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1 Introduction 

1.1 Importance of peroxisomes 

1.1.1 Discovery and characteristics of peroxisomes 

Peroxisomes were first termed as “microbodies” by Rhodin in 1954 (Rhodin, 1954). 1966 

De Duve and Baudhuin renamed these organelles “peroxisomes” because of their high 

content of hydrogen peroxide (H2O2) and the association with oxidases (De Duve and 

Baudhuin, 1966). Peroxisomes were the last discovered cell compartment in eukaryotes 

(Brown, 1866; Schimper, 1883; Ernster and Schatz, 1981). Organelles like peroxisomes, 

chloroplasts, mitochondria, nuclei, and endoplasmic reticulum (ER) are specialized 

compartments inside eukaryotic cells that consist of separate enzymes and metabolites for 

specific metabolic pathways (Bowsher and Tobin, 2001). Peroxisomes are small organelles 

with a size of 0.1 - 1 µM and are surrounded by a single lipid bilayer (Schrader and Fahimi, 

2008). In contrast to plastids and mitochondria, peroxisomes are devoid of DNA and any 

translation machinery (Schrader and Fahimi, 2008).  

1.1.2 Peroxisomal functions 

Peroxisomes are highly dynamic organelles and harbour many different metabolic pathways. 

Common peroxisomal functions in mammals, plants, and fungi are fatty acid β-oxidation 

(section 1.3.1) and reactive oxygen species (ROS) detoxification (section 1.3.3; Gabaldon, 

2010; Islinger et al., 2012). Biotin biosynthesis takes place in peroxisomes of plants and fungi 

(Islinger et al., 2012). Special functions of human peroxisomes are the fatty acid α-oxidation 

and biosynthesis of ether phospholipids (Wanders and Waterham, 2006). A defect in human 

peroxisomal function leads to serious illness or death, like the Zellweger syndrome and 

neonatal adrenoleukodystrophy (NALD; Wanders, 2004). Plant peroxisomal pathways are 

the glyoxylate cycle, photorespiration (section 1.3.2), the metabolism of branched amino 

acids and the biosynthesis of phytohormones like jasmonic acid (JA), auxin, and salicylic 

acid (SA; Hu et al., 2012). Plant peroxisomes play a major role during germination, seedling 

establishment, senescence, photorespiration, oxidative stress, and pathogen defence (Hu et 

al., 2012). Plants with impaired or blocked peroxisomal function are often embryo lethal or 

have a severe photorespiratory or β-oxidation phenotype (Somerville and Ogren, 1980; 

Hayashi et al., 1998; Sparkes et al., 2003; Fan et al., 2005; Nito et al., 2007).  
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1.1.3 Peroxisome biogenesis 

The current state of all eukaryotic organisms concerning peroxisome biogenesis is 

controversially discussed in two models (reviewed in (Platta and Erdmann, 2007b; Hu et al., 

2012). The first model is the “ER vesiculation model”. Pre-peroxisomal vesicles are derived 

from the ER and deliver phospholipids and some peroxisomal membrane proteins (PMPs) to 

produce new peroxisomes (Mullen and Trelease, 2006; Schluter et al., 2006; Tabak et al., 

2008; Hu et al., 2012). The second model is the “growth and division model” (Lazarow and 

Fujiki, 1985; Hu et al., 2012). The existing peroxisomes elongate and undergo fission to 

result in an increased number of peroxisomes (Lazarow and Fujiki, 1985; Hu et al., 2012). In 

mammals and yeast, a “ER semi-autonomous model” exists with both, peroxisomes derived 

from the ER and by division (Hu et al., 2012). In plants, no direct evidence for de novo 

synthesis of peroxisomes via the ER exists, suggesting an “ER semi-autonomous 

peroxisome maturation and replication model” (Mullen and Trelease, 2006; Hu et al., 2012). 

ER and peroxisomes share membrane components and a number of PMPs, which are 

originated from the ER and then fused with pre-existing peroxisomes derived from divided 

peroxisomes. However, no “new” plant peroxisomes are originated directly from the ER 

(Mullen and Trelease, 2006; Hu et al., 2012). 

1.2 Peroxisomal protein import 

Peroxisomal membrane and matrix proteins are nuclear encoded and post-translationally 

imported into peroxisomes (Brown and Baker, 2008). More than 30 so-called peroxin (PEX) 

proteins, a common class of conserved genes, are involved in peroxisomal protein import, 

membrane biogenesis and organelle proliferation (Platta and Erdmann, 2007b).  

1.2.1 Import of peroxisomal matrix proteins 

The import machinery of peroxisomal matrix proteins is well studied and conserved in all 

eukaryotic organisms (Lanyon-Hogg et al., 2010; Ma et al., 2011). Peroxisomal matrix 

proteins carry a peroxisomal targeting signal (PTS; Sparkes and Baker, 2002). Two PTS 

motifs are known. PTS1, consisting of a three amino acid SKL-motif at the C-terminus of the 

protein, and PTS2, containing a nonapeptide (R[LI]x5HL) motif at the N-terminus of the 

protein (Reumann et al., 2004). Cytosolic receptors for PTS1-carrying proteins, PEX5, and 

for PTS2-carrying proteins, PEX7, target the proteins to the peroxisomal membrane receptor 

complex PEX13/PEX14 (Sparkes and Baker, 2002). PEX5-PTS1 and PEX7-PTS2 are 

imported with their cargo, the cargo is released and the receptors are exported for recycling 

by monoubiquitination for the next round of protein import. The RING finger complex, 

consisting of PEX2, PEX10 and PEX12, recycles the soluble receptors (Sparkes and Baker, 

2002; Hu et al., 2012). 
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1.2.2 Import of peroxisomal membrane proteins 

By the current state of knowledge two possible routes for PMP import are discussed. This 

section focuses mainly on plant PMPs, as the PMP targeting is conserved within all 

eukaryotic domains (Baerends et al., 2000). The targeting route of PMPs is separated in ER-

dependent or independent groups (Hu et al., 2012) and additional in PEX19-dependent or 

independent classes (Jones et al., 2004; Van Ael and Fransen, 2006).  

Group I PMP targeting is mediated by ER-derived vesicles, which fuse to the existing 

peroxisomes (Hu et al., 2012). In plants, only two PMPs are known to be targeted via ER; 

ascorbate peroxidase (APX), a carboxy tail-anchored integral membrane protein that plays a 

major role in detoxifying ROS (section 1.3.3; Lisenbee et al., 2003), and an integral 

membrane protein PEX16 (Karnik and Trelease, 2007). Group II PMPs are directly targeted 

to peroxisomes, as it was demonstrated for (i) the Arabidopsis PMP22, a protein with 

unknown function (Tugal et al., 1999; Murphy et al., 2003), (ii) PEX2, which is involved in 

peroxisomal matrix protein import (Sparkes et al., 2005), (iii) PEX11, that controls 

peroxisomal proliferation (Lingard and Trelease, 2006), and (iv) monodehydroascorbate 

reductase 4 (MDAR4), that is involved in the ascorbate-glutathione cycle (Lisenbee et al., 

2005; Eastmond, 2007). Controversial observations have been reported for the PMP 

targeting receptor PEX3, an integral membrane protein. The Arabidopsis PEX3 protein is 

directly imported from the cytosol to peroxisomes, whereas its homologue in yeast and 

mammals enters the peroxisomes via ER (Hunt and Trelease, 2004; Hoepfner et al., 2005; 

Toro et al., 2009).  

Another way to distinguish PMPs is the classification into class I PMPs, which are 

targeted to peroxisomes via the PMP receptor protein PEX19, and class II PMPs, whose 

import is independent of PEX19 (Jones et al., 2004; Van Ael and Fransen, 2006). PEX19 

was predominantly localized in the cytosol and partly to peroxisomes (Jones et al., 2004). It 

is known that PEX19 binds to several newly synthesized PMPs in the cytosol.                   

The PEX19-PMP complex is targeted to the peroxisomal membrane, where it interacts with 

the PEX3 receptor. The PMP is then subsequently incorporated into the peroxisomal bilayer 

(Hadden et al., 2006; Platta and Erdmann, 2007b). The exact role of PEX19 function is 

controversial discussed, as PEX19 is required for ER-derived PMP import in yeast (Hoepfner 

et al., 2005; Lam et al., 2010; Agrawal et al., 2011). Class I PMPs are (i) the Arabidopsis 

peroxisomal ABC transporter COMATOSE (CTS; Nyathi et al., 2012), (ii) the human PMP22 

protein (Sacksteder et al., 2000; Brosius et al., 2002; Jones et al., 2004), (iii) the Arabidopsis 

and human RING finger peroxin for matrix protein import, PEX10, which is targeted directly 

from the cytosol to peroxisomes (Sacksteder et al., 2000; Fransen et al., 2001; Sparkes et 

al., 2005; Hadden et al., 2006), and (iv) the yeast peroxisomal adenosine triphosphate (ATP) 

transporter Ant1p (Palmieri et al., 2001; van der Zand et al., 2010) and the human 

coenzyme A (CoA) and flavin adenine dinucleotide (FAD) transporter SLC25A17, which are 
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targeted to peroxisomes via ER (Sacksteder et al., 2000). Class II PMPs are the human 

RING finger peroxin PEX2, although the PEX19 yeast two-hybrid assay was difficult to 

interpret (Sacksteder et al., 2000; Kim et al., 2006), and the yeast protein Inp1p, which is 

required for peroxisome inheritance (Fagarasanu et al., 2005). 

PMPs possess a putative cis-acting peroxisomal membrane targeting signal (mPTS) 

which consists of two functionally distinct domains, a targeting element of hydrophobic and 

positively charged amino acids, and a membrane-anchoring transmembrane domain 

(Rottensteiner et al., 2004; Van Ael and Fransen, 2006). However, it is improbable that a 

conserved mPTS consensus sequence will be responsible for the different import ways (ER 

or direct from cytosol, PEX19 dependent or independent), implying that PMPs contain more 

than one import recognition site (Van Ael and Fransen, 2006). The mPTS targeting element 

of many PMPs is equal to the PEX19 binding site, although other PMPs have distinct mPTS 

and PEX19 recognition sites (Van Ael and Fransen, 2006).  

1.3 Peroxisomal metabolism in plants 

This section focuses on three nicotinamide adenine dinucleotide (NAD+) consuming 

peroxisomal metabolic pathways in plants, fatty acid β-oxidation, photorespiration, and H2O2 

detoxification (Figure 1.1; Reumann and Weber, 2006; Graham, 2008), although               

over 20 NAD+(H)/NADP+(H) (nicotinamide adenine dinucleotide phosphate)-dependent 

dehydrogenases with unknown function are predicted or proven to be peroxisomal localized 

(Reumann et al., 2004).  

 

Figure 1.1 The importance of NAD+ in peroxisomal β-oxidation, photorespiration and H2O2 detoxification 

NAD+ is an important cofactor for different peroxisomal pathways, such as fatty acid β-oxidation (red), 

photorespiration (blue) and H2O2 detoxification (purple). Enzymes that directly or indirectly require NAD+ are 

peroxisomal malate dehydrogenase (pMDH), cytosolic malate dehydrogenase (cMDH), multifunctional protein 

(MFP), hydroxypyruvate reductase (HPR), ascorbate peroxidase (APX), and monodehydroascorbate reductase 

(MDAR). The corresponding metabolites (ASC, ascorbate, MDA, monodehydroascorbate; OAA, oxaloacetate; 

HP, hydroxypyruvate) have to cross the peroxisomal membrane by still unknown transport proteins (black boxes). 

According to Graham (2008) and Hu et al. (2012).  
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1.3.1 Fatty acid degradation via peroxisomal β-oxidation 

In plants, stored fatty acids are broken down to produce energy for germination and seedling 

establishment. During post-germinative growth fatty acids are released from triacylglycerol 

(TAG) stored in oil bodies (Theodoulou and Eastmond, 2012). Free or acyl-fatty acid import 

is mediated by the peroxisomal full-length ABC transporter CTS (COMATOSE, also known 

as ABCD1, PXA and PED3; Footitt et al., 2002; Footitt et al., 2006; Hayashi and Nishimura, 

2006). cts knockout mutants revealed a strong β-oxidation phenotype. cts seeds are unable 

to establish without exogenous carbon supply (sucrose dependent phenotype, SDP) and are 

strongly impaired in TAG breakdown (Footitt et al., 2002). In addition, cts seedlings are 

resistance to the auxin precursors 2,4-dichlorophenoxybutyric acid (2,4-DB) and indole-3-

butyric acid (IBA; Zolman et al., 2001; Footitt et al., 2002). The long chain acyl-CoA 

synthetases LACS6 and LACS7 catalyze the essential activation of fatty acids to acyl-CoAs 

(Cn) by ATP-dependent esterification with CoA (Fulda et al., 2004; Graham, 2008). Acyl-

CoAs enter the β-oxidation and are first oxidized to 2-trans-enoyl-CoA by acyl-CoA oxidase 

(ACX). ACX is a FAD-dependent enzyme and produces H2O2, which is directly detoxified by 

catalase or the APX/MDAR system (Figure 1.1; section 1.3.3; Eastmond et al., 2000; 

Graham, 2008). The multifunctional protein (MFP) exhibits 2-trans-enoyl-CoA hydratase 

activity (MFP/HYD) to convert 2-trans-enoyl-CoA to hydroxyacyl-CoA and L-3-hydroxyacyl-

CoA dehydrogenase activity (MFP/DH) for the subsequently production of 3-ketoacyl-CoA 

(Richmond and Bleecker, 1999; Eastmond and Graham, 2000; Rylott et al., 2006; Arent et 

al., 2010). Arabidopsis contains two peroxisomal MFPs, abnormal inflorescence meristem 1 

(AIM1) and MFP2 (Richmond and Bleecker, 1999; Eastmond and Graham, 2000). MFP2 

expression is strongly induced during seedling establishment. The corresponding mfp2 

mutant is impaired in TAG breakdown, contains enlarged peroxisomes, and is unable to grow 

without exogenous sucrose supply (Rylott et al., 2006). AIM1 is expressed in low levels 

during post-germinative seedling growth and aim1 mutants are affected in reproductive 

development (Richmond and Bleecker, 1999). NAD+ is reduced to NADH by the MFP 

dehydrogenase activity and is re-oxidized by the peroxisomal malate dehydrogenase 

(pMDH)-mediated reduction/oxidation (redox) shuttle (Figure 1.1; Graham, 2008). The last 

step of β-oxidation is the thiolytic cleavage of 3-keotacyl-CoA to acyl-CoA (Cn-2) and         

acetyl-CoA (C2) facilitated by 3-ketoacyl-CoA thiolase (KAT; Germain et al., 2001). Acyl-CoA 

(Cn-2) enters the β-oxidation cycle again to breakdown the complete fatty acid chain 

(Graham, 2008; Theodoulou and Eastmond, 2012). Acetyl-CoA (C2) enters the glyoxylate 

cycle for subsequent gluconeogenesis generating sucrose and feeding the tricarboxylic acid 

(TCA) cycle to gain metabolic energy (Graham, 2008; Theodoulou and Eastmond, 2012).  

In plants, β-oxidation has more functions beyond storage oil break down. Degradation 

of membrane lipids during senescence and steps of the biosynthesis of phytohormones such 
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as JA, auxin and salicylic acid (SA) are catalyzed by the peroxisomal β-oxidation (Reumann 

et al., 2004; Delker et al., 2007; Yang and Ohlrogge, 2009). 

 

Figure 1.2 peroxisomal fatty acid β-oxidation pathway 

TAG, stored in oil bodies, is hydrolyzed by SDP1 lipase to free fatty acid (FA) and glycerol. FA or FA-CoA are 

imported to peroxisomes by CTS and metabolized by the peroxisomal fatty acid β-oxidation to feed the gyloxylate 

cycle to gain energy. Abbreviations: ACX, acyl-CoA oxidase; CTS, COMATOSE, ABC transporter; KAT, 3-

ketoacyl-CoA thiolase; LACS6/7, long chain acyl-CoA synthetase; MFP/HYD, multifunctional protein/ 2-trans-

enoyl-CoA hydratase; MFP/DH, multifunctional protein/ L-3-hydroxyacyl-CoA dehydrogenase; PNC1/2, 

peroxisomal ATP carrier; SDP1, SUGAR DEPENDENT 1 lipase. After Theodoulou and Eastmond (2012). 

1.3.2 Photorespiration 

Plant peroxisomes play a major role in the NAD+-dependent photorespiratory C2 cycle, a 

recycling pathway of the oxygenase reaction of ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RubisCO), the key enzyme of photosynthesis (Peterhansel and 

Maurino, 2011). RubisCO fixes CO2 for biomass production, but it cannot fully discriminate 

between CO2 and O2 (Peterhansel and Maurino, 2011). By the fixation of O2 to 

ribulose-1,5-bisphosphate mediated by the chloroplastic RubisCO, 3-phosphoglycerate and 

toxic 2-phosphoglycolate are produced. 3-phosphoglycerate can directly enter the Calvin 

cycle whereas 2-phosphoglycerate is converted to glycolate and transported to peroxisomes. 
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Inside the peroxisomal matrix glycolate is converted to glyoxylate by the glycolate oxidase 

(GOX) with the simultaneous production of H2O2. An aminotransferase catalyzes the 

conversion of glyoxylate to glycine, which enters the mitochondria. There it is metabolized to 

serine and transported back to peroxisomes. Serine is converted to hydroxypyruvate which is 

metabolized to glycerate via the hydroxypyruvate reductase HPR1. The conversion of 

hydroxypyruvate to glycerate can also take place in the cytosol facilitated by cytosolic HPR2 

(Timm et al., 2011). After entering the chloroplast, glycerate is converted to 

3-phosphoglycerate and enters the Calvin cycle (Peterhansel and Maurino, 2011). During 

photorespiration peroxisomal HPR1 oxidizes NADH, which is reduced by the pMDH-

mediated redox-shuttle (Figure 1.1; Cousins et al., 2008; Cousins et al., 2011).  

1.3.3 Hydrogen peroxide detoxification 

ROS are produced during peroxisomal metabolic pathways, like β-oxidation, 

photorespiration, or abiotic and biotic stress conditions (e.g. high light, drought, low and high 

temperature, heavy metals, UV radiation, air pollutants, physical and mechanical wounding, 

and pathogen infection; Dat et al., 2000; Mittler, 2002; del Rio et al., 2006; Schrader and 

Fahimi, 2006). The group of ROS contains superoxide radicals (O2˙¯), hydroxyl radicals 

(˙OH), singlet oxygen (˙O2), ozone (O3) and hydrogen peroxide (H2O2; del Rio et al., 2006). 

