um ein in den 

Chloroplasten lokalisiertes Protein mit einem [2Fe-2S]-Zentrum handelt. FdC2 wurde in 
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definierten „Foci“ innerhalb der Chloroplasten gefunden. Des Weiteren deuten die 

erhaltenen Daten darauf hin, dass FdC2 sowohl löslich als auch an die Chloroplasten-

Hüllmembran gebunden vorliegt. Auch für FdC2 ist es wahrscheinlich, dass es nicht am 

PET beteiligt ist, weil festgestellt wurde, dass es Elektronen weder vom PSI noch von FNR 

akzeptieren kann. Zudem könnte FdC2 eine weitere Funktion beim Import von Kupfer 

(Cu) in die Chloroplasten haben, da es mit einer Cu-Transport ATPase, PAA1, interagiert. 

Diese Interaktion wurde mit verschiedenen Methoden verifiziert, wobei die funktionelle 

Rolle bis jetzt noch nicht verstanden ist. Es besteht entweder die Möglichkeit, dass FdC2 

PAA1 reguliert oder dass es die Reduktion von Cu
2+

 zu Cu
+
 unterstützt, um den Cu-Import 

in die Chloroplasten zu ermöglichen. 
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8. Appendix 

8.1 Abbreviations 

AD   GAL4-DNA-activation domain 

APS3   3’-phosphoadenosine 5’-phosphosulfate synthase 

A. thaliana  Arabidopsis thaliana 

A. tumefaciens  Agrobacterium tumefaciens 

ATP   adenosine triphosphate 

BASTA  Glyphosate / Bialaphos 

BCIP   5-bromo-4-chloro-3-indolyl-phosphate 

BD   GAL4-DNA-binding domain 

BNP   blue native PAGE 

BSA   bovine serum albumin 

B. subtilis  Bacillus subtilis 

CBD41  LOB domain containing protein 41 

CBL   cystathionine beta-lyase 

chlo   chloroplast 

chlo env  chloroplast envelope 

chlo str  chloroplast stroma 

CIA   cytosolic iron-sulfur cluster assembly 

CLE44   CLAVATA / ESR-related 44 

cpDNA  chloroplastidial DNA 

CPN10  chloroplast chaperonin 10 

Cu   copper 

Cu/ZnSOD  copper / zinc superoxide dismutase 

cysk   cytoskeleton 

cysk nucl  cytoskeleton, nuclear 

Cyt c   cytochrome c 

Cyt f   cytochrome f 

cyto   cytosol 

DMAS   deoxymugineic acid synthase 

E. coli   Escherichia coli 

EPR   electron paramagnetic resonance 

E.R.   endoplasmatic reticulum 

ESI   electro spray ionization 

ETR   electron transport rate 

extr   extracellular 

FAD   flavin adenine dinucleotide 

Fd   ferredoxin 

Fe   iron 

Fe-S   iron sulfur 

FMN   flavin mononucleotide 
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FNR   Fd:NADP
+
 oxidoreductase 

FPLC   fast protein liquid chromatography 

FRO   ferric-chelate reductase oxidase 

GFP   green fluorescent protein 

GOGAT  glutamine-oxoglutarate-aminotransferase 

HA   H
+
-ATPase 

HGL1   heteroglycan glycosidase I 

IRT   iron-regulated transporter 

ISC   iron-sulfur-cluster 

LHC II   light-harvesting complex II 

Ma   mugineic acid family phytosiderophores 

Mg   magnesium 

mem.   membrane 

mRNA   messenger RNA 

miRNA  micro RNA 

mito   mitochondria 

Mn   manganese 

Mo   molybdenum 

Moco   molybdenum cofactor 

MS   mass spectrometry 

MS-Agar  Murashige & Skoog agar 

NAS   nicotianamine synthase 

NAAT   nicotianamine aminotransferase 

NBT   nitro blue tetrazolium 

NPQ   non-photochemical quenching 

nucl   nucleolus 

OD   optical density 

PAA1   putative Cu transporting P-type ATPase PPA1 

PAM   pulse amplified modulator 

PAR   photosynthetically active radiation 

PC   plastocyanin 

PCR   polymerase chain reaction 

pero   peroxisome 

PET   photosynthesis electron transport chain 

PKT3   3-ketoacyl-CoA thiolase 2 

plas   plasma membrane 

PMSF   phenylmethanesulphonylfluoride 

PSI   photosystem I 

PSII   photosystem II 

PVP   polyvinylpyrrolidone 

PVPP   polyvinylpolypyrrolidone 

vacu   vacuolar membrane 

qP   photochemical quenching 
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RNAi   RNA interference 