Peroxisomes are the main site of H2O2 production and breakdown (del Rio et al., 2006). The 

amount of ROS has to be well-controlled as an over accumulation leads to damage of 

organelles, oxidation of proteins, damage of RNA and DNA, depletion of antioxidant levels 

and ultimately trigger cell death (Jambunathan and Mahalingam, 2006). A fine modulation of 

ROS concentrations is necessary, as ROS species function as signalling molecule to control 

processes like programmed cell death, abiotic stress response, pathogen defence and 

systemic signalling (Mittler, 2002). Plants contain several antioxidative defence systems to 

control and detoxify ROS. One example is the superoxide dismutase (SOD) which detoxifies 

O2˙¯ radicals to H2O2 (del Rio et al., 1992). H2O2 is degraded by catalase or the APX/MDAR 

system (Graham, 2008; Mhamdi et al., 2012). Ascorbate acts as an antioxidant within the 

APX/MDAR system (Figure 1.1) that is involved in scavenging H2O2 which was not detoxified 

by catalase and diffused through the peroxisomal membrane (Graham, 2008). APX degrades 

H2O2 by oxidation of ascorbate to monodehydroascorbate, which is transported into the 

peroxisomal matrix. The peroxisomal MDAR4 requires NADH as cofactor for the reduction of 

monodehydroascorbate to ascorbate. Ascorbate is again exported serving the next round of 

H2O2 detoxification. The transport process of ascorbate and monodehydroascorbate over the 

peroxisomal membrane is still unknown. 
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1.4 NAD+ biosynthesis and degradation  

NAD+ biosynthesis exclusively takes place in the cytosol. Nicotinate mononucleotide (NaMN) 

is the common precursor of NAD+ de novo synthesis, which starts with a two-step conversion 

of aspartate to NaMN, and the NAD+ recycling pathway (Figure 1.3; Noctor et al., 2006; 

Hashida et al., 2009; Gossmann et al., 2012). NaMN is metabolized to nicotinate adenine 

dinucleotide (NaAD) by nicotinate/nicotinamide mononucleotide adenylyltransferase 

(NMNAT) and further to NAD+ via NAD+ synthetase (NADS). Five steps are required to 

convert NAD+ to nicotinamide (Nam), which is a product of NAD+ recycling and is released 

during NAD+-dependent signalling processes (Gossmann et al., 2012). Nam is subsequently 

metabolized to NaMN via nicotinate (Na) in order to replenish the cellular NAD+ pools before 

the recycling pathway starts over (Noctor et al., 2006; Hashida et al., 2009; Gossmann et al., 

2012). 

 NAD+ biosynthesis and recycling occur in the cytoplasm, but some NAD+-modifying 

enzymes are localized in plant peroxisomes. It was recently shown that a NADH kinase 3 

(NADK3) is localized in peroxisomes and mediates the phosphorylation of NADH to NADPH 

(Chai et al., 2006; Waller et al., 2010). NADK3 expression is induced during abiotic stress 

and the corresponding nadk3 knock-out line is sensitive to oxidative and osmotic stress, and 

abscisic acid (ABA; Chai et al., 2006). This indicates that the conversion of NADH to NADPH 

is necessary for stress tolerance. NADK3 maintains the important NADH/NADPH ratio and 

provides NADPH for NADPH-dependent anti-oxidant systems (Chai et al., 2006).  

 

Figure 1.3 Model of cytosolic NAD+ biosynthesis, consumption, and recycling pathways  

Schematic model of NAD+ de novo biosynthesis and recycling pathways operated in the cytosol. Abbreviations: 

Asp, aspartate; Gln, glutamine; Glu, glutamate; Na, nicotinate; NaAD, nicotinate adenine dinucleotide; NAD+, 

nicotinamide adenine dinucleotide; NaDA, nicotinamide deamidase; NADK, NAD+ kinase, NADP+, nicotinamide 

adenine dinucleotide phosphate; NADS, NAD synthetase; Nam, nicotinamide; NaMN, nicotinate mononucleotide; 

NaPRT, nicotinate phosphoribosyltransferase; NMN, nicotinamide mononucleotide; NMNAT, 

nicotinate/nicotinamide mononucleotide adenylyltransferase; NUDT, Nudix hydrolases; PPi, pyrophosphate; 

PRPP, 5’-phosphoribosyl-1’-pyrophosphate. After Noctor et al.(2006), Hashida et al. (2009), and Gossmann et al. 

(2012) 
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Other NAD+ consuming proteins are nudix hydrolases (nucleoside diphosphate linked to 

some moiety X; NUDT) that hydrolyze nucleoside diphosphate derivatives to control the 

cellular concentration of their substrates (Bessman et al., 1996; Ogawa et al., 2005; 

Kraszewska, 2008). Arabidopsis contains 29 NUDT localized in cytosol, chloroplasts, 

mitochondria, and peroxisomes (Kraszewska, 2008). By proteomic studies, NUDT7 and 

NUDT19 were predicted to localize to peroxisomes due to their PTS1 signal (Reumann et al., 

2004). Lingner and co-workers could verify the peroxisomal localization of NUDT19 in onion 

epidermis cells via transient transformation of a N-terminal yellow fluorescent protein (YFP) 

fusion (Lingner et al., 2011), although previous studies localized NUDT19 to chloroplasts via 

C-terminal fusion to green fluorescent protein (GFP; Ogawa et al., 2008). NUDT19 

hydrolyzes NADH and NADPH to reduced NMN (NMNH) and adenosine monophosphate 

(AMP) or 2’,5’-adenosine diphosphate (2’,5’-ADP; Ogawa et al., 2008). nudt19 mutant plants 

showed no obvious phenotype (Ogawa et al., 2008).  

The cytosolic localization of NUDT7 was recently proven by transient expression of a 

GFP-NUDT7 fusion protein in Arabidopsis protoplasts (Olejnik et al., 2011). NUDT7 is well 

characterized as an important factor to maintain the cellular redox homeostasis, as it 

hydrolyzes NADH and ADP-ribose to NMNH and AMP and to ribose 5-P and AMP in vitro 

and therefore regulates the NADH:NAD+ balance (Ogawa et al., 2005; Jambunathan and 

Mahalingam, 2006; Olejnik et al., 2011). nudt7 mutant plants have a pleiotropic phenotype 

with smaller size, curled leaves, increased levels of ROS and NADH under controlled and 

oxidative stress conditions (Jambunathan and Mahalingam, 2006; Kraszewska, 2008; 

Ishikawa et al., 2009).  

1.5 Supplying peroxisomes with cofactors 

As peroxisomal metabolism is essential in all eukaryotic organisms, the exchange of 

metabolites and cofactors is important for optimal function. Although our understanding about 

the function of plant peroxisomes has greatly increased in recent years, the detailed 

knowledge about membrane proteins mediating the exchange of metabolites and cofactors is 

little (Linka and Esser, 2012).  

1.5.1 Permeability of the peroxisomal membrane for cofactors 

Specialized membrane transport proteins enable the import and export of metabolites and 

cofactors, due to the impermeability of the peroxisomal membrane for solutes and bigger 

molecules (Donaldson, 1981; Antonenkov and Hiltunen, 2006; Linka and Esser, 2012). The 

impermeability of the peroxisomal membrane for “bulky” solutes like cofactors (NAD+/H, ATP, 

CoA) and the existence of peroxisomal transport proteins could be shown with different 

approaches in Ricinus communis (castor bean), rat, and yeast (Donaldson, 1981; Van 
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Veldhoven et al., 1983; Van Veldhoven et al., 1987; Antonenkov et al., 2004). For example, 

external NAD+ and CoA provided to isolated and intact peroxisomes from rat and castor bean 

did not affect the activity of peroxisomal NAD+ and CoA-dependent enzymes, indicating the 

impermeability of the peroxisomal membrane for these substrates (Donaldson, 1981; 

Antonenkov et al., 2004). Uptake assays performed with reconstituted peroxisomal 

membrane fractions of isolated rat peroxisomes indicated the existence of specialized 

transport proteins mediating the diffusion of NAD+, CoA, and ATP (Van Veldhoven et al., 

1983; Van Veldhoven et al., 1987). In addition, it was shown that a yeast Δmdh3p mutant, 

lacking the peroxisomal malate dehydrogenase gene, is impaired in fatty acid β-oxidation, 

because NAD+ is not regenerated (van Roermund et al., 1995). If the peroxisomal membrane 

would be permeable for NAD+, the β-oxidation could be fed with cytosolic NAD+ and the 

Δmdh3p mutant would not exhibit a β-oxidation phenotype.  

Permeability of the peroxisomal membrane for small solutes was identified by 

electrophysiological studies of isolated peroxisomes from spinach leaves (Reumann et al., 

1995). The studies revealed a peroxisomal porin-like channel with a strong anion selectivity, 

that might be involved in the transport of photorespiratory metabolites like glycolate and 

glycerate (Reumann et al., 1995). 

1.5.2 Peroxisomal members of the mitochondrial carrier family 

The genome of Arabidopsis encodes for 58 members of the mitochondrial carrier family 

(MCF), which are located in mitochondrion, chloroplast, ER, plasma membrane and 

peroxisome (Todisco et al., 2006; Leroch et al., 2008; Linka et al., 2008b; Palmieri et al., 

2011; Rieder and Neuhaus, 2011). In Arabidopsis, proven peroxisomal localized MCF 

members are the peroxisomal ATP transporter PNC1 and PNC2, and At2g39920, a gene of 

unknown function (Linka et al., 2008b). Characteristic for all MCF members are six 

transmembrane-spanning domains, three tandem repeated homologous domains of about 

100 amino acids, and homodimerization (Picault et al., 2004; Palmieri et al., 2011; 

Haferkamp and Schmitz-Esser, 2012). MCF members demonstrated different substrate 

specificities (Palmieri et al., 2011) and act as antiporter like the PNCs (Linka et al., 2008b), or 

as uniporter like the chloroplastic AMP transporter Brittle1 (Leroch et al., 2005; Kirchberger 

et al., 2008).  

Two Arabidopsis peroxisomal adenine nucleotide carriers, called PNC1 and PNC2, 

mediate the import of ATP in exchange with ADP or AMP (Arai et al., 2008; Linka et al., 

2008b). Peroxisomal ATP supply via PNC1 and PNC2 is essential for the activation of free 

fatty acids for β-oxidation (section 1.3.1; Arai et al., 2008; Linka et al., 2008b). Plants 

repressing both pnc genes showed a sugar dependent phenotype, resistance to 2,4-DB and 

IBA, and are impaired in fatty acid degradation (Arai et al., 2008; Linka et al., 2008b).  
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1.5.3 Peroxisomal NAD+ and CoA carrier 

The cofactors NAD+ and CoA are required for peroxisomal metabolism (section 1.3; 

Graham, 2008; Bauwe et al., 2012). NAD+ biosynthesis exclusively takes place in the cytosol 

(section 1.4; Noctor et al., 2006; Hashida et al., 2009) and CoA biosynthesis is separated in 

cytosol, mitochondrion, and chloroplast (Leonardi et al., 2005). CoA is required for the 

essential activation of fatty acids inside peroxisomes (section 1.3.1; Graham, 2008). The 

generation of a peroxisomal CoA pool is controversially discussed. The yeast and human 

ABC transporter imports activated fatty acids as acyl-CoA esters. Upon import, CoA is 

cleaved off and released to the peroxisomal CoA pool (Kemp et al., 2011; Antonenkov and 

Hiltunen, 2012). Another possibility could be the existence of a peroxisomal CoA transport 

protein. Recently, the human peroxisomal MCF member SLC25A17 was characterized as 

CoA, FAD, and NAD+ transporter, but the in vivo role was not further investigated (Agrimi et 

al., 2012a). 

NAD+ is involved in redox reactions and thus required for β-oxidation, 

photorespiration and H2O2 detoxification (section 1.4; Cousins et al., 2008; Graham, 2008). 

The peroxisomal metabolism generates either NAD+ (e.g. photorespiration and H2O2 

degradation) or NADH (e.g. β-oxidation). A role in the exchange of NAD+/NADH for 

regeneration plays the malate/oxaloacetate (malate/OAA) shuttle mediated by the 

peroxisomal (pMDH) and cytosolic malate dehydrogenases (cMDH; Figure 1.1; section 1.3.1; 

Pracharoenwattana et al., 2007; Graham, 2008). To build up or to maintain the NAD+ pool 

inside peroxisomes, either specialized transport proteins supply the peroxisomes with NAD+ 

or peroxisomes are pre-filled with NAD+ when ER-derive vesicles fused to pre-existing 

peroxisomes.  

It was recently shown that At2g39970, the closest homologue of Arabidopsis PNC 

proteins and the human SLC25A17, was localized to peroxisomes in yeast and pumpkin 

cotyledons (Fukao et al., 2001; Linka et al., 2008b). In addition, the peroxisomal localization 

of At2g39970 in Arabidopsis was predicted by proteomic studies (Eubel et al., 2008; 

Reumann et al., 2009). Peroxisomal co-localization of At2g39970-YFP fusion protein with a 

peroxisomal marker (cyan fluorescent protein (CFP)-PTS1) was verified in tobacco 

protoplasts expressing the corresponding expression constructs (Wilkinson, 2009). 

At2g39970 encodes a protein of 331 amino acids with a calculated molecular mass of 

36.2 kDa and is annotated as peroxisomal membrane protein 38 kDa (PMP38; Fukao et al., 

2001). At2g39970 was predicted to mediate the transport of ATP because of its high 

sequence similarity to Arabidopsis and yeast ATP transporters and to human SLC25A17 and 

Candida boindinii PMP47, which are homologues of mitochondrial ATP carriers and were 

supposed as ATP transporter, even though SLC25A17 was recently characterized as CoA, 

FAD and NAD+ transporter (Nakagawa et al., 2000; Fukao et al., 2001; Visser et al., 2002; 

Linka et al., 2008b; Agrimi et al., 2012a). Linka and co-workers could show that At2g39970 
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could not rescue the phenotype of a yeast mutant lacking Ant1p (Linka et al., 2008b), 

suggesting a different substrate specificity for At2g39970. In addition, it was shown that the 

At2g39970 mutant plants contain enlarged peroxisomes as it was demonstrated for some    

β-oxidation mutants (Hayashi et al., 1998; Germain et al., 2001; Pinfield-Wells et al., 2005; 

Rylott et al., 2006; Mano et al., 2011). In this thesis, it is postulated that At2g39970 is a 

potential candidate for mediating NAD+ import into plant peroxisomes, because NAD+ is a 

structurally similar compound to ATP.  

1.6 Goals of this thesis 

The aim of this thesis was the characterization of a peroxisomal NAD+ carrier in plants, 

whose existence was controversially discussed for decades. The supply of NAD+ for 

peroxisomal metabolism mediated by a transport protein was hypothesized, because NAD+ 

biosynthesis exclusively takes place in the cytosol (Noctor et al., 2006; Hashida et al., 2009) 

and the peroxisomal membrane being impermeable for NAD+ (Antonenkov and Hiltunen, 

2006). This thesis focused on the impact of peroxisomal NAD+ supply, mediated by the 

peroxisomal NAD+ carrier and its role in fatty acid β-oxidation during germination, seedling 

establishment, and on H2O2 detoxification.  

In this thesis, the MCF member At2g39970 was characterized as candidate for the 

peroxisomal NAD+ carrier. (i) The in vitro function of At2g39970 was analyzed by expression 

recombinant protein, reconstitution into artificial lipid bodies and performing uptake studies to 

identify the transport substrate. Substrate specificity was measured to detect the exchange 

substrate. In addition, the influence on the transport mode of the extended loop region and 

phosphorylation site within At2g39970 was studied by generating mutated At2g39970 

proteins and performing uptake studies with recombinant mutated PXN proteins. (ii) 

Homozygous At2g39970 T-DNA lines were established and examined if seedlings are 

impaired in fatty acid β-oxidation. In addition the impact of At2g39970 during oxidative stress 

was analyzed in vivo by physiological experiments and in silico by expression data analysis. 

(iii) The impact of the malate/OAA shuttle mediated by MDHs and the possibly redundancy to 

the NAD+ carrier was examined by creating mutants lacking both systems.  

 A second project was the analysis of peroxisomal targeting of At2g39970 and if it’s 

extended loop region and the phosphorylation site exhibits an impact on the peroxisomal 

import. To investigate whether the cytosolic receptor PEX19 is involved in the import of the 

peroxisomal NAD+ carrier and other PMPs, two studies were performed. (i) A pull-down 

assays with recombinant PEX19 protein and PMPs were performed to study the in vitro 

interaction. (ii) A mis-localization experiment was assayed to analyze the in vivo interaction 

of PEX19 and PMPs by transient expression of YFP-PMP and nuclear localization signal 

NLS-PEX19 fusion proteins in tobacco leaves.  
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2 Material and Methods  

2.1 Consumables and chemicals 

Consumables were purchased from Sarstedt AG & Co (Nümbrecht, Germany) and Carl Roth 

(Karlsruhe, Germany) and chemicals from Sigma-Aldrich (Steinheim, Germany) unless 

stated otherwise. Radioactivity was obtained from Perkin Elmer (Rodgau, Germany) and 

Hartmann Analytic (Braunschweig, Germany).  

2.2 General methods 

2.2.1 Cloning 

Standard molecular techniques for cloning were performed as described in Sambrook et al. 

(1989). DNA sequences were verified by DNA sequencing (GATC Biotech, Konstanz, 

Germany). Oligonucleotides were synthesized by Sigma-Aldrich. GeneRuler 1kb DNA 

Ladder (Fermentas, St. Leon-Rot, Germany) was used for agarose gel electrophoresis. 

Constructs generated in this thesis are shown in section 7.6. 

Table 2.1 Escherichia coli strains used for cloning 

E. coli strains DH5α and XL1-Blue were used for standard cloning. E. coli strain DB3.1 was used for Gateway 

Technology based cloning (Invitrogen, Darmstadt, Germany). DB3.1 strain carries the gyrA462 allele for providing 

resistance to the toxic effects of the ccdB gene which is coded on Gateway plasmids.  

Strain Genotype References 

DH5α 
F-, endA1, hsdR17 (rk-, mk-), supE44, thi-1, 
recA1, gyrA96, relA1, Φ80d, lacZ[Δ]M15 

Hanahan (1983) 

XL1-Blue 
endA1 gyrA96(nalR) thi-1 recA1 relA1 lac 
glnV44 F'[ ::Tn10 proAB+ lacIq Δ(lacZ)M15] 
hsdR17(rK

- mK
+) 

Stratagene (La Jolla, 
USA) 

DB3.1 
F- gyrA462 endA1 glnV44 Δ(sr1-recA) 
mcrB mrr hsdS20(rB

-, mB
-) ara14 galK2 

lacY1 proA2 rpsL20(Smr) xyl5 Δleu mtl1 
Invitrogen  

 

Table 2.2 Plasmids used for cloning 

Plasmids were used for sub-cloning and empty plasmids for plant, WGE, yeast, and E.coli expression. *1 Prof. Dr. 

Karin Schumacher, Heidelberg University, Germany. *2 Dr. Nicole Linka, Heinrich-Heine University (HHU) 

Düsseldorf, Germany. Vector maps: section 7.6.1. 

Name Organism Function 
Resis-
tance 

Reference 

pJET 1.2 / sub-cloning AmpR Fermentas  

pDONR207 / sub-cloning GentR Invitrogen 
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Name Organism Function 
Resis-
tance 

Reference 

pBi121 plant GUS reporter gene KanR Chen et al. (2003) 

pUT Kan plant UBQ10 promoter SpecR K. Schumacher*1 

pMDC7 plant 
Estradiol inducible 
Promoter 

SpecR 
Curtis and Grossniklaus 
(2003) 

pMDC32 plant 35S promoter KanR 
Curtis and Grossniklaus 
(2003) 

pCAMBIA3301 plant 35S promoter KanR 
Cambia (Brisbane, 
Australia) 

pUBN-YFP plant 
N-terminal YFP 
fusion 

SpecR Grefen et al. (2010) 

pKB65 
(pMDC32) 

plant 
replacement of 35S 
with UBQ10 promoter

KanR this thesis 

pRS300 plant artificial microRNA AmpR 
http://wmd3.weigelworld.
org 

pEU3a 
WGE,             
CF Science 

SP6 promoter AmpR 
CellFree Science 
(Yokohama, Japan) 

pNL22 
(pEU3a) 

WGE,             
CF Science 

SP6 promoter,              
C-terminal His-tag 

AmpR Bernhardt et al. (2012a) 

pIVEX1.3 
WGE,             
5Prime 

T7 promoter,                
C-terminal His-tag 

AmpR 
5PRIME             
(Hamburg, Germany) 

pNL14 
(pYES2) yeast 

GAL promoter,             
C-terminal His-tag 

AmpR N. Linka*2 

pET-16b  E. coli 
Lac/ T7 promoter         
N-terminal His-tag 

AmpR 
Merck Biosciences 
(Darmstadt, Germany) 

2.2.2 Protein biochemistry 

SDS-PAGE and immunoblot analysis were performed according to Sambrook et al. (1989). 

Protein concentrations were determined using a bichinchonic acid protein assay 

(ThermoFisher Scientific, Bonn, Germany). PageRuler Prestained Protein Ladder 

(Fermentas) was used for SDS-PAGE analysis. 

Table 2.3 Antibodies used for immunoblot analysis 

First and second antibodies were used for immunodetection of plant and recombinant protein. AP, alkaline 

phosphatise; HRP, horseradish peroxidase. * Prof. Dr. Johannes M. Herrmann, University of Kaiserslautern, 

Germany. 

Type Name Organism Company 

1st penta-His antibody Mouse 
Qiagen (Hilden, 
Germany) 

1st Phosphoserine Q5 antibody Mouse Qiagen 

1st anti-PXN-specific serum Rabbit this thesis 

1st anti-ScCOX2 Rabbit J.M. Herrmann* 

2nd AP-conjugated anti-mouse IgG Goat 
Promega                
(Mannheim, Germany) 

2nd AP-conjugated anti-rabbit IgG Donkey Promega 
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Type Name Organism Company 

2nd  HRP-conjugated anti-mouse IgG  Goat 
Santa Cruz Biotechnology 
(Heidelberg, Germany) 

2nd HRP-conjugated anti-rabbit IgG Donkey 
GE Healthcare                  
(Munich, Germany) 

2.2.3 In silico expression and co-expression analysis 

In silico co-expression analysis was performed using web-based ATTEDII, GeneMANIA, 

Genevestigator, and Arabidopsis Co-response databases ( 

Table 7.5). PXN expression data were received from Arabidopsis eFP Browser ( 

Table 7.5). 

2.3 Plant work 

2.3.1 Plant lines 

Wild type Arabidopsis thaliana (ecotype Columbia; Col-0) was obtained from the Arabidopsis 

sequencing project, LEHLE SEEDS, Round Rock, USA. Arabidopsis mutants were obtained 

from the ABRC at the Ohio State University. pmdh1 pmdh2 and pmdh1 pmdh2 hpr1 mutants 

were kindly provided by Prof. Dr. Steven Smith (The University of Western Australia, 

Australia). 

Table 2.4 Arabidopsis mutant lines 

Arabidopsis T-DNA and point mutation lines were used for physiological experiments. 

Name Locus 
Eco-
type 

Line Mutation 
Resis-
tance 

References 

pxn-1 At2g39970 Col-0 
GABI_046_
D01 

T-DNA SulR 
Bernhardt et al. 
(2012a) 

pxn-2 At2g39970 Col-0 
GABI_830_
A06 

T-DNA SulR 
Bernhardt et al. 
(2012a) 

pxn-3 At2g39970 Col-0 
SAIL_636_
F12 

T-DNA GlufR 
Bernhardt et al. 
(2012a) 

pmdh1 At2g22780 Col-0 
GABI_363_
B11 

T-DNA SulR 
Pracharoenwattana 
et al. (2007) 

pmdh2 At5g09660 Col-0 
GABI_326_
G02 

T-DNA SulR 
Pracharoenwattana 
et al. (2007)  

hpr1 At1g68010 Col-0 
SALK_1435
84 

T-DNA KanR 
Pracharoenwattana 
et al. (2010) 

pxa1 At4g39850 Col-0 CS3950 
EMS point 
mutation 

/ Zolman et al. (2001) 

abi4 At2g40220 Col-0 / 
irradiation 
point 
mutation 

/ Finkelstein (1994) 
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2.3.2 Plant growth conditions 

Chlorine gas surface sterilization of Arabidopsis seeds was performed according to 

Bernhardt et al. (2012b). Seeds were stratified for four days at 4°C and germinated on 0.8% 

(w/v) agar-solidified half-strength Musharige & Skoog (MS) medium (Duchefa, Haarlem, 

Netherlands) supplemented with 1% (w/v) sucrose. Plants for seed production were 

incubated at long-day conditions (16 h light/ 8 h dark cycle; 22/18°C) in growth chambers 

(100 µmol m-2 s-1 light intensity). Plants for seed germination, seedling growth, 2,4-DB and 

2,4-D experiments, fatty acid analysis, lipid staining, and plant membrane isolation were 

grown as described by Bernhardt et al. (2012a). Seedlings were photographed and roots or 

hypocotyls were measured using IMAGEJ (Table 7.5). For transmission electron microscope 

(TEM) analysis seedlings were grown on half-strength MS agar in constant darkness. 

Response to oxidative stress was analyzed by growing seedlings on half-strength MS agar 

containing either 10 µM H2O2, 2 µM 3-aminotriazole, 75 mM sodium chloride (Philipp, 2010; 

Trippelsdorf, 2012). 

2.3.3 Arabidopsis transformation 

Floral-dip Arabidopsis transformation using agrobacteria (Koncz and Schell, 1986), selection 

of positive transformants, and segregation analysis was performed according to Bernhardt et 

al. (2012b).  

Table 2.5 Agrobacterium tumefaciens strains 

Agrobacteria were used for stable transformation of Arabidopsis and for transient transformation of tobacco 

leaves. 

Strain Genotype Reference 

GV3101::pMP90  
C58 RifR, pMP90  
(pTic58 ΔT-DNA, GentR)  

Koncz and Schell (1986) 

p19 RifR, AmpR, KanR Voinnet et al. (2003) 

 

Table 2.6 Produced Arabidopsis mutant lines by agrobacteria-mediated transformation 

Plant lines were generated by agrobacteria-mediated Arabidopsis transformation.  

Name Initial line Plasmid Resistance Generation 

pPXN::GUS Col-0 pKB49 KanR T3 

pUBQ10::PXN Col-0 pKB52 KanR T3 

pUBQ10::PXN pxn-1 pxn-1 pKB52 KanR T3 

pUBQ10::PXN pxn-2 pxn-2 pKB52 KanR T3 

pUBQ10::PXN pxn-3 pxn-3 pKB52 KanR T3 
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Name Initial line Plasmid Resistance Generation 

pUBQ10::amiR-PXN Col-0 pKB67 HygR T1 

pUBQ10::amiR-PXN 
pmdh1 pmdh2 

pmdh1 pmdh2 pKB67 HygR T1 

pUBQ10::amiR-PXN 
pmdh1 pmdh2 hpr1 

pmdh1 pmdh2 hpr1 pKB67 HygR T1 

pLexA::amiR-PXN Col-0 pKB68 HygR T1 

pLexA::amiR-PXN 
pmdh1 pmdh2 

pmdh1 pmdh2 pKB68 HygR / 

pLexA::amiR-PXN 
pmdh1 pmdh2 hpr1 

pmdh1 pmdh2 hpr1 pKB68 HygR T1 

p35S::siR-PNC1/2 PXN pxn-1 pMSU98 KanR T2 

pAlcA::siR-PNC1/2 PXN pxn-1 pMSU253 KanR T2 

2.3.4 Arabidopsis mutant lines generating by crossing 

Crossing of Arabidopsis T-DNA lines was performed as published on the NASC website 

(Table 7.4). 

Table 2.7 Produced Arabidopsis mutant lines by crossing 

T-DNA lines were used for generating triple and quadruple mutants by crossing. 

Name Lines for crossing Resistance Generation 

pmdh1 pmdh2 pxn pmdh1 pmdh2 hpr1 and pxn-1 SulR T1 

pmdh1 pmdh2 hpr1 pxn pmdh1 pmdh2 hpr1 and pxn-1 SulR T1 

2.3.5 Verifying of T-DNA insertion lines 

Genomic DNA of Arabidopsis plants was isolated after Berendzen et al. (2005). PCR-based 

screening was used to identify homozygous T-DNA insertion lines for PXN using gene-

specific primers (NL29/NL30 for pxn-1, 899 bp; NL319/NL320 for pxn-2, 1015 bp; 

NL291/NL292 for pxn-3, 1216 bp) and primers for T-DNA/gene junction (NL29/P52 for pxn-1, 

605 bp; NL320/P52 for pxn-2, 623 bp; NL292/P49 for pxn-3, 492 bp). To verify T-DNA 

insertions for pmdh1 pmdh2 and pmdh1 pmdh2 hpr1 lines, PCR-based screening was 

performed using gene-specific primers (KB27/KB28 for pmdh1, 1560 bp; KB29/KB30 for 

pmdh2, 1340 bp; KB31/KB32 for hpr1, 2310 bp) and primers for T-DNA/gene junction 

(KB27/P52 for pmdh1, 760 bp; KB29/P52 for pmdh2, 1550 bp; KB31/P47 for hpr1). Vector 

specific primers was used to verify positive Arabidopsis lines transformed with pUBQ10::PXN 

(KB6/KB10; 1016 bp; pKB52), pUBQ10::amiR-PXN (P98/KB34, 692 bp; pKB67), 

pLexA::amiR-PXN (P77/KB34, 797 bp; pKB68), p35S::siR-PNC1/2 (P26/P70, 756 bp; 

pMSU98), and pAlcA::siR-PNC1/2 (P26/P35, 860 bp; pMSU253). As positive control, 

amplification of ACTIN2 (ACT2) was performed using primers P33/P34 (977 bp). 
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Table 2.8 Oligonucleotides used for gDNA screening of transgenic plants 

Primers used for verifying T-DNA insertion lines. 

Name 5’-3’ sequence Binding site 
KB6 CACACCTGCAGCATGGCGGACGCTTTGAT PXN  
KB10 GTGTGCTGCAGTTAGCTAGAGGTAGCGTTTGAGAGC PXN 
KB27 CAGATTGCTGACGGGTCAGG pmdh1 
KB28 GCCGTACACTTCATCGATCC pmdh1 
KB29 CTCAGATGGAGGCCAAGAAC pmdh2 
KB30 GCTGATACACTTCCTCTGC pmdh2 
KB31 CTCTACCATGGCGAAACCGG hpr1 
KB32 TCATAGCTTCGAAACAGGC hpr1 
KB34 GACTGGGACCTTTAATACGATTATCAAAGAGAATCAATGA amiR-PXN 
NL29 CCACAGGTAAGTAATCCGTCAATG pxn-1  
NL30 TGCTGGGCTTAATGTAGTCAAGTC pxn-1  
NL291 CAGGAAATGAACAACAATCCC pxn-3  
NL292 TACATTTTCTTTGGTCCGTGG pxn-3  
NL319 AAGAAAATGAGGAAAATATTTCAGTC pxn-2  
NL320 CAAATCAGAGCAAATCAAGGC pxn-2  
P26 CTTCGTCTTACACATCACTTGTCA siRNA-pnc12 
P33 GTTGGGATGAACCAGAAGGA ACT2 
P34 GAACCACCGATCCAGACACT ACT2  
P35 AGCAGAGACGGAGCACTTTC AlcA promoter 
P47 GCGTGGACCGCTTGCTGCAACT SALK LB 
P49 TAGCATCTGAATTTCATAACCAATCTCGATACAC SAIL LB 
P52 CCCATTTGGACGTGAATGTAGACAC GABI LB 
P70 CTTCGCAAGACCCTTCCTC 35S promoter 

P77 ATCATCCCCTCGACGTACTG 
LexA 
promoter 

P98 CGATTTTCTGGGTTTGATCG 
UBQ10 
promoter 

2.3.6 Plant membrane isolation of etiolated seedlings 

Total membranes from six-day-old etiolated seedlings were extracted as described in 

Bernhardt et al. (2012a). The membrane pellets were analyzed by SDS-PAGE and 

immunoblot using PXN-specific and ScCOX2-specific antibodies (Table 2.3). 

2.3.7 PXN-specific polyclonal antibody generation 

The hydrophobic loop between the third and fourth transmembrane domain of the PXN 

protein (Figure 3.1) was used as an antigen for the generation of a polyclonal antiserum in 

rabbits (Pineda Antikörper Service, Berlin, Germany). Antibody generation was performed by 

Sabrina Wilkinson (Wilkinson, 2009) and described in Bernhardt et al. (2012a). In this thesis, 

the PXN-antibody was purified against the antigen according to Sauer and Stadler (1993). 
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2.3.8 Silencing of gene expression using artificial microRNA and small interfering 

RNA 

The artificial microRNA for PXN silencing (5’-ATGGGACCTTTAATACGATTC-3’) was 

designed using WMD3-Web MicroRNA Designer (Table 7.5). Cloning was performed with 

the primers KB33, KB34, KB35, KB36, P64, and P65 using the vector pRS300 as template 

according to the WMD3-Web MicroRNA Designer website (Table 7.5; Schwab et al., 2006). 

PXN microRNA was inserted into pDONR207 by BP reaction using the primers gSV1 and 

miFB14. The destination vectors pKB65 for constitutive expression (UBQ10 promoter, 

pKB67) and pMDC7 for estradiol inducible expression (LexA promoter, pKB68) were used for 

the LR reaction (Gateway Technology, Invitrogen) to gain the expression vectors. Constructs 

encoding for the small interfering RNA for simultaneous silencing of PNC1 and PNC2 were 

provided by Dr. Nicole Linka, HHU Düsseldorf, Germany (Linka et al., 2008b). pMSU98 

expressed the siR-PNC1/2 under the control of the constitutive 35S promoter and pMSU253 

of the ethanol inducible pAlcA promoter.  

Table 2.9 Oligonucleotides used for generating PXN microRNA expressing vectors  

Primers were designed using WMD3-Web MicroRNA Designer (Table 7.5) for generating artificial microRNA for 

PXN silencing. 

Name 5’-3’ sequence Purpose 

KB33 
GATAATCGTATTAAAGGTCCCAGTCTCTCTTTTGT
ATTCC 

I amiRNA PXN 

KB34 
GACTGGGACCTTTAATACGATTATCAAAGAGAATC
AATGA 

II amiRNA PXN 

KB35 
GACTAGGACCTTTAAAACGATTTTCACAGGTCGTG
ATATG 

III amiRNA PXN 

KB36 
GAAAATCGTTTTAAAGGTCCTAGTCTACATATATAT
TCCT 

IV amiRNA PXN 

gSV1 
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACC
CTGCAAGGCGATTAAGTTGG 

amiRNA PXN Gateway 

miFB14 
GGACCACTTTGTACAAGAAAGCTGGGTCGCGGAT
AACAATTTCACACAGG 

amiRNA PXN Gateway 

P64 CTGCAAGGCGATTAAGTTGGGTAAC A amiRNA PXN 

P65 GCGGATAACAATTTCACACAGGAAACAG B amiRNA PXN 

 

Table 2.10 Plasmids used for gene silencing  

Plasmids were used for agrobacteria-mediated Arabidopsis transformation for silencing PXN and PNC 

expression. Vector maps: section 7.6.2. 

Name Initial vector Insert Reference 

pKB67 pKB65 pUBQ10::amiR-PXN this thesis 

pKB68 pMDC7 pLexA::amiR-PXN this thesis 

pMSU98 pART27 p35S::siR-PNC1/2  
Linka et al. 
(2008b) 
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Name Initial vector Insert Reference 

pMSU253 pBIN-19 pAlcA::siR-PNC1/2  
Linka et al. 
(2008b) 

2.3.9 Generation of PXN over-expression lines 

PXN coding sequence was amplified using primers KB6/10 (1016 bp) and inserted into 

pUT Kan vector via PstI for PXN over-expression under the control of the UBQ10 promoter 

(pUBQ10::PXN; pKB52; Vector map: section 7.6.3). This construct was used for Arabidopsis 

WT, pxn-1, pxn-2, and pxn-3 transformation and homozygous lines were selected (section 

2.3.3).  

Table 2.11 Oligonucleotides used for creating PXN over-expression construct 

Primer used for amplifying PXN coding sequence. Restriction sites are underlined. 

Name Enzyme 5’-3’ sequence Purpose 

KB6 PstI CACACCTGCAGCATGGCGGACGCTTTGAT PXN 

KB10 PstI 
GTGTGCTGCAGTTAGCTAGAGGTAGCGTT
TGAGAGC 

PXN 

2.3.10 PXN promoter GUS analysis 

The PXN promoter region was amplified using primers KB1/KB3 (3050 bp) and cloned via 

Gateway BP-reaction into pDONR207 vector using BP-clonase (Gateway Technology, 

Invitrogen). LR-reaction using LR-clonase (Gateway Technology, Invitrogen) was performed 

with pBI121 to fuse the PXN promoter region to the β-glucuronidase (GUS) reporter gene 

(pKB49; Vector map: section 7.6.4). Agrobacteria-mediated transformation of Arabidopsis 

WT plants with pPXN::GUS (pKB49) was done and homozygous lines were selected 

according to section 2.3.3. GUS-staining was performed as previously described (Rosar et 

al., 2012).  

Table 2.12 Oligonucleotides used for creating a PXN promoter GUS construct 

Primer used for amplifying the PXN promoter region.  

Name 5’-3’ sequence Purpose 

KB1 
GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCTGTGG
AATTTCATTAA 

PXN Promoter 

KB3 
GGGGACCACTTTGTACAAGAAAGCTGGGTGATTTCTA
TATTCCAACACCAAC 

PXN Promoter 

2.3.11 Transient expression of YFP fusions in tobacco  

For the expression of mutated PXN protein (section 2.4.4), tagged at the N-terminus with 

YFP, were the PXN coding sequences amplified using primers KB104/KB106 (PXN and PXN 

S155: 1055 bp; PXN Δloop: 974 bp). The PCR products were introduced via BP reaction into 

pDONR207 and subsequent fused N-terminal to YFP by LR reaction with pUBN-YFP vector 
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(Gateway technology, Invitrogen). Nicotiana benthamiana or N. tabaccum leaves (Table 

2.13) were infiltrated with corresponding constructs ( 

Table 2.15) using agrobacteria (Romeis et al., 2001). The infiltrated leaves were analyzed 

with a Zeiss Laser scanning microscope 780 (Zeiss, Oberkochen, Germany) one to five days 

after co-infiltration. Excitation line 514 nm (YFP) and 405 nm (CFP) and a band-pass filter of 

516-621 nm were used for imaging. Digital images were processed using the LSM Image 

Browser 4.2 (Zeiss).  

Table 2.13 Tobacco plants used for transient transformation 

Tobacco plants used for transient expression of plant expression vectors, mediated by infiltration of agrobacteria. 

Line Stable transformed Reference 
Nicotiana benthamiana / / 
Nicotiana tabacum CFP-SKL Zhang et al. (2011) 

 

Table 2.14 Oligonucleotides used for cloning YFP-PXN fusion protein 

Primer used for amplification of PXN for N-terminal YFP fusion.  

Name 5’-3’ sequence Purpose 

KB104 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGGA
CGCTTTGATCAAT 

PXN           
YFP-fusion 

KB106 
GGACCACTTTGTACAAGAAAGCTGGGTCTTAGCTAGAGG
TAGCGTTTGAGAGCAAC 

PXN           
YFP-fusion 

 

Table 2.15 Plasmids used for co-localization 

Plant expression vectors for transient expression in tobacco leaves mediated by agrobacteria infiltration.                

* Jan Wiese, HHU Düsseldorf, Germany. Vector maps: section 7.6.5. 