ROS   reactive oxygen species 

rpm   round per minute 

RT   room temperature 

S   sulfur 

SAM   sterile alpha motif 

S. cerevisiae  Saccharomyces cerevisiae 

SD   selective dropout 

SDS   sodium-dodecyl-sulphate 

SERAT2;1  serine-o-acetyltransferase 

SUF   sulfur mobilization 

T. elongatus  Thermosynechococcus elongatus 

TOM1   mugineic acid family phytosiderophores 1 

YFP   yellow fluorescent protein 

YS1   YELLOW STRIPE1 

YSL   YELLOW STRIPE1-like 

Y2H   yeast two hybdrid 

Zn   zinc 
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8.2 Correlated expression of genes encoding putative FdC1-interacting 

proteins and FdC1 under different stress conditions 

 

A 
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Fig. 8.1: Expression levels of FdC1 and genes encoding putative interacting 

proteins identified by Y2H analysis were compared to each other using 

bioinformatics tool Genevestigator based on an extensive collection of arrays. 
Expession levels of other genes without visible correlation are not shown. A: 

Comparison of expression levels of genes for FdC1 and putative interacting proteins in 

Arabidopsis plants under different stress conditions. The changes in expression levels 

under ozone, cold, drought, genotoxic, heat, osmotic, oxidative, wounding stress and 

combined drought and light stress conditions were compared for similarities between 

FdC1 and putative interacting proteins using a representative selection of arrays. B: 

Comparison of expression levels of FdC1 and putative interacting proteins in 

Arabidopsis plants under heat stress conditions. The changes in expression levels under 

heat stress were analyzed more closely for similarities between FdC1 and putative 

interacting proteins. C: Comparison of expression levels of FdC1 and putative 

interacting proteins in Arabidopsis plants under cold stress conditions. The changes in 

expression levels under cold stress were analyzed more closely for similarities between 

FdC1 and putative interacting proteins. D: Comparison of expression levels of FdC1 

and putative interacting proteins in Arabidopsis under different light conditions. The 

changes in expression levels under different light conditions were analyzed more 

closely for similarities between FdC1 and putative interacting proteins. 
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Fig. 8.2: Comparison of expression levels of FdC1 and putative interacting 

proteins in Arabidopsis plants under sulfate malnutrition conditions. Expression 

levels of FdC1 and genes encoding putative interacting proteins identified by Y2H 

analysis were compared to each other using the bioinformatics tool Genevestigator 

based on an extensive collection of arrays. Expession levels of other genes without 

visible correlation are not shown. 

8.3 Correlated expression of the genes encoding putative FdC1-

interacting proteins during altered S metabolism 

 

 

 

 

 

 

 

8.4 Effect of sulfate and cysteine on RNAi::fdc1 plant growth 
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Fig. 8.3: Influence of sulfate 

concentration on plant growth. 
A. thaliana wild type plants (wt) and 

RNAi::fdc1 plants (lines 1 to 7) were 

grown on media with different 

amount of MgSO4 (A, B: 0 µM, C, 

D: 10 µM, E, F: 100 µM, G, H: 

4 mM MgSO4) and cysteine (I, J: 

10 µM, K, L: 100 µM). The left 

plates contain the RNAi::fdc1 lines 1, 

2 and 4. The plates on the right hold 

the RNAi::fdc1 lines 5, 6 and 7. 
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8.5 Correlated expression of genes encoding putative FdC2-interacting 

proteins and FdC2 under different stress conditions 
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Fig. 8.4: Expression levels of FdC2 and genes for putative FdC2-interacting 

proteins identified by Y2H analysis were compared using the bioinformatics tool 

Genevestigator based on an extensive collection arrays. Expression levels of genes 

without clear correlation are not shown. A: Comparison of expression responses of 

FdC2 and genes encoding putative FdC2-interacting proteins in Arabidopsis plants 

under different stress conditions. The changes in expression levels under ozone, cold, 

drought, genotoxic, heat, osmotic, oxidative, wounding stress and combined drought 

and light stress conditions were compared for similarities between FdC2 and its 

putative interacting proteins using a representative selection of arrays. B: Comparison 

of expression responses of FdC2 and genes encoding putative interacting proteins in 