Name Initial vector Insert Reference 

pMSU205 pCAMBIA3301 p35S::PNC1-YFP 
Linka et al. 
(2008b) 

pMSU206 pCAMBIA3301 p35S::PNC2-YFP 
Linka et al. 
(2008b) 

pMSU266 pCAMBIA3301 p35S::YFP-PXN 
Linka et al. 
(2008b) 

pKB109 pUBN-YFP pUBQ10::YFP-PXN S155A this thesis 

pKB110 pUBN-YFP pUBQ10::YFP-PXN S155C this thesis 

pKB111 pUBN-YFP pUBQ10::YFP-PXN S155D this thesis 

pKB112 pUBN-YFP pUBQ10::YFP-PXN Δloop this thesis 

pJW20 pUBC-YFP pUBQ10::PMP22-YFP J. Wiese* 

pJW22 pUBC-YFP pUBQ10::PMP22 like-YFP J. Wiese* 

ALDP-YFP pCAMBIA1300 p35S::ALDP-YFP 
Zhang et al. 
(2011) 
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Name Initial vector Insert Reference 

ALDR-YFP pCAMBIA1300 p35S::ALDR-YFP 
Zhang et al. 
(2011) 

pCAMBIA 1300-
H2B-AtPex19-1 

pCAMBIA1300 p35S::NLS-PEX19.1 
Zhang et al. 
(2011) 

CFP-PTS1 pPZP211 p35S::CFP-PTS1 
Linka et al. 
(2008b) 

2.3.12 Fatty acid analysis 

Fatty acids content of Arabidopsis seedlings were analyzed by fatty acid methyl ester 

(FAME) analysis according to Browse et al. (1986) and Bernhardt et al. (2012a). The fatty 

acid 17:0 was used as an internal standard to enable quantification. 

2.3.13 Staining of lipid bodies 

Lipid bodies of four-day-old etiolated seedlings were stained with nile red (Invitrogen). A 

5 mg/mL stock solution of nile red dissolved in acetone was diluted in water to a final 

concentration of 1 µg/mL. Seedlings were incubated for 5 min in the solution and washed 

twice with water (Bernhardt et al., 2012a). Images were recorded with a Zeiss laser scanning 

microscope 510 Meta (Zeiss; excitation, 488 nm; emission, 530–600 nm). Digital images 

were processed using the LSM Image Browser 4.2 (Zeiss). 

2.3.14 Transmission electron microscope pictures 

Cotyledons of five-day-old seedlings grown in continuous darkness were used for TEM 

analysis. After fixation in 0.1 M phosphate buffer (pH 7.4) and 2.5% glutaraldehyde for 2 h, 

the samples were incubated in 2% osmiumtetroxide for 1 h and in 2% uranylacetate for 

30 min. Following treatment was performed as described in Richard et al. (2009). 

2.3.15 NAD+ level measurement of Arabidopsis seedlings 

Total NAD+ concentration of four-day-old WT and pxn-1 seedlings grown under short-day 

condition (8 h light/ 16 h dark cycle; 22/18°C) were measured with an endpoint assay using 

phenazine ethosulfate (PES) and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide 

(MTT) according to Gibon and Larher (1997) and Trippelsdorf (2012). 

2.4 Biochemistry of recombinant protein 

2.4.1 Two-step protein expression using wheat germ extract 

In vitro cell-free expression using wheat germ extract (WGE) was performed using a two-step 

protein expression system with independently transcription and translation reaction (CellFree 

Science). Recombinant proteins, such as PXN-His and the mutated versions (S155A, 
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S155C, S155D, and Δloop; section 2.4.4), NDT1-His, NDT2-His, PNC1-His, and PNC2 were 

expressed according to Bernhardt et al. (2012a). For C-terminal His-tag fusion of the target 

proteins, the vector pNL22, a derivative of the pEU3a vector, was used (CellFree Sciences, 

(Bernhardt et al., 2012a). Coding sequences were amplified by PCR using the following 

primer pairs: KB37/KB38 (NDT1, 960 bp, pKB73) and KB40/KB41 (NDT2, 1113 bp, pKB75). 

PCR products were inserted via NcoI/BamHI into pNL22. PNC1 and PXN in pNL22 was used 

as described in Bernhardt et al. (2012a). PNC2 in pEU3a vector were provided by Sarah 

Vigelius (Vigelius, 2009). Cloning strategy of modified PXN versions, see section 2.4.4.  

Table 2.16 Oligonucleotides used for cloning vectors for two-step protein WGE expression  

Primers used for amplification of NDT1 and NDT2 coding sequences and for in vitro transcription. Restriction sites 

are underlined. 

Name Enzyme 5’-3’ sequence Purpose 

KB37 NcoI 
CACACCCATGGGAATGTCCGCTAATTCTC
ATCCTCCTAATTC 

NDT1 WGE 

KB38 BamHI 
GTGTGGGATCCAAGTATAGAGCTTTGCTC
AGAAGGTATATGAGTG 

NDT1 WGE, yeast 

KB40 NcoI 
CACACCCATGGGAATGATTGAACATGGGA
ACTCTACCTTTG 

NDT2 WGE 

KB41 BamHI 
GTGTGGGATCCTTTGCTTCCAAGAGGGAT
ATGGG 

NDT2 WGE, yeast 

P73 / CACATACGATTTAGGTGACACTATAGAA WGE  

P74 / GATAATCTCATGACCAAAATCCCTTA WGE 

 

Table 2.17 Plasmids used for in vitro two-step WGE expression 

Plasmids used for recombinant protein expression using two-step WGE expression system. * Dr. Nicole Linka, 

HHU Düsseldorf, Germany. Vector maps: section 7.6.6. 

Name Initial vector Insert Reference 

pMSU356 pNL22 pSP6::PNC1-His Bernhardt et al. (2012a) 

pMSU358 pEU3a pSP6::PNC2 Vigelius (2009) 

pMSU361 pEU3a pSP6::PXN N. Linka* 

pMSU362 pNL22 pSP6::PXN-His Bernhardt et al. (2012a) 

pKB73 pNL22 pSP6::NDT1-His Bernhardt et al. (2012a) 

pKB75 pNL22 pSP6::NDT2-His Bernhardt et al. (2012a) 

pKB81 pMSU362 pSP6::PXN-His S155A this thesis 

pKB82 pMSU362 pSP6::PXN-His S155C this thesis 

pKB83 pMSU362 pSP6::PXN-His S155D this thesis 
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Name Initial vector Insert Reference 

pKB86 pMSU362 pSP6::PXN-His Δloop this thesis 

2.4.2 One-step protein expression using wheat germ extract 

One-step cell-free protein expression using a transcription/translation coupled WGE system 

(5PRIME) was performed to synthesize recombinant protein of PXN-His and the mutated 

PXN versions (S155A, S155C, S155D, and Δloop), PNC1-His, PNC2-His, PMP22-His, 

mitoPMP22-His, CTS-FL-His, CTS-N-His, CTS-C-His, and MEP1-His for PEX19 pull-down 

assay (section 2.5). Gene specific primers for PXN, PXN S155A, PXN S155C, PXN S155D 

(KB58/KB111, 1017 bp), PXN Δloop (KB58/KB111, 936 bp), PNC1 (KB112/113, 984 bp), 

and PNC2 (KB114/KB115, 984 bp) were used for PCR based amplification and the coding 

sequence was introduced via NcoI/XhoI into pIVEX1.3 vector (5PRIME) for C-terminal      

His-tag fusion. pIVEX1.3 vectors carrying coding sequences of PMP22-His, mitoPMP22-His, 

CTS-FL-His, CTS-N-His, CTS-C-His, and MEP1-His were provided by Jan Wiese (HHU 

Düsseldorf, Germany), Thea Pick (HHU Düsseldorf, Germany), and Dr. Frederica L. 

Theodoulou (Rothamsted Research, UK; Nyathi et al. (2012)). Recombinant protein 

expression was performed according to the RTS 100 Wheat Germ CECF Kit manual 

(5PRIME). 

Table 2.18 Oligonucleotides used for cloning of one-step WGE expression vectors 

Primers used for amplification of PXN, PNC1 and PNC2 coding sequences. Restriction sites are underlined. 

Name Enzyme 5’-3’ sequence Purpose 

KB58 NcoI 
CACACCCATGGGAATGGCGGACGCTTTGA
TCAAT 

PXN WGE 

KB111 XhoI 
GTGTGCTCGAGGCTAGAGGTAGCGTTTGA
GAGCAACA 

PXN WGE 

KB112 NcoI CACACCCATGGGTGTCGATTTGGAATC PNC1 WGE 

KB113 XhoI 
GTGTGCTCGAGAGGACTTCTTAACTTACC
CTTTGTGTTTGT 

PNC1 WGE 

KB114 NcoI CACACCCATGGGTGTTGATTTGGATTTG PNC2 WGE 

KB115 XhoI 
GTGTGCTCGAGGTCTGGACTTTTCAATCT
AGCCTTTGTG 

PNC2 WGE 

 

Table 2.19 Plasmids used for in vitro one-step WGE expression 

Plasmids used for expression of recombinant protein using one-step WGE expression system. *1 Dr. Frederica L. 

Theodoulou, Rothamsted Research, UK. *2 Jan Wiese, HHU Düsseldorf, Germany. *3 Thea Pick, HHU Düsseldorf, 

Germany. Vector maps: section 7.6.7. 

Name Initial vector Insert Reference 

pKB120 pIVEX1.3 pT7::PNC1-His this thesis 

pKB121 pIVEX1.3 pT7::PNC2-His this thesis 
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Name Initial vector Insert Reference 

pKB122 pIVEX1.3 pT7::PXN-His this thesis 

pKB123 pIVEX1.3 pT7::PXN-His S155A this thesis 

pKB124 pIVEX1.3 pT7::PXN-His S155C this thesis 

pKB125 pIVEX1.3 pT7::PXN-His S155D this thesis 

pKB126 pIVEX1.3 pT7::PXN-His Δloop this thesis 

pIVEX_CTS-FL pIVEX1.3 pT7::CTS-FL-His F. Theodoulou*1 

pIVEX_CTS-N pIVEX1.3 pT7::CTS-N-His Nyathi et al. (2012) 

pIVEX_CTS-C pIVEX1.3 pT7::CTS-C-His Nyathi et al. (2012) 

pHHU120 pIVEX1.3 pT7::PMP22-His J. Wiese*2 

pJW110 pIVEX1.3 pT7::mitoPMP22-His J. Wiese 

pIVEX_MEP pIVEX1.3 pT7::MEP1-His T. Pick*3 

2.4.3 Protein expression in yeast 

PXN-His and Ant1p-His were expressed in Saccharomyces cerevisiae strain INVSc1 

(genotype: MATa his3D1 leu2 trp1-289 ura3-52; Invitrogen). PXN-His (pMSU219) and Ant1p-

His (pMSU222) expression constructs were provided by Dr. Nicole Linka (HHU Düsseldorf, 

Germany). Galactose induced protein expression and isolation of total yeast membranes was 

performed according to Linka et al. (2008a). 

Table 2.20 Plasmids used for protein expression in yeast 

Plasmids used for galactose induced protein expression of PXN-His and Ant1p-His in yeast. * Dr. Nicole Linka, 

HHU Düsseldorf, Germany.  

Name Initial vector Insert Reference 

pMSU219 pNL14 pGAL::PXN-His N. Linka* 

pMSU222 pNL14 pGAL::Ant1p-His N. Linka* 

2.4.4 Site-directed mutagenesis of PXN S155 and PXN loop deletion  

Mutated versions of the PXN protein were generated using the in vitro QuickChange II Site-

Directed Mutagenesis (SDM) system according to the manufacture manual (Agilent 

Technologies). Primers were designed using the QuickChange Primer Design Program 

(Table 7.5; Agilent Technologies). The two-step cell-free WGE expression system was 

performed to produce recombinant PXN-His protein. Therefore, the expression vector 

pMSU362 was used as template and PXN-His Serine155 was exchanged to alanine (S155A; 
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KB49/KB50, 4843 bp; pKB81), cysteine (S155C; KB51/KB52, 4843 bp; pKB82), and 

aspartate (S155D; KB53/KB54, 4843 bp; pKB83). For PXN loop deletion was the PXN 

coding sequence amplified using PXN specific primers (KB6/KB10, 1016 bp) and sub-cloned 

into pJET1.2. This construct was linearized via NdeI (cutting site in the loop region) and the 

whole vector was amplified without the loop region using primers KB56 and KB57 (3912 bp). 

After ligation of the PCR product using T4 ligase (Fermentas) the vector was sequenced 

(GATC Biotech). At the ligation site, two nucleotides were missing that were introduced using 

in vitro QuickChange II Site-Directed Mutagenesis Kit (Agilent Technologies) and the primers 

KB60 and KB61 (3912 bp). The coding region of PXN Δloop was amplified using primers 

KB58 and KB59 (936 bp). The PCR product was inserted via NcoI/BamHI into pNL22 for 

two-step WGE expression (pKB86).  

Table 2.21 Oligonucleotides used for generating of mutated PXN proteins 

Primers used for cloning and site-directed mutagenesis of mutated PXN proteins for two-way WGE expression. 

Restriction sites are underlined 

Name Enzyme 5’-3’ sequence Purpose 

KB6 PstI CACACCTGCAGCATGGCGGACGCTTTGAT PXN 

KB10 PstI 
GTGTGCTGCAGTTAGCTAGAGGTAGCGTT
TGAGAGC 

PXN 

KB49 / 
CAGCGGCCCCCGAGGCTCCTTCTTCTAAT
GCA 

S155A SDM 

KB50 / 
TGCATTAGAAGAAGGAGCCTCGGGGGCC
GCTG 

S155A SDM 

KB51 / 
AACAGCGGCCCCCGAGTGCCCTTCTTCTA
ATGC 

S155C SDM 

KB52 / 
GCATTAGAAGAAGGGCACTCGGGGGCCG
CTGTT 

S155C SDM 

KB53 / 
CAAACAGCGGCCCCCGAGGATCCTTCTTC
TAATGCAGAAG 

S155D SDM 

KB54 / 
CTTCTGCATTAGAAGAAGGATCCTCGGGG
GCCGCTGTTTG 

S155D SDM 

KB56 / TATGGGACCTTTAATACGATTCGAGAGG PXN Δloop 

KB57 / TCTGTGGGTCTGCATACGCGTAAC PXN Δloop 

KB58 NcoI 
CACACCCATGGGAATGGCGGACGCTTTGA
TCAAT 

PXN Δloop WGE 

KB59 BamHI 
GTGTGGGATCCGCTAGAGGTAGCGTTTGA
GAGCAACA 

PXN Δloop WGE 

KB60 / 
CGTATGCAGACCCACAGATATGGGACCTT
TAATACGA 

PXN Δloop SDM 

KB61 / 
TCGTATTAAAGGTCCCATATCTGTGGGTCT
GCATACG 

PXN Δloop SDM 
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2.4.5 Reconstitution of recombinant protein into liposomes and transport activity 

measurements using radioactive labelled substrates 

The in vitro expressed recombinant proteins (section 2.4.1) were reconstituted into liposomes 

by the freeze-thaw procedure (Kasahara and Hinkle, 1976). The liposomes were made of 3% 

(w/v) phospholipids. In case of the reconstitution of the mitochondrial NDT2 carrier, 

liposomes consist of 2.85% (w/v) phospholipids and 0.15% (w/v) cardiolipin. [α-32P]-NAD+ 

(Perkin Elmer) uptake assays and determination of kinetic constants were performed as 

described in Bernhardt et al. (2012a). Modified uptake assays with radioactive labelled [α-
32P]-ATP (Hartmann Analytic) were performed according to Linka et al. (2008b). 150 mM 

sodium acetate (pH 7.6) was used for equilibration of the Dowex AG1-X8 columns (acetate 

form, 100–200 mesh; Bio-Rad) and for elution of the flow-through containing the 

proteoliposomes. Analyses of the obtained data were performed using GraphPad 

PRISM 5.0d and as described in Bernhardt et al. (2012a). 

2.5 PEX19 interaction studies 

In vitro PEX19 pull-down assay was performed as described in Nyathi et al. (2012) using 

recombinant transport proteins, expressed in one-step cell-free WGE expression system 

(section 2.4.2) and recombinant PEX19 protein, expressed in E. coli strain BL21 (DE3) 

(genotype: F– ompT gal dcm lon hsdSB(rB
- mB

-) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 

nin5]; Novagen, Darmstadt, Germany). In vivo PEX19 mis-localization assay was done 

according to Zhang et al. (2011). PEX19 binding site prediction was performed using PEX19 

binding site predictor ( 

Table 7.5).  

2.6 Accession numbers 

DNA and protein sequences were received from the Aramemnon database, Saccharomyces 

Genome Database (SGD) and human gene database ( 

Table 7.5) with the accession numbers At2g39970 (PXN), At3g05290 (PNC1), At5g27520 

(PNC2), At4g04470 (PMP22), At4g14305 (PMP22 like), At3g24570 (mitoPMP22), 

At2g47490 (NDT1), At1g25380 (NDT2), At4g39850 (PXA/CTS), At2g22780 (pMDH1), 

At5g09660 (pMDH2), At1g68010 (HPR1), At1g79870 (HPR2), At1g12550 (HPR3), 

At3g06860 (MFP2), At4g29010 (AIM1), At1g32080 (MEP1), At3g18780 (ACTIN2), YPR128C 

(Ant1p), YIL006W (Ndt1p), YEL006W (Ndt2p), HsABCD1 (ADLP), and HsABCD2 (ALDR). 

Amino acid sequences were aligned using CLUSTALW and the alignment layout was 

performed with GENEDOC ( 

Table 7.5). 

 



Results 

  28 

3 Results 

Peroxisomes play an essential role in different metabolic processes and share many 

reactions with other cell compartments. To connect the peroxisomal metabolism of the other 

organelles, all metabolites, cofactors and other molecules have to exchange across the 

peroxisomal membrane (Linka and Esser, 2012). The peroxisomal membrane is 

impermeable for “bulky” solutes larger than 300 Da (section 1.5.1; Antonenkov and Hiltunen, 

2006). As nicotinamide adenine dinucleotide (NAD+; 663 Da) is exclusively synthesized in the 

cytosol and as the peroxisomal membrane is impermeable for NAD+, the cofactor has to be 

imported into peroxisomes to maintain the function of NAD+-dependent enzymes 

(Antonenkov and Hiltunen, 2006; Noctor et al., 2006; Hashida et al., 2009). The aims of this 

thesis were to identify the peroxisomal NAD+ carrier in Arabidopsis using a candidate gene 

approach and characterize its biochemical and physiological function. 

3.1 Homology among At2g39970 and other members of the 

mitochondrial carrier family 

A candidate for the peroxisomal NAD+ carrier (PXN) is At2g39970 (section 1.5.3). PXN is a 

member of the mitochondrial carrier family (MCF) and encodes a protein of 331 amino acids 

with a calculated molecular mass of 36.2 kDa. PXN consists of six transmembrane-spanning 

domains and three mitochondrial energy transfer signature domains (Figure 3.1), which are 

conserved in the MCF (Picault et al., 2004; Palmieri et al., 2011). PXN contains a unique 

expanded hydrophilic loop region between transmembrane domain three and four (Figure 

3.1). The peroxisomal localization of PXN was confirmed by different approaches (Figure 

3.30; section 1.5.3; Fukao et al., 2001; Eubel et al., 2008; Linka et al., 2008b; Reumann et 

al., 2009; Wilkinson, 2009). 