Arabidopsis plants under heat stress conditions. The changes in expression levels under 

heat stress were analyzed more closely for similarities between FdC2 and putative 

interacting proteins. C: Comparison of expression responses of FdC2 and genes 

encoding putative FdC2-interacting proteins in Arabidopsis plants under cold stress 

conditions. Comparison of expression responses of FdC2 and genes encoding putative 

interacting proteins in Arabidopsis plants under cold stress conditions. The changes in 

expression levels under cold stress were analyzed more closely for similarities between 

FdC2 and putative interacting proteins. D: Expression levels of FdC2 and putative 

FdC2-interacting proteins in Arabidopsis plants under different light conditions. The 

changes in expression levels under different light intensities and qualities were 

compared for similarities between FdC2 and putative FdC2-interacting proteins. 

 

8.6 Alignments of AtFdC2 and OsFdC2 sequences 

 

AtFdC2    1 ATGGCTCTGATTTTGCCCTGTACATTTTGTACTTCGCTTCAGA-AGAAGA-ATTTTCCGA 

OsFdC2    1 ATGGCTCCGT----GCCCCGCCGCGACCACAACTCGCATTGGGGCGCCGCCGTTCGCCGC 

 

AtFdC2   59 TTAATCGGAGATATATTACGAATTTCCG-TCGAGGAGCTACGACTGCGACGTGTGAG--- 

OsFdC2   57 GACGACGG--------CTCGCCGACCCGCCCGGGGCGCGACGACGACGACGAAGGCGCGG 

 

AtFdC2  115 --TTCCGGATTCCTGTAGAAGT-TTCCACTCCATCAGATAGAGG---------ATCGTTG 

OsFdC2  109 GCGTCCGGGCTGCGGCAGGTGGAGGGCCCCGTGTCGGAGAGGGCGTACTCGTCCTCCTCG 

 

AtFdC2  163 GTTGTTCCTTCGCACAAAGTCACTGTTCACGATCGACAACGAGGAGTGGTTCACGAATTC 

OsFdC2  169 CCCGCTCCCACCCACAAGGTCACCGTCCACGACCGCCAGAGAGGTGTCGTCCACGAGTTC 

 

AtFdC2  223 GAGGTTCCAGAGGATCAGTATATATTGCATTCAGCTGAATCTCAGAACATTAGTCTTCCG 

OsFdC2  229 GTCGTCCCAC------AGTACATTCTGCACACCGCGGAGGCGCAGGACATCACGCTGCCC 

 

AtFdC2  283 TTTGCTTGCAGGCATGGTTGTTGTACTAGTTGTGCTGTACGTGTAAAATCTGGAGAGCTG 

OsFdC2  283 TTCGCGTGCCGCCATGGTTGCTGTACTAGCTGTGCGGTTCGGATAAAGTCAGGACAAATA 

 

AtFdC2  343 AGGCAGCCTCAAGCATTGGGAATATCAGCAGAACTGAAGTCCCAGGGGTATGCACTTCTT 

OsFdC2  343 AGACAACCTGAAGCACTTGGAATATCTGCTGAACTAAAAGATAAGGGCTATGCATTGTTG 

 

AtFdC2  403 TGTGTGGGTTTCCCCACATCTGACCTTGAAGTAGAAACACAAGACGAGGACGAGGTCTAC 

OsFdC2  403 TGTGTTGGTTTTCCAACTTCTGATGTTGAAGTTGAAACACAAGATGAAGATGAGGTCTAC 
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Fig. 8.5: Nucleotide sequence alignment of the AtFdC2 and OsFdC2 sequence. For 

this alignment the software Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo) was 

used. Black background indicates identical sequences, grey background shows similar 

sequences and white background displays no identity. A similarity of 66.8 % was found 

for both sequences. Gene bank accession numbers are for AtdC2: At1G32550 and for 

OsFdC2: Os03G0685000. 

Fig. 8.6: Amino acid sequence alignment of the AtFdC2 and OsFdC2 sequence. For 

this alignment the software Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo) was 

used. Black background indicates identical sequences, grey background shows similar 

sequences and white background displays no identity. A similarity of 69.3 % was found 

for both sequences. Protein accession numbers are for AtFdC2: NP_174533.1 and for 

OsFdC2: NP_001050923.1. 