A phylogenetic tree (Figure 3.2), based on amino acid sequences from members of 

the MCF from Arabidopsis, yeast, and human was generated. The peroxisomal adenine 

nucleotide transporter PNC1, PNC2 (section 1.5.2; Arai et al., 2008; Linka et al., 2008b), and 

Ant1p (Palmieri et al., 2001) clustered in one group. A second cluster consists of PXN and 

chloroplastic, mitochondrial, and peroxisomal NAD+ carrier NDT1, NDT2 (Palmieri et al., 

2009), Ndt1p, Ndt2p (Todisco et al., 2006), and SLC25A17 (Agrimi et al., 2012a). PXN 

exhibits strong amino acid homology to NAD+ carrier like NDT1 (27% identity), NDT2 (23% 

identity), Ndt1p (21% identity), Ndt2p (22% identity), and SLC25A17 (29% identity; Figure 

3.2, Figure 3.1). Even if PXN is a close homologue to the adenosine triphosphate (ATP) 

transporter PNC1 (25% identity), PNC2 (23% identity), and Ant1p (23% identity; Figure 3.2; 

Figure 3.1), it was shown that PXN exhibited another unknown substrate specificity (section 

1.5.3; Linka et al., 2008b; Wilkinson, 2009).  
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Figure 3.1 Amino acid sequence homology of PXN to NAD+ and ATP carrier of the MCF 

An amino acid alignment of PXN and known chloroplastic, mitochondrial, and peroxisomal NAD+ carriers and 

peroxisomal ATP carriers from Arabidopsis, yeast and human is displayed. Black shading indicates identical 

amino acid residues in all nine sequences, whereas grey shading indicates similar amino acid residues in at least 

five sequences. The mitochondrial energy transfer signature domains are boxed and the six predicted 

transmembrane-spanning domains are underlined. Arrows mark the region of the hydrophilic loop between the 

third and fourth transmembrane domain that was used for a PXN-specific antibody. 
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Figure 3.2 Phylogenetic tree of the NAD+ and ATP carriers of the MCF of Arabidopsis, yeast and human 

Phylogenetic tree based on amino acid sequences of ATP transporter (Arabidopsis PNC1 and PNC2, and yeast 

Ant1p), NAD+ carrier (human SLC25A17, Arabidopsis NDT1 and NDT2, and yeast Ndt1p and Ndt2p), and the 

putative Arabidopsis peroxisomal NAD+ carrier, PXN. Localization: orange, peroxisome; green, chloroplast; blue, 

mitochondrion. The phylogenetic tree was created using www.phylogeny.fr (Dereeper et al., 2008).  

3.2 Biochemistry of recombinant PXN protein 

To examine the transport function of PXN, recombinant protein was expressed using a cell-

free wheat germ expression (WGE) system and uptake studies were performed using 

radioactively labelled substrates. 

3.2.1 NAD+ transport activity of recombinant PXN protein 

As PXN exhibits close sequence homology to known peroxisomal, chloroplastic, and 

mitochondrial NAD+ carrier from Arabidopsis, yeast and human (section 3.1), the uptake of 

radioactively labelled [α-32P]-NAD+ was tested using an in vitro transport system (section 0). 

Cell-free expressed PXN protein (section 2.4.1), fused at the C-terminus to a His-tag, was 

detected with the expected calculated mass of 37.3 kDa by immunoblot analysis using an 

anti-His antibody, whereas recombinant PXN protein without a His-tag was not detectable 

(Figure 3.3 B). 

 

Figure 3.3 Recombinant PXN protein expressed in the cell-free WGE system 

(A) Coomassie-stained SDS-PAGE and (B) immunoblot analysis of recombinant expressed PXN protein. In 

contrast to PXN without His-tag, PXN-His protein could be detected using an anti-His antibody. The arrow 

indicates the expressed PXN-His protein with the calculated mass of 37.3 kDa. M, marker proteins. 
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Artificial lipid bodies, called liposomes, were reconstituted with recombinant PXN and     

PXN-His protein and preloaded with 30 mM NAD+, or without internal substrate (section 0). 

125 µM radioactively labelled [α-32P]-NAD+ was offered outside and the time-dependent 

uptake rate of [α-32P]-NAD+ into the proteoliposomes was measured (Figure 3.4 A-D; section 

0). The reconstituted PXN protein mediated high NAD+ uptake activities in exchange with 

NAD+ (Figure 3.4 A and B). In the absence of a counter-exchange substrate no uptake 

activity was measured (Figure 3.4 A and B). Uptake activities of C-terminally His-tagged 

protein were 1.6-fold increased in comparison to recombinant PXN protein without His-tag 

(Figure 3.4; A and B). The subsequent uptake assays were performed with recombinant 

PXN-His protein, if not otherwise stated. Reconstituted WGE without recombinant protein 

and heat-inactivated PXN-His protein was used as control for the uptake measurements. The 

controls did not mediate NAD+ uptake in the absence or presence of NAD+ (Figure 3.4 C and 

D). In vitro expressed PXN-His protein showed NAD+ uptake in an antiport mechanism, 

which followed first-order rate kinetics with an equilibrium plateau (Vmax) of 1.3 ± 0.3 µmol 

NAD+ mg protein-1 and an initial rate of 0.03 ± 0.002 µmol NAD+ mg protein-1 (Figure 3.4 A). 

 

Figure 3.4 [α-32P]-NAD+ uptake activity and substrate specificity of recombinant PXN protein 

(A-D) [α-32P]-NAD+ exchange with NAD+ (filled symbols) or without counter-exchange substrate (open symbols). 

Recombinant PXN protein (A) with C-His tag and (B) without His-tag mediated NAD+ uptake activity in exchange 

with NAD+ and not without internal substrates. (C) Reconstituted WGE without expressed recombinant protein 

and (D) inactivated PXN-His protein showed no NAD+ uptake activity. The data from (A) and (C) represents the 

arithmetic means ± SEs of three independent experiments. Experiment (B) and (D) was performed once. (E) 

Substrate specificity of recombinant PXN-His protein was measured by [α -32P]-NAD+ uptake of proteoliposomes 

preloaded with different substrates (20 mM). The relative NAD+ uptake rates in relation to NAD+/NAD+ homo-

exchange were calculated. The data represent the arithmetic means ± SEs of three independent experiments. 

To identify the in vitro exchange substrate, the substrate specificity (s. spec.) of PXN was 

investigated using proteoliposomes preloaded with 14 different putative substrates (20 mM). 

The initial velocity was measured after starting the uptake experiment with 125 µM 

radioactively labelled [α-32P]-NAD+ (Figure 3.4 E; section 0). The NAD+ uptake rate of 
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NAD+/NAD+ homo-exchange was set to 100% and was compared with relative NAD+ uptake 

values of the other hetero-exchange uptake rates. The Michaelis constant (KM) of PXN-His 

was determined by measuring time-dependent uptake of different external NAD+ 

concentrations (10 µM – 2 mM) and an internal concentration of 30 mM NAD+ (section 0). For 

the determination of the competitive inhibitor constant (Ki), the NAD+/NAD+ homo-exchange 

was measured with increasing substrate concentrations (16 µM – 8 mM), offered outside of 

proteoliposomes preloaded with 30 mM NAD+ (section 0).  

Table 3.1 KM (NAD+) and Ki values of recombinant PXN-His protein for various metabolites 

[α-32P]-NAD+ uptake activity of reconstituted PXN-His protein was measured. The Michaelis constant (KM) for 

NAD+ was measured using different external NAD+ concentrations (10 µM – 2 mM) and an equal internal NAD+ 

concentration (30 mM). The competitive inhibition constant (Ki) of [α -32P]NAD+ uptake (125 µM) was analyzed 

with increasing inhibitor concentrations (16 µM – 8 mM). The data represent the arithmetic means ± SEs of three 

independent experiments. 

 

The NAD+/NAD+ homo-exchange mediated by PXN-His exhibited the highest uptake activity 

(s. spec.: 100 ± 3%; Ki: 352 ± 1 µM NAD+). The KM constant measured for NAD+ was 

246 ± 64 µM. The second highest NAD+ uptake activity was measured with proteoliposomes 

preloaded with adenosine monophosphate (AMP; s. spec.: 90 ± 8%; Ki: 356 ± 1 µM NAD+). 

High exchange rates were also observed with the reduced form of NAD+, NADH (s. spec.: 

69 ± 8%; Ki: 150 ± 1 µM NAD+) and adenosine diphosphate (ADP; s. spec.: 56 ± 18%; Ki, 

251 ± 1 µM NAD+). Nicotinate adenine dinucleotide (NaAD), the precursor of NAD+ 

biosynthesis (section 1.4; Noctor et al., 2006; Hashida et al., 2009), mediated high NAD+ 

exchange (s. spec.: 71 ± 8%), but had a low inhibitory affect (Ki: 537 ± 1 µM NAD+). 

Recombinant PXN-His mediated the transport of coenzyme A (CoA; s. spec.: 32 ± 3%) with a 

specific Ki value of 137 ± 1 µM NAD+. The Ki values for flavin adenine dinucleotide (FAD), 

ATP, guanosine diphosphate (GDP), guanosine triphosphate (GTP), nicotinamide adenosine 

dinucleotide phosphate (NADP+), NADPH, nicotinamide mononucleotide (NMN), and 

nicotinamide (Nam) were not determined due to the low relative NAD+ uptake rates (s. spec.: 

around or less than 10%; Figure 3.4 E).  

PXN-His was expressed in Saccharomyces cerevisiae (section 2.4.3) to confirm the uptake 

substrate µM

KM NAD+ 246 ± 64

Ki NAD+ 352 ± 1

Ki NADH 150 ± 1

Ki NaAD 536 ± 1

Ki ADP 251 ± 1

Ki AMP 356 ± 1

Ki CoA 137 ± 1
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results that were mediated by cell-free expressed PXN-His protein. Additionally, it was tested 

if the yeast peroxisomal ATP transporter Ant1p mediates NAD+ transport, as no no other 

peroxisomal MCF-type transporter exists in yeast. PXN-His protein, with a calculated mass of 

37.2 kDa and Ant1p (37.4 kDa) protein were detected by immunoblot analysis using anti-His 

antibody (Figure 3.5).  

 

Figure 3.5 Expression of PXN-His and Ant1p-His in yeast  

(A) PXN-His protein expressed in yeast and detected with anti-His antibody. (B and C) PXN-His and Ant1p-His 

protein were expressed in yeast. (B) Coomassie-stained SDS-PAGE. (D) Detection of recombinant protein using 

anti-His antibody. Arrows indicated the expressed proteins with the calculated molecular mass of 37.2 kDa (PXN-

His) and 37.4 kDa (Ant1p-His). M, marker proteins. 

Heterologously expressed PXN-His protein mediated a time-dependent [α-32P]-NAD+ uptake 

in exchange with NAD+, AMP and NADH (Figure 3.6 A and B; Table 3.2). NAD+/NAD+ homo-

exchange was measured with 50 µM [α-32P]-NAD+ and a different protein batch (Figure 3.5 A 

and Figure 3.6 A; Table 3.2) as the NAD+/AMP and NAD+/NADH hetero-exchange, which 

were measured with 150 µM [α-32P]-NAD+ (Figure 3.5 B and C, and Figure 3.6 B; Table 3.2).  

Table 3.2 Kinetic values of [α-32P]-NAD+ and [α-32P]-ATP uptake of recombinant PXN-His and Ant1p-His 

protein expressed in yeast 

The equilibrium plateau (Vmax) and initial rate was calculated of time-dependent [α-32P]-ATP (150 µM) and          

[α-32P]-NAD+ uptake. 50 µM NAD+ was offered for NAD+/NAD+ homo-exchange and 150 µM NAD+ for NADH and 

AMP hetero-exchange and uniport (w/o, without preloading). Recombinant PXN-His and Ant1p-His protein were 

expressed in yeast. Proteoliposomes were preloaded with AMP, NADH or without internal substrate. n.d. not 

determined. 
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Yeast expressed Ant1p-His proteins did not catalyze [α-32P]-NAD+ (150 µM) hetero-exchange 

with AMP and NADH, as the transport rates were comparable to the activity values 

measured with proteoliposomes preloaded without internal substrate (Figure 3.6 C; Table 

3.2). [α-32P]-ATP (150 µM) transport activity of heterologously expressed Ant1p-His was 

measured to test the protein functionality (Figure 3.6 D; Table 3.2). Ant1p-His protein showed 

high ATP uptake activity in exchange with AMP (Figure 3.6 D; Table 3.2). 

 

Figure 3.6 Time-dependent [α-32P]-NAD+ and [α-32P]-ATP uptake of recombinant PXN-His and Ant1p-His 

protein expressed in yeast 

(A) Time-dependent [α-32P]-NAD+ (50 µM) uptake in exchange with NAD+ (filled symbols) was measured of 

recombinant PXN-His protein. Open symbols: without preloading. (B and C) [α-32P]-NAD+ (150 µM) uptake in 

exchange with AMP (black, filled symbols), NADH (grey, filled symbols), or without counter-substrate (black, open 

symbols) was measured of proteoliposomes reconstituted with (B) PXN-His, (C) Ant1p-His protein.                     

(D) [α-32P]-ATP (150 µM) uptake was measured of reconstituted Ant1p-His protein in exchange with AMP (filled 

symbols) or without counter-substrate (open symbols). 

3.2.2 Comparison of peroxisomal, chloroplastic, and mitochondrial NAD+ carrier  

The kinetic data and substrate specificity of NAD+/AMP hetero-exchange mediated by             

PXN-His (s. spec.: 90 ± 8%; Ki: 356 ± 1 µM NAD+) were comparable to the chloroplastic 

(NDT1: s. spec.: 71%, Ki: 120 ± 20 µM NAD+) and mitochondrial (NDT2: s. spec.: 73%, Ki: 

380 ± 40 µM NAD+; Ndt1p: s. spec.: 74%, Ki: 980 ± 90 µM NAD+) NAD+ carrier from 

Arabidopsis and yeast (Todisco et al., 2006; Palmieri et al., 2009). In addition, PXN mediated 

NAD+/NADH (s. spec.: 69 ± 8%; Ki: 150 ± 1.2 µM NAD+) and NAD+/CoA (s. spec.: 32 ± 3%; 

Ki: 137 ± 1.2 µM NAD+) hetero-exchange, which is unique for PXN in comparison to the other 

NAD+ carrier (NADH: s. spec.: <17%; CoA: s. spec.: <10%; Ki values were not determined). 

The KM constant of PXN (246 ± 64 µM NAD+) was similar to chloroplastic NDT1 (240 ± 40 µM 

NAD+), mitochondrial NDT2 (150 ± 10 µM NAD+) and Ndt1p (380 ± 40 µM NAD+; Table 3.3; 
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Todisco et al., 2006; Palmieri et al., 2009). A comparison of substrate specificity, Michaelis 

constants (KM) and the inhibitory constants (Ki) of plant peroxisomal, chloroplastic, and 

mitochondrial NAD+ carrier as well of the yeast mitochondrial NAD+ carrier are shown in 

Table 3.3.  

Table 3.3 Comparison of substrate specificity, KM and Ki levels of plant and yeast NAD+ carrier 

Substrate specificity, Michaelis constants (KM) and the inhibitory constants (Ki) of plant peroxisomal (PXN), 

chloroplastic (NDT1) and mitochondrial (NDT2) as well as yeast mitochondrial (Ndt1p) NAD+ carrier in 

comparison. The substrate specificity of NAD+/NAD+ homo-exchange was set to 100%. Grey shadowed are the 

relevant counter substrates. N.d., not determined. Data were obtained from Todisco et al. (2006) and Palmieri et 

al. (2009). 

 

In previous studies, NDT1, NDT2, and Ndt1p were expressed in an Escherichia coli 

expression system (Todisco et al., 2006; Palmieri et al., 2009). In this study, the influence of 

the WGE expression system on the unique NAD+/NADH and NAD+/CoA hetero-exchange of 

PXN was analyzed. It was shown before that the E. coli expression system is not suitable for 

PXN expression (Wilkinson, 2009) and therefore the NDT proteins were expressed in the 

WGE- or yeast expression system.  

To test if the plant NDT proteins mediate the exchange of NAD+ with NADH or CoA, 

NDT1 and NDT2 were expressed using the WGE expression system (section 2.4.1), 

reconstituted into liposomes and the uptake of radioactively labelled [α-32P]-NAD+ was 

measured (section 0). In vitro expressed C-terminal His-tagged NDT1 protein (35.0 kDa), 

carrying the chloroplast transit peptide, and NDT2 protein (40.6 kDa) were detected with the 

PXN NDT1 NDT2 Ndt1p
(peroxisomal) (chloroplastic) (mitochondrial) (mitochondrial)

Substrate specificity [%]
NAD+ 100 100 100 100
NADH 69 14 16 17
NADP < 10 < 10 < 10 < 10
NADPH < 10 < 10 < 10 < 10
NaAD 71 44 63 61
NMN < 10 66 58 22
Nam < 10 < 10 < 10 < 10
AMP 90 71 73 74
ADP 56 72 77 34
ATP 10 38 29 <10
GDP < 10 35 47 37
GTP < 10 19 15 19
FAD 11 21 24 16
CoA 32 < 10 < 10 < 10
none < 10 < 10 < 10 < 10

KM and Ki values [µM NAD+]
KM (NAD+) 246 (±64) 240 (±40) 150 (±10) 380 (±40)
Ki (AMP) 357 (±1.3) 120 (±20) 380 (±40) 980 (±90)
Ki (ADP) 251 (±1.6) 360 (±50) 1500 (±100) 1950 (±240)
Ki (NAD+) 352 (±1.2) n.d. n.d. 330 (±30)
Ki (NADH) 150 (±1.2) n.d. n.d. n.d.
Ki (NaAD) 537 (±1.4) 500 (±100) 1800 (±300) 1290 (±170)
Ki (CoA) 137 (±1.2) n.d. n.d. n.d.
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calculated masses by immunoblot analysis using an anti-His antibody (Figure 3.7. A and B). 

Time-dependent [α-32P]-NAD+ (125 µM) uptake in the presence or absence of internal NAD+ 

(30 mM) was measured (Figure 3.7 C-E).  

 

Figure 3.7 [α-32P]-NAD+ uptake activity of recombinant NDT1-His and NDT2-His protein expressed in WGE 

(A) and (B) C-terminal His-tagged recombinant NDT1 and NDT2 protein were expressed in the WGE system.    

(A) Coomassie-stained SDS-PAGE. (B) Immunblot analysis using anti-His antibody detected recombinant NDT1-

His (35.0 kDa) and NDT2-His (40.6 kDa) protein with the expected calculated masses, indicated by the 

arrowheads. (C-E) Time-dependent [α-32P]-NAD+ (125 µM) uptake was performed with or without 30 mM NAD+ 

preloading. NAD+/NAD+ exchange (filled circles) and NAD+ uniport (without preloading, open circles) was 

measured of reconstituted (C) NDT1-His, (D) NDT2-His, and (E) WGE. The data represent the arithmetic means 

± SEs of two independent experiments. 

Although NDT1-His protein was expressed using the WGE expression system (Figure 3.7. A 

and B), no NAD+ uptake activity was detectable and its uptake rate was comparable with 

NAD+ uptake of reconstituted WGE extract (Figure 3.7. C and E). Recombinant NDT2-His 

protein mediated NAD+ uptake (Figure 3.7. D), but its transport activity was 10-fold 

decreased in comparison to recombinant PXN-His protein (Figure 3.4 A). In comparison to 

WGE, NDT2-His protein mediated NAD+ homo-exchange and followed first-order rate 

kinetics with a Vmax of 0.23 ± 0.02 µmol NAD+ mg protein-1 and an initial rate of 0.0072 ± 

0.0001 µmol NAD+ mg protein-1. The kinetic rates of NDT2-His were six-fold lower for Vmax 

and four-fold lower for the initial rate in comparison to PXN-His (section 3.2.1).  

3.2.3 NAD+ uptake activity of recombinant PNC1-His and PNC2 protein 

Because of the similar structure of NAD+ and ATP, it was tested if the peroxisomal ATP 

transporters PNC1 and PNC2 (Linka et al., 2008b) could also mediate NAD+ transport. 

Recombinant C-terminal His-tagged PNC1-His protein and PNC2 protein without a His-tag 

were expressed using the cell-free WGE system (section 2.4.1). Recombinant PNC1-His 
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protein, with a calculated mass of 36.6 kDa was detected by immunoblot analysis using an 

anti-His antibody (Figure 3.8 A and B). Cell-free expressed PNC2 protein, with a calculated 

mass of 35.2 kDa, could not be visualized due to the missing His-tag (Figure 3.8 A and B).  

To analyze the functional expression of recombinant PNC proteins, the uptake of 

radioactively labelled [α-32P]-ATP was performed (Figure 3.8 C and D). The uptake reaction 

was started with 50 µM [α-32P]-ATP and the proteoliposomes were preloaded with or without 

30 mM AMP. Both PNC proteins were functional expressed, exhibiting a ATP/AMP uptake 

activity with a Vmax of 701.5 nmol ATP mg protein-1 and an initial rate of 31.0 nmol ATP mg 

protein-1 for PNC1-His (Figure 3.8 C) and a Vmax of 292.2 nmol ATP mg protein-1 and an initial 

rate of 9.4 nmol ATP mg protein-1 for PNC2 (Figure 3.8 D). PNC1-His showed a three-fold 

increased activity compared to PNC2. NAD+/NAD+ homo-exchange was performed with 

125 µM [α-32P]-NAD+ offered outside and 30 mM NAD+ inside of the proteoliposomes (Figure 

3.8 E - G). PNC1-His (Figure 3.8 E) and PNC2 (Figure 3.8 F) exhibited NAD+/NAD+ transport 

activity similar to the background activity mediated by reconstituted WGE (Figure 3.8 G). 

 

Figure 3.8 [α-32P]-ATP and [α-32P]-NAD+ uptake activity of recombinant PNC1-His and PNC2 protein  

In vitro expressed PNC1-His (36.6 kDa; indicated with an arrow) and PNC2 (35.2 kDa) proteins were 

reconstituted into proteoliposomes. (A) Coomassie-stained SDS-PAGE and (B) detection of recombinant protein 

using anti-His antibody. M, marker proteins. (C and D) [α-32P]-ATP uptake in exchange with AMP (closed 

symbols) and (E - G) [α-32P]-NAD+ uptake in exchange with NAD+ (closed symbols) were measured. Open 

symbols: without preloading. (C and E) PNC1 fused to C-terminal His-tag (D and F) PNC2 without His-tag. (G) 

Reconstituted WGE. Data represent one experiment. 
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3.3 PXN antibody generation 

A specific antibody was raised against the unique hydrophilic loop extension of the PXN 

protein (indicated with arrows in Figure 3.1). The loop region between the third and fourth 

transmembrane domain is unique for members of the MCF (Figure 3.1). Ni-NTA purified 

E. coli expressed PXN loop protein was used as antigen for generating an antibody in rabbits 

(section 2.3.7; Wilkinson, 2009).  

In this thesis, the specificity of the anti-PXN antibody was tested. Therefore 

recombinant proteins of PXN-His, NDT1-His, NDT2-His, PNC1-His, and PNC2 were 

expressed using the in vitro WGE system and were analyzed by immunoblot analysis (Figure 

3.9; section 2.4.1). Recombinant PXN-His protein, with a calculated mass of 37.3 kDa, 

NDT1-His (35.0 kDa), NDT2-His (40.6 kDa), and PNC1-His (36.6 kDa) proteins were 

detected by immunoblot analysis using an anti-His antibody (Figure 3.9, B). The functional 

expression of PNC2 protein (35.2 kDa) was verified by transport activity (Figure 3.8). The 

anti-PXN antibody detects only recombinant PXN-His protein with the expected calculated 

molecular mass of 37.3 kDa (Figure 3.9, C). An additional protein of ~60 kDa was detected in 

all samples by the anti-PXN antibody (Figure 3.9, C). Anti-PXN specific serum was not 

purified for immunoblot analysis of cell-free expressed proteins. 

 

 

Figure 3.9 Anti-PXN antibody specificity on recombinant protein 

Recombinant proteins expressed using the in vitro WGE system were analyzed by SDS-PAGE and immunoblot 

analysis. PXN-His (37.3 kDa), NDT1-His (35.0 kDa), NDT2-His (40.6 kDa), and PNC1-His (36.6 kDa), except 

PNC2 (35.2 kDa), are fused C-terminal to a His-tag. (A) Coomassie staining. (B) Immunoblot detection using an 

anti-His antibody. (C) Immunoblot detection using an anti-PXN antibody. Anti-PXN antibody detects only 

recombinant PXN protein with the expected molecular mass of 37.3 kDa (indicated with an arrowhead). M, marker 

proteins. 

 

 

72
55
43
34

17

26

C
o

n
tr

o
l

P
X

N
-H

is

N
D

T
1-

H
is

N
D

T
2-

H
is

P
N

C
1-

H
is

P
N

C
2

kDa M

72
55
43
34

17

26

C
o

n
tr

o
l

P
X

N
-H

is

N
D

T
1-

H
is

N
D

T
2-

H
is

P
N

C
1-

H
is

P
N

C
2

kDa M

72
55
43
34

17

26

C
o

n
tr

o
l

P
X

N
-H

is

N
D

T
1-

H
is

N
D

T
2-

H
is

P
N

C
1-

H
is

P
N

C
2

kDa M

A B C



Results 

  39 

3.4 PXN expression and co-expression analysis 

In silico expression and co-expression analysis were performed to identify the physiological 

role of PXN in plant metabolism. Computer based expression analysis was conducted to 

examine the tissue and developmental specific expression of PXN. Co-expression analysis 

was used for gene function prediction as it is assumed that genes with a similar expression 

pattern are involved in the same biological process and are often expressed in the same 

tissue (Usadel et al., 2009). In addition, a histochemical localization of β-glucuronidase 

(GUS) activity through the PXN promoter was performed to examine the tissue specific PXN 

expression. 

3.4.1 In silico PXN expression analysis 

Online available databases like the Arabidopsis eFP Browser and several publications were 

screened for altered PXN expression during plant development. It is known that the activity of 

several enzymes is mainly controlled at the level of transcription during lipid mobilization 

(Rylott et al., 2001). 

Expression data, obtained from the eFP Browser database, exhibited increased PXN 

expression levels during germination and senescence (Figure 3.10; Nakabayashi et al., 

2005; Schmid et al., 2005; Winter et al., 2007; Bassel et al., 2008). The expression levels 

during germination of dry seeds and of seeds imbibed in water for 1 h, 3 h, 6 h, 12 h, and 

24 h were analyzed (Nakabayashi et al., 2005; Winter et al., 2007; Bassel et al., 2008). The 

PXN expression level increased eight-fold from dry seeds to 24 h imbibed seeds (Figure 3.10 

A; Nakabayashi et al., 2005; Winter et al., 2007; Bassel et al., 2008). Immunodetection of 

Arabidopsis PXN protein confirmed the expression during seedling establishment in pumpkin 

cotyledons (Fukao et al., 2001).  

The expression data obtained from the eFP Browser revealed a 2.6-fold increased 

PXN expression level in senescence leaves in comparison to rosette leaves (Figure 3.10 A; 

Schmid et al., 2005; Winter et al., 2007; Bassel et al., 2008). In addition, the increased PXN 

expression level was confirmed by a transcription analysis during developmental and 

induced senescence (Figure 3.10 B; van der Graaff et al., 2006). During developmental leaf 

senescence (NS), the PXN expression value was 6.1-fold increased in comparison to not 

senescent leaves. In addition, the increased PXN expression level correlated with the 

increased percentage of yellow leaf surface, exhibiting chlorophyll degradation (Figure 

3.10 B). Beside natural senescence, induced senescence stimulated the expression of PXN. 

Induced senescence was achieved by covering a still attached rosette leaf with aluminium 

foil for up to nine days (2.9-fold increased PXN expression level; Figure 3.10 B, DIS) or by 

incubation of a detached leaf in darkness for up to six days (3.5-fold increased PXN 

expression level; Figure 3.10 B, DET). 
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The expression pattern of PXN during germination and senescence is similar to essential key 

enzymes of the fatty acid β-oxidation (section 1.3.1). The expression level of COMATOSE 

(CTS), long chain acyl-CoA synthetases 6 (LACS6), LACS7, acyl-CoA oxidase (ACX), 

multifunctional protein 2 (MFP2), 3-ketoacyl-CoA thiolase (KAT2), PCN1 and PNC2 were 

increased during germination and senescence (Germain et al., 2001; Rylott et al., 2001; 

Winter et al., 2007; Bassel et al., 2008). The expression of peroxisomal malate 

dehydrogenase 2 (pMDH2) was increased during germination (Nakabayashi et al., 2005; 

Winter et al., 2007; Bassel et al., 2008). 

Besides germination and senescence, the PXN expression was altered during 

oxidative stress conditions (section 3.7). 

 

 

Figure 3.10 PXN expression level during germination and senescence 

PXN expression levels were increased during germination and senescence. (A) Microarray analysis data of 

Arabidopsis Col-0 seeds and leaves were obtained from the Arabidopsis eFP Browser database (Nakabayashi et 

al., 2005; Schmid et al., 2005; Winter et al., 2007; Bassel et al., 2008). (B) Relative expression values of PXN 

during developmental leaf senescence (NS), from individually shaded leaves, which were still attached to the 

plant (DIS) and detached dark-induced leaves (DET). NS leaves from seven-week-old plants exhibited ~25%, 7.5-

week-old ~50% and eight-week-old ~75% yellow surface. Data were obtained from van der Graaff et al. (2006). 

3.4.2 In silico co-expression analysis 

Highly co-expressed genes may be involved in the same metabolic pathway. To examine the 

physiological function of PXN, different co-expression databases were screened for co-

expressed genes. Publicly available microarray data of Arabidopsis were received from 

ATTED-II, Genemania, Genevestigator, and the Arabidopsis Co-Response Databases ( 

Table 7.5; section 2.2.3).  

PXN is strongly co-expressed with genes coding for key enzymes of the fatty acid    

β-oxidation (e.g. ACX3, CTS, LACS6, LACS7, MFP2, pMDH1, and PNC2; Table 3.4 yellow), 

the tricarboxylic acid (TCA) cycle (e.g. cytosolic malate dehydrogenase (cMDH), isocitrate 
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dehydrogenase 2 (IDH2), IDH5, and succinate dehydrogenase 2 (SDH-2); Table 3.4 blue), 

and with genes required for senescence like the β-oxidation enzymes and B12D, a 

senescence associated enzyme of unknown enzymatic function (Table 3.4 yellow and white). 

Ascorbate peroxidase 1 (APX1), APX3, monodehydroascorbate reductase 1 

(MDAR1), and MDAR2 are enzymes necessary for the detoxification of hydrogen peroxide 

(H2O2) and are co-expressed with PXN (Table 3.4 purple). Peroxisomal membrane protein 

(PMP) import specific peroxin 19-1 (PEX19-1), PEX19-2, and PEX3-1 proteins exhibited the 

same expression profile as PXN (Table 3.4 green).  

Table 3.4 Co-expression analysis for PXN 

PXN co-expression analyzes were performed with different co-expression databases: Genemania, ATTED-II, 

Genevestigator, and the Arabidopsis Co-Response Database (AthCoR DB;  

Table 7.5). Yellow, β-oxidation; blue, TCA-cycle; purple, oxidative stress; green, PMP import.  

 

3.4.3 PXN promoter-GUS analysis 

Promoter-GUS analysis was performed to examine the expression pattern of PXN in six-day-

old seedlings and six-week-old rosette leaves (section 2.3.10; Trippelsdorf, 2012). 

Representative six-day-old seedling exhibited the PXN promoter activity in the whole 

leaf area and in the vascular tissue of cotyledons (Figure 3.11 A and B). In addition, GUS 

activities were detectable in the shoot and root apical meristem, at the transition zone from 

hypocotyl to root, in the root vascular tissue, and in the root tip (Figure 3.11 A). A 

representative six-week-old rosette leaf showed the same PXN promoter activity pattern as 
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At5g27600 LACS7 long-chain acyl-CoA synthetase 7 X X X
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At3g48140 B12D senescence associated X
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cotyledons with a light blue stained leaf area and the dark blue stained vascular tissue 

(Figure 3.11 C). 

 

Figure 3.11 PXN promoter-GUS activity in seedlings and rosette leaves 

(A and B) Six-day-old cotyledons and (C) six-week-old rosette leaf of wild type (WT) plants expressing GUS 

reporter gene under the control of the PXN promoter (Trippelsdorf, 2012). (B) Close-up of framed section in (A). 

Scale bars: 1 mm.  

3.5 pxn T-DNA insertion lines  

Arabidopsis mutant lines, generated by T-DNA insertion in the pxn gene, were obtained to 

examine the physiological function of PXN in planta. Three independent T-DNA lines were 

analyzed on genomic DNA (gDNA) level and regarding the protein level. Additional, PXN 

complementation lines were generated. 

3.5.1 Genotype of Arabidopsis pxn mutant lines  

Three independent pxn T-DNA insertion lines were generated to investigate the plant 

physiological function of PXN (Figure 3.12; Wilkinson, 2009). T-DNA insertion sites were 

located in the first (pxn-2), seventh (pxn-3) and ninth exon (pxn-1; Figure 3.12 A). 

Homozygous pxn T-DNA insertion lines were verified using gene and T-DNA specific primers 

on genomic DNA isolated from leaves (Figure 3.12 B; section 2.3.5). Primers specific for 

ACTIN2 (ACT2) were used as positive control (Figure 3.12, B; section 2.3.5).  

Sabrina Wilkinson analyzed the transcript level of PXN expression using reverse 

transcription (RT)-PCR and primers specific for full-length and truncated mRNA (Wilkinson, 

2009). All three pxn T-DNA insertion lines exhibited no full-length PXN transcript but 

truncated mRNA (Wilkinson, 2009).  

 

CBA
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Figure 3.12 Genotype of three independent T-DNA insertion lines for PXN 

(A) Model of pxn-1, pxn-2, and pxn-3 T-DNA insertion lines. The red boxes indicate exons and untranslated 

regions, the black line indicates introns, the white triangles the location of the T-DNA in the pxn gene, and the 

arrows the primer binding sites. pxn-1: T-DNA in the ninth exon; pxn-2: T-DNA in the first exon; pxn-3: T-DNA in 

the seventh exon. (B) PCR-based verification of homozygous pxn T-DNA insertion lines on gDNA level with gene 

and T-DNA specific primer pairs. ACT2 specific primers were used as positive control for gDNA isolation. 

Expected PCR products: see section 2.3.5. 

3.5.2 PXN protein level of pxn mutant lines 

PXN protein levels of the pxn mutant lines were verified to investigate if the expressed 

truncated PXN transcripts (Wilkinson, 2009) are translated to proteins.  

To detect PXN protein level in pxn mutant lines, membrane proteins of WT and pxn 

mutants were isolated from etiolated six-day-old seedlings because PXN is highly abundant 

during seedling establishment (section 2.3.6; Fukao et al., 2001; Winter et al., 2007). The 

membrane protein samples were examined by immunoblot analysis using different 

antibodies. Equal amounts of membrane fractions were analyzed of WT and pxn lines, 

verified by immunodetection using an antibody raised against the mitochondrial cytochrom C 

oxidase subunit 2 (ScCOX2) from S. cerevisiae (22 kDa expected molecular mass of 

ScCOX2 in Arabidopsis, Figure 3.13 C; Herrmann et al., 1995) that detected similar amounts 

of Arabidopsis COX protein in each membrane fraction. A fragment of the expected size of 

PXN (~36 kDa) was detected in WT and pxn-2 membrane fraction by immunoblot analysis 

using purified anti-PXN antibody (Figure 3.13 B; section 2.3.7). However, the PXN protein 

amount of pxn-2 seedlings was reduced in comparison to WT. In pxn-1 and pxn-3 mutant 
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lines no PXN protein could be detected although the T-DNA lines transcribe truncated mRNA 

(Figure 3.13 B; Wilkinson, 2009). Due to the PXN protein amount detected in membrane 

fractions of pxn-1 and pxn-3 lines, both are indicated as loss-of-function mutants and pxn-2 

as a knock-down mutant.  

 

Figure 3.13 PXN protein detection of isolated membranes from etiolated pxn seedlings 

Plant membranes of six-day-old etiolated seedlings were isolated and analyzed by SDS-PAGE and immunoblot 

analysis. (A) Coomassie-stained SDS-PAGE. (B) Immunoblot analysis using purified anti-PXN antibody.             

(C) Immunoblot analysis using anti-ScCOX2 antibody. Arrows indicate the expected molecular mass of PXN 

(36 kDa) and the arrowhead the expected molecular mass of ScCOX2 (22 kDa) in Arabidopsis (Herrmann et al., 

1995). M, marker proteins. 

3.5.3 PXN complementation lines 

A PXN over-expression construct (pUBQ10::PXN) was generated for PXN over-expression 

and for complementation of different mutant lines (section 2.3.9). WT and pxn plants were 

transformed with the pUBQ10::PXN construct and homozygous lines were established 

(section 2.3.9). The growth phenotype was similar to that of WT. 

 

Figure 3.14 Genotype of PXN over-expression lines 

PCR-based screening on gDNA of WT (pUB10::PXN) and pxn lines (pUBQ10::PXN pxn-1, pUBQ10::PXN pxn-2, 

and pUBQ10::PXN pxn-3) transformed with a PXN over-expression construct (pUBQ10::PXN). Gene and T-DNA 

primers were used. ACT2 was used as control for gDNA isolation. Expected PCR product: see section 2.3.5. All 

plants were homozygous for the T-DNAs. 
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3.6 The impact of PXN on β-oxidation 

Expression (section 3.4.1) and co-expression analysis (section 3.4.2), and immunodetection 

of PXN protein in establishing pumpkin seedlings (Fukao et al., 2001) possess a link 

between PXN function and β-oxidation during germination and seedling establishment. 

Different approaches were performed using pxn T-DNA insertion lines (section 3.5.1) to 

investigate the impact of PXN on NAD+-dependent β-oxidation.  

3.6.1 Seedling establishment of pxn mutants  

Plant lines lacking functional β-oxidation need exogenous supply of carbon sources for 

seedling establishment since they are not able to convert the storage fatty acids to sugar via 

β-oxidation and gluconeogenesis (Graham, 2008; Quettier et al., 2008; Quettier and 

Eastmond, 2009). Mutants of peroxisomal NAD+-dependent enzymes, like MFP2, pMDH1, 

pMDH2, and MDAR4, showed a sucrose dependent phenotype (Rylott et al., 2006; 

Eastmond, 2007; Pracharoenwattana et al., 2007). To test if the pxn mutants exhibited a 

sucrose dependent phenotype, seeds were incubated with or without sucrose as exogenous 

carbon source under short day and continuous darkness conditions for six days (Figure 3.15, 

Figure 7.1; section 0).  

 

Figure 3.15 Sucrose-dependent establishment of pxn seedlings 

WT and pxn seedlings were grown vertically on agar plates with or without sucrose addition for six days. (A) 

Seedlings were grown under short-day conditions and the root length was measured. (B) Hypocotyl length of 

seedlings grown under continuous darkness condition was measured. pxn seedlings exhibited no sucrose 

dependent phenotype. Error bars indicate ± SE values of three independent replicates (n = 35 seedlings). An 

unpaired t-test was performed. Asterisks indicate significance levels; *P < 0.05 (significant); **P < 0.01 (very 

significant); ***P < 0.001 (extremely significant).  