AtFdC2  463 TGGCTACAATTTGGAAGATACTTTGCTCGTGGACCAATTGAAAGAGACGATTACGCTCTT 

OsFdC2  463 TGGCTCCAGTTTGGAAGATATTTCGCACGAGGACCTGTTGAAAGGGATGATTATGCACTG 

 

AtFdC2  523 GAACTCGCCATGGGAGATGAATAG 

OsFdC2  523 GAGCTTGCAATGGGTGATGAGTGA 

 

 

AtFdC2    1 MALILPCTFCTSLQKKNFPINRRYITNFRRGATTATCE-----FRIPVEVSTPSDRGSLV 

OsFdC2    1 ---MAPCPAATTTRIGAPPFAATTARRPARGATTTTKARASGLRQVEGPVSERAYSSSSP 

 

AtFdC2   56 VPSHKVTVHDRQRGVVHEFEVPEDQYILHSAESQNISLPFACRHGCCTSCAVRVKSGELR 

OsFdC2   58 APTHKVTVHDRQRGVVHEFVVP--QYILHTAEAQDITLPFACRHGCCTSCAVRIKSGQIR 

 

AtFdC2  116 QPQALGISAELKSQGYALLCVGFPTSDLEVETQDEDEVYWLQFGRYFARGPIERDDYALE 

OsFdC2  116 QPEALGISAELKDKGYALLCVGFPTSDVEVETQDEDEVYWLQFGRYFARGPVERDDYALE 

 

AtFdC2  176 LAMGDE* 

OsFdC2  176 LAMGDE* 
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Fig. 8.7: Vector map and details of pJET1.2. This vector (2974 bp) enables cloning of 

any blunt PCR product. It consists of the modified PlacUV5 (892-769), β-lactamase gene 

(bla (AP
R
)) for ampicillin resistance (2782-1922 bp), T7 promoter (305-324) and a 

multiple cloning site (422-328) within the eco471R gene (753-16), enabling positive 

selection of recombinant plasmid. Insertional inactivation of the eco471R gene is the 

mechanism to obtain positive selection. From Fermentas. 

Fig. 8.8: Vector map and details of pGFP-2. This vector pGFP-2 (4488 bp) allows 

expression of GFP-fusion proteins N-terminal to GFP under 35S promotor control (13-

866), multi cloning site (866-889), the GFP gene (891-1607), Nos terminator (1608-

1879) and sequence encoding β-lactamase responsible for the resistance to ampicillin 

(Amp, 3301-2444).  

8.7 Detailed vector maps 

8.7.1 pJET1.2 
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Fig. 8.9: Vector map and details of pGBT9. This vector pGBT9 (5524 bp) allows the 

expression of proteins fused N-terminally to the GAL4 DNA-binding domain (GAL4 

bd, 434-955) under the control of the ADH1 promotor (1-409). It contains the reporter 

gene TRP1 (1835-1161), a sequence encoding β-lactamase responsible for the 

resistance to ampicillin (amp, 3973-3113) and the ADH1 terminator (1000-1100). From 

Clonetech, France. 

Fig. 8.10: Vector map and details of pACT2. This vector pACT2 (8.1 kb) allows the 

expression of proteins fused N-terminally to GAL4 DNA-activating domain (5488-

5081) under the control of the ADH1 promoter (5504-5901). It contains the reporter 

gene LEU2 (2474-3568), a sequence encoding β-lactamase responsible for the 

resistance to ampicillin (Amp
r
, 7130-7918), HA-tag for immunochemical detection 

(5042-5068), a multiple cloning site (4927-5079) and the ADH1 terminator (4415-

4742). From Clonetech, France. 

8.7.3 pGBT9 

 

 

8.7.4 pACT2 
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Fig. 8.11: Vector map and details of pT3871-5. This vector pT3871-5 (pEcoli-Nterm 

6xHN Linear, 5743 bp) allows easy cloning of PCR products in-frame with the N-

terminal tag (5677-5712) and enterokinase cleavage site (5722-5736) under the control 

of the T7 promotor (5584-5600). It contains a sequence encoding β-lactamase 

responsible for the resistance to ampicillin (Amp
r
, 549-1406) and the T7 terminator (80-

126). From Clontech, France. 

Fig. 8.12: Vector map and details of pTrc99a. This vector pTrc99a (4176 bp) allows 

the expressoion of genes of interest with inducible lacI promoter (3046-4137). It 

contains a sequence encoding β-lactamase responsible for the resistance to ampicillin 

(Amp
(R)

, 846-1706) and a trc promotor (193-266). From Addgene, Cambridge, USA. 

8.7.5 pT3871-5 

 

 

8.7.6 pTrc99a 
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