Under short day conditions, the root growth was reduced in WT (59% reduced root length), 

pxn-1 (60%), pxn-2 (68%), and pxn-3 (44%) seedlings, grown in the absence of exogenous 

carbon source in comparison to seedlings grown with sucrose addition (Figure 3.15 A). The 

hypocotyl length of WT (24% reduced hypocotyl length), pxn-1 (30%), and pxn-2 (20%) 
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seedlings grown under continuous darkness condition, was reduced without sucrose feeding 

(Figure 3.15 B). The pxn-3 mutant exhibited the same hypocotyl length grown in the 

presence (15.6 ± 0.253 mm) or absence (15.6 ± 0.278 mm) of exogenous sucrose addition 

(Figure 3.15 B). However, the inconsistent growth of the pxn seedlings can be explained by 

the biological variance of the independent mutant allels. It can be concluded that pxn 

seedlings showed no sucrose dependent phenotype like WT. 

3.6.2 Sensitivity to the root growth inhibitor 2,4-DB of pxn seedlings 

A sensitive approach to reveal a β-oxidation phenotype was performed by the treatment of 

seedlings with 2,4-dichlorophenoxybutyric acid (2,4-DB). 2,4-DB is metabolized via 

peroxisomal β-oxidation to the root growth inhibitor 2,4-dichlorophenoxyacetic acid (2,4-D; 

Hayashi et al., 1998). Mutants lacking functional β-oxidation show increased root growth on 

media containing 2,4-DB, as they are unable to convert 2,4-DB to 2,4-D (Hayashi et al., 

1998).  

The root length of six-day-old WT and pxn seedlings, grown on agar plates containing 

either 2,4-DB or 2,4-D, was determined (section 0). pxn-1 (19% reduced root length in 

comparison to control conditions), pxn-2 (32%), and pxn-3 (36%) seedlings were less 

sensitive to 2,4-DB than WT (48%) seedlings, indicated by significant longer roots in the 

presence of 2,4-DB (Figure 3.16). Nevertheless, all pxn and WT seedlings exhibited around 

70% reduced root growth in presence of 2,4-D in comparison to control conditions (Figure 

3.16). pxn seedlings showed partial resistance against the root growth inhibitor 2,4-DB, 

indicating an impact of PXN on the conversion of 2,4-DB to 2,4-D via peroxisomal                

β-oxidation. 

 

Figure 3.16 2,4-DB and 2,4-D assay of pxn seedlings 

Seedlings were grown vertically on agar plates containing 0.8 µM 2,4-DB or 0.23 µM 2,4-D, dissolved in ethanol 

which was used as control. The root length of six-day-old pxn seedlings was measured. Seedlings were less 

sensitive to the root growth inhibitor 2,4-DB than WT. Error bars indicate ± SE values of three independent 

replicates (n = 35 seedlings). An unpaired t-test was performed. Asterisks indicate significance levels; 

*** P < 0.001 (extremely significant). 
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3.6.3 Impact of PXN on fatty acid degradation during seedling establishment 

The degradation of storage oil in pxn seedlings was examined, as the β-oxidation efficiency 

is impaired in mutants lacking PXN expression (section 3.6.2).  

To analyze the breakdown of storage oil during germination and seedling 

establishment, the fatty acid contents of WT and pxn seeds and seedlings grown under 

short-day and continuous darkness condition were examined using fatty acid methyl ester 

(FAME) analysis (section 2.3.12). Eicosenoic acid C20:1 was used as marker for 

triacylglycerol (TAG) breakdown (Lemieux et al., 1990). Relative to seeds, the C20:1 levels 

of seedlings were calculated. Eicosenoic acid content of two-day-old WT and pxn seedlings 

grown in short-day conditions was slightly reduced (2 - 4%; Figure 3.17 A). WT seedlings 

broke TAG rapidly down (four-day-old, 81% degradation; six-day-old, complete breakdown; 

Figure 3.17 A). C20:1 levels were not changed of four-day-old pxn seedlings (6% 

degradation) but was decreased abruptly in six-day-old seedlings (87% degradation; Figure 

3.17, A). Seedlings grown in continuous darkness broke TAG continuously down (Figure 

3.17 B). But in comparison to WT, the C20:1 content was around 22% enhanced in two-, 

four-, and six-day-old pxn seedlings (Figure 3.17, B).  

 

Figure 3.17 Fatty acid analysis of pxn seedlings 

Fatty acid analyzes of seedlings, germinated under (A) short-day and (B) continuous darkness conditions were 

performed using FAME analysis. Eicosenoic acid C20:1 was used as marker for TAG breakdown. The C20:1 

levels of seedlings were calculated relative to seed C20:1 content. Data plotted are means ± SEs of 

measurements on three batches of 10 mg seeds or 20 mg seedlings. An unpaired t-test was performed. Asterisks 

indicate significance levels; *** P < 0.001 (extremely significant). 

It was investigated if the delayed fatty acid degradation of the pxn seedlings is visible in 

retained oil bodies, the storage compartments of storage oil. The lipophilic dye nile red was 

used to stain lipid bodies (Siloto et al., 2006). The pxa1 mutant allele was used as positive 

control, because the β-oxidation is completely blocked in this mutant line (Zolman et al., 

2001). Hypocotyl tissues of four-day-old etiolated seedlings were stained with nile red and 

analyzed using laser scanning confocal microscopy (section 2.3.13). WT hypocotyl cells did 
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not reveal stained lipid bodies in comparison to all three pxn lines and pxa1 mutant, which 

accumulated oil bodies (Figure 3.18). 

 

Figure 3.18 Nile red staining of oil bodies in WT, pxn and pxa1 seedlings 

Nile red stained lipid bodies in hypocotyl cells of four-day-old etiolated WT, pxn, and pxa1 seedlings. pxn and 

pxa1 seedlings exhibited retained lipid bodies in comparison to WT seedlings. Scale bar: 5 µm. 

To confirm the retention of lipid bodies’, cotyledons of five-day-old etiolated WT and pxn-1 

seedlings were analyzed using transmission electron microscopy (TEM; section 2.3.14). The 

pxn-1 cotyledon cells (Figure 3.19 B) showed homogenous grey stained lipid bodies, which 

were absent in WT (Figure 3.19 A). 

 

Figure 3.19 TEM images of five-day-old etiolated cotyledon cells 

TEM pictures of five-day-old (A) WT and (B) pxn-1 cotyledon cells. pxn-1 seedlings accumulated fatty acids in 

lipid bodies. Abbreviations: C, chloroplast; LB, lipid body; M, mitochondrion; P, peroxisome. Scale bars: 1 µm. 

3.6.4 Germination efficiency of pxn seeds 

The germination efficiency of pxn seeds was analyzed in order to test if the delayed fatty acid 

degradation of pxn seedlings was present due to a reduced β-oxidation rate or because of a 

delayed germination process. To test the hypothesis that the pxn mutants were impaired 

prior or during germination, a time-dependent germination assay was performed on agar 
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plates with and without sucrose addition. After 24 h, 48 h, and 72 h, these seeds were 

counted where the roots emerged from the seed coat (section 0). The abscisic acid (ABA) 

insensitive 4 (abi4) and pmdh1 pmdh2 double mutant was used as positive control as they 

exhibited a germination phenotype (Finkelstein, 1994; Pracharoenwattana et al., 2007; 

Pracharoenwattana et al., 2010).  

 

 

Figure 3.20 Germination assay of WT, pxn, abi4, and pmdh1 pmdh2 seeds 

Seeds were spotted on agar plates (A) with and (B) without exogenous sucrose addition, stratified for four days 

and germinated under long-day conditions. The percentage of seeds was calculated from whose the root 

emerged the seed coat. Values are mean ± SE of three replicates (n= 75 seeds). An unpaired t-test was 

performed. Asterisks indicate significance levels; *P < 0.05 (significant); **P < 0.01 (very significant); ***P < 0.001 

(extremely significant).  

The germination frequency (GF) was calculated in the presence (GF+) or absence (GF-) of 

sucrose. Independent of sucrose supply, abi4 seeds were delayed in germination in the first 

24 h (2% GF+ and 1% GF-), but the number of germinated seeds was similar to WT after 48 h 

(abi4: 87% GF+ and 96% GF-; WT: 89% GF+ and 84% GF-) and 72 h (abi4: 98% GF+ and 

98% GF-; WT: 95% GF+ and 91% GF-; Figure 3.20). After the first 24 h, the pmdh1 pmdh2 

double mutant did not germinate and was significant delayed in germination during the next 

48 h. After 72 h, 42% (GF+) and 49% (GF-) of the pmdh1 pmdh2 seeds germinated. pxn 
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seeds germinated like the WT, independent of exogenous sugar supply, except for pxn-3 

seeds grown on MS media without sucrose supply. They showed a slight but significant 

increase in germination frequency after 48 h (96% GF-) and 72 h (97% GF-; Figure 3.20). 

3.7 Role of PXN during oxidative stress  

The cofactor NAD+ is not just required for peroxisomal metabolism like fatty acid β-oxidation 

or photorespiration. NADH is also essential for the scavenging of toxic H2O2 (Figure 1.1; 

section 1.3.3). During oxidative stress and other peroxisomal metabolic pathways, H2O2 

accumulates and is then detoxified by catalase and the APX/MDAR system by simultaneous 

oxidation of NADH to NAD+ (section 1.3.3; Graham, 2008).  

In this section, it was investigated if the NAD+ import mediated by PXN plays a role 

during H2O2 detoxification by supplementing the APX/MDAR system with its cofactor. In 

addition, PXN is co-expressed with MDAR and APX (Table 3.4) and therefore the role of 

PXN in abiotic and biotic stress conditions was analyzed by plant physiological experiments 

using pxn mutant lines (section 3.5). Furthermore, in silico analysis of PXN expression data 

during stress conditions were obtained from the eFP Browser (section 2.2.3). 

3.7.1 Response to H2O2, 3-aminotriazole, and methylviologen  

Oxidative stress is directly connected with reactive oxygen species (ROS) production and 

therefore with the most stable species, H2O2. The direct influence of H2O2 and                   

3-aminotriazole (3-AT) to pxn seedling root growth was analyzed. 3-AT is an irreversible 

inhibitor of the catalase and consequently, the NAD+-dependent APX/MDAR system has to 

detoxify the escaping H2O2 (Walton and Pizzitelli, 2012).  

WT and pxn seedlings were grown on agar plates containing 10 µM H2O2, 2 µM 3-AT, 

or both substrates, expecting a decreased root and hypocotyl growth. The root length of 

around 40 seedlings was examined (Figure 3.21; Trippelsdorf, 2012). The root growth of ten-

day-old pxn seedlings was similar to WT seedlings grown under all three conditions (H2O2, 3-

AT, or H2O2 and 3-AT), except pxn-2 and pxn-3 seedlings, which exhibited significant longer 

root length when grown on media containing 3-AT (WT: 4.1 ± 0.4 mm; pxn-2: 5.7 ± 0.4 mm; 

pxn-3: 6.4 ± 0.4 mm) and pxn-3 grown on H2O2 and 3-AT containing media (WT: 2.6 ± 0.2 

mm; pxn-3: 3.2 ± 0.1 mm; Figure 3.21). Additionally, seedlings were incubated in continuous 

darkness condition with H2O2 and/or 3-AT. The hypocotyl length was measured and no 

different phenotype of pxn to WT was observed (Trippelsdorf, 2012). In addition, Friederike 

Philipp analyzed the response of pxn and WT seedlings to H2O2 and could not detect any 

obvious differences of the root growth (Philipp, 2010).  
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Figure 3.21 Root growth of seedlings in response to H2O2 and 3-AT  

The root length of ten-day-old seedlings grown on agar plates containing either 10 µM H2O2, 2 µM 3-AT, or 10 µM 

H2O2 and 2 µM 3-AT were analyzed (Trippelsdorf, 2012). WT and pxn seedlings were similarly sensitive to the 

additives with the exception that pxn-2 and pxn-3 showed an increased root growth on media containing 3-AT. 

Values are mean ± SD of one experiment (n= 40 seedlings). An unpaired t-test was performed. Asterisks indicate 

significance levels. *P < 0.05 (significant); **P < 0.01 (very significant). 

In silico PXN expression data of 18-day-old Arabidopsis Col-0 plants, incubated with 10 µM 

methylviologen (paraquat), were received from the eFP Browser. Methylviologen induced 

oxidative stress and therefore ROS production (Kilian et al., 2007; Winter et al., 2007).  

Figure 3.22 illustrated the similar PXN expression pattern in shoot and root tissue under 

control and oxidative stress conditions. The PXN expression levels did not change during 

24 h of analysis. 

 

Figure 3.22 In silico analysis of PXN expression level using eFP Browser – oxidative stress 

The PXN expression level of 18-day-old WT plants was analyzed during oxidative stress that was induced by 

10 µM methylviologen (black bars). Expression levels under controlled conditions are labelled in grey. The PXN 

expression level in shoot and root tissues were similar under controlled and oxidative stress conditions. Data were 

obtained from eFP Browser (Kilian et al., 2007; Winter et al., 2007).  
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3.7.2 PXN Expression level in response to low pH 

It could be shown before that plants, incubated at low pH, revealed decreased root growth 

and increased ROS production (Koyama et al., 2001; Babourina et al., 2006). Expression 

data from Arabidopsis Col-0 plants that were transferred from standard pH 5.7 to low pH 4.6 

were obtained from eFP Browser (Winter et al., 2007; Iyer-Pascuzzi et al., 2011).  

PXN was highly expressed under low pH condition (pH 4.6; Figure 3.23). On average, 

the PXN expression level was six-fold increased at low pH (pH 4.6) in comparison to 

standard pH (pH 5.7). 

 

Figure 3.23 In silico analysis of PXN expression level using eFP Browser – low pH 

PXN expression values of root tissue determined under low pH 4.6 (black bars) and standard pH 5.7 (grey bars). 

PXN is stronger expressed at low pH. Data were obtained from eFP Browser (Winter et al., 2007; Iyer-Pascuzzi et 

al., 2011). 

3.7.3 Response to Pseudomonas syringae 

Besides abiotic stress, plants have to deal with biotic stress like infection of bacteria or 

viruses. Plants, infected with virulent and avirulent Pseudomonas syringae strains 

accumulates ascorbate and glutathione as antioxidants and reduction/oxidation (redox) 

signalling molecules, as well as H2O2 (Grosskinsky et al., 2012). In silico expression analysis 

from WT leaves that were infiltrated with different P. syringae strains were obtained from the 

eFP Browser (Winter et al., 2007). Leaves of five-week-old Arabidopsis Col-0 plants were 

infiltrated with either a virulent (pv. tomato DC3000), avirulent (pv. tomato avrRpm1), type III-

secretion system deficient (pv. tomato DC3000 hrcC-), or a nonhost (pv. phaseolicola) 

P. syringae strain, and with 10 mM MgCl2 as control.  

The PXN expression level of P. syringae treated leaves was the same compared with 

control treatment after 2 h (Figure 3.24). The PXN expression levels were not altered by the 

infiltration of the virulent and avirulent strains after 6 h, whereas it was increased by 

infiltration of the deficient (1.3-fold increased) and nonhost (1.4-fold increased) strains. After 

24 h the PXN expression levels was slightly increased after infiltration of the deficient (1.4-

fold increased) and nonhost (1.5-fold increased) strains and was strongly increased after 
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infiltration of the virulent (3-fold increased) and the avirulent (2.3-fold increased) P. syringae 

strains in comparison to the expression under control treatment (Figure 3.24).  

 

Figure 3.24 In silico analysis of PXN expression level using eFP Browser – Pseudomonas syringae 

Gene expression values of WT leaf tissue infected with different P. syringae strains. PXN expression increased 

after infiltration of a virulent and avirulent P. syringae strain after 24 h. Data were obtained from eFP Browser 

(Winter et al., 2007). 

3.8 Redundant systems for supplementing peroxisomes with NAD+  

A redundant system for the PXN function has to exist, as a severe β-oxidation phenotype of 

Arabidopsis plants lacking functional PXN expression was expected but not confirmed 

(section 3.6). Candidates for NAD+/AMP exchange are the peroxisomal PNC proteins 

because ATP and NAD+ are similar in structure (section 3.2.3). Another possible redundant 

system is the malate/OAA shuttle system mediating the NAD+/NADH redox shuttle over the 

peroxisomal membrane by pMDH and cMDH (section 1.3.1 and 1.3.3; Pracharoenwattana et 

al., 2007; Graham, 2008). In addition, it was recently shown that the peroxisomal hydroxyl 

pyruvate reductase 1 (HPR1) plays a role in oxidizing NADH for functional β-oxidation 

(Pracharoenwattana et al., 2010).  

The NAD+ level of pxn seedlings was determined to investigate if PXN generated a 

peroxisomal NAD+ pool and if the NAD+ metabolism is altered in plants lacking functional 

PXN expression. In addition, the redundancy of PXN was analyzed by generating mutant 

plants missing PXN expression and the expression of both PNC, both pMDH, required for the 

malate/OAA shuttle, or both pMDH and HPR1 proteins. 

3.8.1 NAD+ level of pxn seedlings 

To confirm the hypothesis that PXN generated a peroxisomal NAD+ pool for functional 

metabolism, the NAD+ and NADH levels of WT and pxn-1 seedlings were measured. Total 

extract from Arabidopsis seedlings was used to determine the NAD+ and NADH levels. The 

NAD+ and NADH concentrations were measured using a phenazine ethosulfate/3-(4,5-

dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (PES/MTT) assay (section 2.3.15; 

Gibon and Larher, 1997). The total NAD+ content of four-day-old pxn-1 seedlings grown 
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under short-day conditions (18.6 ± 3.2 pmol NAD+ mg freshweight-1) was significantly 

increased in comparison to WT seedlings (10.0 ± 1.6 pmol NAD+ mg freshweight-1; Figure 

3.25; Trippelsdorf, 2012). The NADH level could not be tested due to a quenching effect of 

the leaf extract. 

 

Figure 3.25 Total NAD+ content of WT and pxn-1 seedlings 

The total NAD+ content of four-day-old WT and pxn-1 seedlings grown under short-day conditions was measured 

using a PES/MTT assay (Trippelsdorf, 2012). The NAD+ level of pxn-1 seedlings was significantly increased in 

comparison to WT. An unpaired t-test was performed. Asterisk indicate significance levels. *P < 0.05 (significant).  

3.8.2 PNC gene silencing using siRNAi approach in pxn mutants  

It was analyzed if the PNC proteins can adopt the transport function of PXN when it is 

absence. Therefore, constructs to silence the PNC1 and PNC2 expression via small 

interfering siRNAs driven under the control of a constitutive promoter (p35S::siR-PNC1/2) or 

an ethanol inducible promoter (pAlcA::siR-PNC1/2) was used as described in Linka et al. 

(2008b). These constructs were transformed into pxn-1 mutant plants and positive 

transformants were selected on agar plates containing the appropriate antibiotic (section 

2.3.3). Seeds of the T2 generation were collected. The T-DNA insertions expressing the 

PNC1/2 siRNAis were verified on gDNA using construct specific primers (Figure 3.26; 

section 2.3.3 and 2.3.5). p35S::siR-PNC1/2 pxn plants did not exhibit an obvious phenotype. 

Because of time-limitation it could not be tested if the PNC1/2 siRNAis expression is induced 

upon ethanol treatment in pAlcA::siR-PNC1/2 pxn plants.  

 

Figure 3.26 Genotype of artificial PNC1/2 siRNAi lines in pxn background 

To silence both pnc genes, an artificial siRNAi construct was transformed into a pxn-1 mutant line.               

p35S::siR-PNC1/2 is driven under the control of the constitutive 35S promoter and pAlcA::siR-PNC1/2 under an 

ethanol inducible promoter. A PCR-based screening with gene and T-DNA specific primers was performed. ACT2 

specific primers were used as positive control for gDNA isolation. Expected PCR products: see section 2.3.5. 
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3.8.3 Redox equivalent exchange by the malate/oxaloacetate shuttle 

It was hypothesized that PXN acts as a NAD+/NADH carrier and is therefore redundant to the 

malate/OAA shuttle mediated by the peroxisomal and cytosolic MDHs. To test if both 

systems act as redox shuttle, it was analyzed if a knock-down of PXN expression in these 

mutant backgrounds gained a severe phenotype as it is assumed that the peroxisomal 

supply of NAD+ is essential.  

To examine the redundancy of PXN and the malate/OAA shuttle, the pmdh1 pmdh2 

and pmdh1 pmdh2 hpr1 mutant lines were crossed with the pxn-1 mutant line. The obtained 

seedlings from the crossed siliques were grown on agar-plates and verified by PCR analysis. 

The T0 lines were heterozygous for the T-DNA insertions in the pxn, pmdh1, pmdh2, and 

hpr1 gene (Figure 3.27; section 2.3.5). Further, selfing of the heterozygous lines and 

selection of homozygous lines has to be performed.  

 

Figure 3.27 Genotype of generated pmdh1 pmdh2 pxn and pmdh1 pmdh2 hpr1 pxn mutant lines 

pmdh1 pmdh2 pxn and pmdh1 pmdh2 hpr1 pxn mutant lines were created by crossing the single pxn-1 mutant 

with the corresponding double or triple mutants. PCR analysis on genomic DNA was performed with T-DNA 

specific primer. ACT2 specific primers were used as positive control for gDNA isolation. Expected PCR products: 

see section 2.3.5. The plants of the first generation after crossing are heterozygous in all T-DNA insertions.  

Alternatively approach to silence the pxn gene expression in the mutant plants lacking the 

malate/OAA shuttle was done by using an artificial microRNA for PXN. The prospective PXN 

amiRNA constructs, either driven by a constitutive UBQ10 promoter (pUBQ::amiR-PXN) or 

an estradiol inducible LexA promoter (pLexA::ami-pxn; section 2.3.8) was transformed into 

the pmdh1 pmdh2 and pmdh1 pmdh2 hpr1 background as well in WT (section 2.3.3).  

After transformation, the T0 seeds were selected on agar plates containing the 

corresponding antibiotic (section 2.3.3). Due to low transformation efficiency only few mutant 

plants could be verified by PCR on gDNA containing the T-DNA of the PXN amiRNA (Figure 

3.28; section 2.3.5). No obvious growth phenotypes for these mutant lines (pUBQ::amiR-

PXN, pUBQ::amiR-PXN pmdh1 pmdh2 hpr1, pUBQ10::amiR-PXN pmdh1 pmdh2, 

pLexA::amiR-PXN, and pLexA::amiR-PXN pmdh1 pmdh2 hpr1) were observed under 

standard growth conditions. 
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Figure 3.28 Genotype of artificial miRNA PXN lines 

PCR analysis on gDNA of WT, pmdh1 pmdh2, and pmdh1 pmdh2 hpr1 plants transformed with pUQ10::amiR-

PXN and pLexA::amiR-PXN constructs for pxn gene silencing. Gene and T-DNA specific primers were used. 

ACT2 specific primers were used as positive control for gDNA isolation. Expected PCR products: see section 

2.3.5.  

3.9 Function of the unique loop region of PXN 

In comparison to other members of the MCF family, PXN posses a unique expanded loop 

region between transmembrane domain three and four (Figure 3.1; Figure 3.29). In addition, 

two independent proteomic studies performed with isolated peroxisomes of cell culture tissue 

detected a phosphorylation site at serine 155, which is localized in the loop region (data were 

obtained from the PhosPhAt 3.0 database, Eubel et al. (2008), Heazlewood et al. (2008), Ito 

et al. (2009), and Durek et al. (2010)). It is known that specific phosphorylation sites 

regulated the activity of transport proteins and the function of metabolic enzymes (Kaiser and 

Huber, 2001; Durek et al., 2010; Lanquar and Frommer, 2010).  

In this thesis, it was analyzed if the hydrophilic loop and the phosphorylation site of 

the PXN protein facilitated an impact on peroxisomal targeting or transport activity. For this 

purpose constructs with a complete loop deletion (named PXN Δloop) and amino acid 

exchanges of S155 were produced (section 2.4.4). S155 was exchanged to alanine (S155A), 

cysteine (S155C) and aspartate (S155D). Alanine was used as neutral amino acid. Cysteine, 

carrying a sulphur group, mimics the dephosphorylated state of S155. Aspartate imitates the 

phosphorylated state of S155 with the negative charged carboxyl group.  
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Figure 3.29 Section of an alignment of PXN and other MCF members focused on the unique loop region of 

PXN 

Amino acid alignment of PXN and other Arabidopsis, yeast, and human NAD+ carriers (NDT1, chloroplast; NDT2, 

Ndt1p, and Ndt2p, mitochondria; SLC25A14, peroxisome) and ATP carriers (PNC1, PNC2, Ant1p, peroxisome). 

Transmembrane domains (TMD) are indicated by black lines. Shadowed in yellow is the unique loop region which 

is completely deleted in the PXN Δloop constructs. S155, labelled in red, was shown to be phosphorylated by 

proteomic studies (Eubel et al., 2008; Ito et al., 2009). 

3.9.1 Impact of the loop region and phosphorylation site S155 on peroxisomal 

targeting 

To establish if the hydrophilic loop region or the phosphorylation site at S155 of PXN is 

required for peroxisomal targeting, N-terminal yellow fluorescent protein (YFP)-fusion 

proteins of PXN, PXN S155A, PXN S155C, PXN S155D, and PXN Δloop were generated for 

co-localization analysis (section 2.3.11). Mediated by agrobacteria-infiltration, these 

constructs were transiently expressed in stable transformed tobacco leaves expressing a 

cyan fluorescent protein (CFP) fused to a peroxisomal targeting signal 1 (PTS1; section 

2.3.11). Leaves were analyzed using laser scanning confocal microscopy. Fluorescence of 

YFP-PXN and all mutated YFP-PXN fusion proteins were detected in a punctuated pattern 

and co-localized to the signal of the peroxisomal CFP-PTS1 marker, indicating peroxisomal 

localization of all PXN variants (Figure 3.30). 

PXN       : VNVLMTNPIWVIVTRMQTHRKMTKDQTAAPESPSSNAEALVAVEPRPYGTFNTIREVYDEAGITGFWKGV : 193
NDT1      : ATTIATNPLWVVKTRLQTQG-------------------MRVGIVPYKSTFSALRRIAYEEGIRGLYSGL : 176
NDT2      : ATSIATNPLWVVKTRLMTQG-------------------IRPGVVPYKSVMSAFSRICHEEGVRGLYSGI : 180
Ndt1p     : ASTTLTNPIWVVKTRLMLQSN------------------LGEHPTHYKGTFDAFRKLFYQEGFKALYAGL : 240
Ndt2p     : ISTVATNPIWVVKTRLMLQTG------------------IGKYSTHYKGTIDTFRKIIQQEGAKALYAGL : 202
SLC25A17  : VNVLLTTPLWVVNTRLKLQGAK--------------FRNEDIVPTNYKGIIDAFHQIIRDEGISALWNGT : 169
PNC1      : CTSVLIQPLDTASSRMQTSE---------------------------FGESKGLWKTLTEGSWADAFDGL : 161
PNC2      : CTSVLTQPLDTASSRMQTSE---------------------------FGKSKGLWKTLTDGSWGNAFDGL : 163
Ant1p     : ISQLFTSPMAVVATRQQTVHS--------------------AESAKFTNVIKDIYREN-NGDITAFWKGL : 185
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Figure 3.30 Co-localization of YFP fused PXN, PXN S155A, PXN S155C, PXN S155D, and PXN Δloop 

proteins 

Constructs of N-terminal YFP fusions proteins of PXN, PXN S155A, PXN S155C, PNX S155D, and PXN Δloop 

were infiltrated using agrobacteria-mediated transformation of CFP-PTS1 expressing tobacco leaves. All proteins 

are co-localized with the peroxisomal marker CFP-PTS1. Scale bars: 10 µM.  

3.9.2 Impact of the loop region and phosphorylation site S155 on transport activity 

To investigate if the unique loop region or the phosphorylation of S155 regulates the PXN 

transport function, uptake experiments with mutated PXN proteins were performed. Thus, 

constructs for cell-free expression of the mutated PXN-His proteins (PXN S155A, PXN 

S155C, PXN S155D, and PXN Δloop) were generated (section 2.4.1 and 2.4.4). Immunoblot 

analysis using anti-His antibody detected the cell-free expressed mutated PXN-His proteins 

with the calculated mass of 37.3 kDa for PXN, PXN S155A, PXN S155C, and S155D and of 

33.4 kDa for PXN Δloop (Figure 3.31). The reduced size of the PXN Δloop protein due to the 

deletion could be visualized on both, the coomassie-stained SDS-PAGE and the immunoblot 

using an anti-His antibody (Figure 3.31).  

Recombinant PXN-His and mutated PXN-His proteins were reconstituted into 

proteoliposomes preloaded with 30 mM NAD+, NADH, or AMP (section 2.4.4) and time 

dependent uptake experiments with radioactively labelled [α-32P]-NAD+ (125 µM) were 

performed (section 0). 

 

YFP-PXN

CFP-PTS1

Merged

Bright light

PXN PXN S155A PXN S155C PXN S155D PXN Δloop
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Figure 3.31 Cell-free WGE expression of mutated PXN proteins 

Coomassie-stained SDS-PAGE and immunoblot analysis of recombinant PXN-His, PXN-His S155A, 

PXN-His S155C, PXN-His S155D, and PXN-His Δloop protein. Recombinant proteins were detected using an 

anti-His antibody. Arrows indicate recombinant proteins with the right molecular mass of 37.3 kDa for PXN-His 

and the mutated PXN-His S155 proteins and 33.4 kDa for PXN-His Δloop protein. M, marker proteins. 

All mutated PXN-His proteins mediated NAD+ uptake and followed first-ordered kinetics 

(Figure 3.32 and Figure 7.3). The equilibrium plateau (Vmax) and initial rate values were 

calculated of PXN-His and the mutated PXN-His proteins (Figure 3.32; Table 7.1).  

The Vmax values were not significant different for NAD+/NAD+ homo-exchange and 

NAD+/NADH hetero-exchange (Figure 3.32, A; Table 7.1). But PXN-His S155C (83 ± 5%) 

and PXN-His Δloop (68 ± 10%) proteins exhibited a significant reduced Vmax for NAD+/AMP 

exchange, whereas the Vmax values of PXN-His S155A (101 ± 9%) and PXN-His S155D 

(119 ± 16%) were similar to PXN-His protein (100 ± 10%; Figure 3.32, A; Table 7.1). The 

initial rates possessed more differences between the divers PXN variants than the Vmax 

values. In comparison to PXN-His (set as 100%; NAD+: 100 ± 14%; NADH: 100 ± 10%; AMP: 

100 ± 2%), the initial rates of PXN-His S155C (NAD+: 73 ± 3%; NADH: 61 ± 13%; AMP: 71 ± 

1%) and PXN-His Δloop (NAD+: 67 ± 14%; NADH: 59 ± 5%; AMP: 47 ± 2%) were significant 

reduced for NAD+ uptake in exchange with NAD+, NADH, and AMP (Figure 3.32, B; Table 

7.1). The initial rates for NAD+/AMP hetero-exchange were significant increased in 

comparison to NAD+/NAD+ homo-exchange for PXN-His (155 ± 3%) and all mutated PXN-His 

proteins (S155A: 160 ± 2%; S155C: 152 ± 1%; S155D: 136 ± 4%), beside for PXN-His Δloop 

protein (108 ± 4%). In case for PXN-His S155D (106 ± 3%), the initial rates for NAD+/AMP 

hetero-exchange was increased in comparison to PXN-His (100 ± 2%; Figure 3.32, B; Table 

7.1). PXN-His S155A protein exhibited similar initial rate values like PXN-His for NAD+ 

uptake in exchange with NAD+ (PXN-His: 100 ± 14%; S155A: 97 ± 7%) and AMP (PXN-His: 

100 ± 2%; S155A: 100 ± 1%), but it showed decreased values in exchange with NADH 

(PXN-His: 100 ± 10%; S155A: 80 ± 10%; Figure 3.32, B; Table 7.1).  

It was analyzed if the recombinant PXN-His and mutated PXN-His proteins are 

phosphorylated if expressed using the WGE system. Therefore, a phosphoserine antibody 
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was used for immunoblot analysis (section 2.2.2) but no positive signal was observed (Figure 

7.4). No conclusion could be assumed, because a positive control was missing.  

 

Figure 3.32 [α-32P]-NAD+ uptake activity of PXN-His and mutated PXN-His proteins with NAD+, NADH and 

AMP exchange 

Time dependent [α-32P]-NAD+ uptake was measured of NAD+, NADH or AMP preloaded proteoliposomes with 

reconstituted PXN-His, PXN-His S155A, PXN-His S155C, PXN-His S155D, and PXN-His Δloop protein. The 

calculated (A) Vmax and (B) initial rate values are plotted in those graphs. Significance asterisks above the bars 

were calculated in comparison to PXN-His values and significance asterisks connected with the line were 

calculated in comparison to NAD+/NAD+ homo-exchange. The data represents the arithmetic means ± SEs of four 

independent experiments. Asterisks indicate significance levels. 

3.10 The role of PEX19 in peroxisomal membrane protein targeting 

Up to now it was not investigated how MCF-type PMPs are targeted to plant peroxisomes. 

Based on previous studies, the receptor protein PEX19 interacted with other PMPs and 

mediated the targeting of these PMPs to the peroxisomal membrane (section 1.2.2; 

Sacksteder et al., 2000). It was investigated if peroxisomal MCF members and other 

peroxisomal transport proteins are targeted to plant peroxisomes in a PEX19-dependent 

manner. 

In this thesis, PEX19 interaction studies were performed with PXN, PNC1 and PNC2. 

Other known peroxisomal transport proteins were included, such as the channel-forming 

proteins PMP22 (Tugal et al., 1999), PMP22-like (unknown function; Jan Wiese, Heinrich-

Heine University (HHU) Düsseldorf, Germany; personal communication), and pseudo-halves 

of the ABC transporter CTS (Zolman et al., 2001; Footitt et al., 2002; Nyathi et al., 2012). As 

controls, transport proteins from other organelles were used, including the mitochondrial 

mitoPMP22 (unknown function, Jan Wiese, HHU Düsseldorf, Germany; personal 

communication) and the chloroplastic mesophyll envelope protein 1 (MEP1, unknown 

function; Thea Pick, HHU Düsseldorf, Germany; personal communication and Bräutigam et 

al. (2008)). In addition, the impact of the unique loop region and the phosphorylated serine of 
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PXN on the PEX19 interaction were analyzed with mutated PXN proteins (section 3.8). The 

interaction of PXN and PEX19 was evidenced by the co-expression of PXN with both 

Arabidopsis PEX19 proteins, PEX19.1 and PEX19.2, and the PMP targeting receptor PEX3 

(Table 3.4). The interactions of PEX19 with the different transport proteins were tested by an 

in vitro PEX19 pull-down assay (section 2.5) and an in vivo mis-localization assay (section 

2.5).  

3.10.1 In vitro PEX19 pull-down assay 

The two Arabidopsis PEX19 proteins PEX19.1 and PEX19.2 were used for in vitro PEX19 

interaction studies (Nyathi et al., 2012). Recombinant N-terminal tagged glutathione 

S-transferase (GST)-PEX19 fusion proteins and GST alone were expressed in E. coli, 

purified, and immobilized on glutathione magnetic beads (section 2.5). All examined 

transport proteins (PXN, PXN S155A, PXN S155C, PXN S155D, PXN Δloop, PNC1, PNC2, 

CTS-N, CTS-C, PMP22, mitoPMP22, and MEP1) were C-terminal His-tagged and expressed 

using the WGE system (section 2.4.2). After incubation of the recombinant transport proteins 

with the E. coli expressed PEX19 proteins, the PEX19 interacting proteins were eluted and 

analyzed by SDS-PAGE and immunoblot analysis using anti-His antibody (Figure 3.33). 

Each transport protein could be expressed in vitro (Figure 3.33, 20% input).  

 

Figure 3.33 In vitro PEX19.1 and PEX19.2 pull-down assay with recombinant transport proteins  

GST-PEX19 fusion protein and GST alone (as negative control) were expressed in E. coli, purified, immobilized 

on glutathione magnetic beads, and incubated with different in vitro translated C-terminal His-tagged transport 

proteins. Interacted proteins were eluted and analyzed by SDS-Page and immunoblot analysis. His-tagged 

proteins were detected using anti-His antibody. 20% input, 20% of the His-tagged proteins used in the pull-down 

experiment; GST, pull-down with GST alone; GST-PEX19.1, pull-down with PEX19.1; GST-PEX19.2, pull-down 

with PEX19.2. Peroxisomal proteins: PXN, PXN S155A, PXN S155C, PXN S155D, PXN Δloop, PNC1, PNC2, 

CTS-N, CTS-C, PMP22 and PMP22 like. Mitochondrial protein: mitoPMP22. Chloroplastic protein: MEP1. All 

transport proteins interacted with PEX19.1 and PEX19.2. 
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The PMP-His proteins exhibited stronger interaction signals with GST-PEX19.1 or GST-

PEX19.2 than with GST alone (Figure 3.33), indicating an interaction of PXN-His, PXN-His 

S155A, PXN-His S155C, PXN-His S155D, PXN-His Δloop, PNC1-His, PNC2-His, CTS-N-

His, CTS-C-His, and PMP22-His with both PEX19 proteins. Unexpectedly, the mitochondrial 

mitoPMP22-His and the chloroplastic MEP1-His protein exhibited the same interaction 

pattern as the PMPs, indicating an interaction with both PEX19 proteins (Figure 3.33). 

3.10.2 In vivo PEX19 mis-localization assay 

Alternatively, the interaction of PEX19 with PMPs was studied by using an in vivo approach. 

Therefore plant peroxisomal transport proteins were either N-terminal (PXN, PXN S155A, 

PXN S155C, PXN S155D, and PXN Δloop) or C-terminal fused to YFP (PNC1, PNC2, 

PMP22, and PMP22-like). As control the human peroxisomal ABC transporter ALDP 

(adrenoleukodystrophy protein) and ALDR (adrenoleukodystrophy-related protein) were       

C-terminal fused to YFP. Arabidopsis PEX19.1 was N-terminal fused to a nuclear localization 

signal (NLS). The YFP-fused PMPs and the NLS-PEX19.1 protein were transient co-

expressed using agrobacteria-mediated transformation in tobacco leaves that stable 

expressed the peroxisomal marker CFP-PTS1 (section 2.3.11). Within this approach, a 

nuclear localization of the YFP fluorescence was expected if the YFP-fused PMPs interacted 

with the NLS-PEX19.1 protein, as the interacted proteins are targeted to the nucleus 

because of the NLS. It was shown before that ALDP-YFP and ALDR-YFP are localized to the 

nucleus by co-expression with NLS-PEX19 fusion protein in tobacco leaves and was used 

therefore as positive control (Zhang et al., 2011).  

 

Figure 3.34 Transient expression of PXN S155D in tobacco leaves 

YFP-PXN S155D protein was transient expressed in stable transformed CFP-PTS1 tobacco leaves. The ring-like 

YFP fluorescence around the peroxisomal matrix marker CFP-PTS1 indicated the peroxisomal membrane 

localization of YFP-PXN S155D. Scale bars: 5 µM. These pictures are representative for all tested YFP-PMP 

proteins. This experiment was repeated several times and the same outcome was always observed.  
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All tested YFP-fused PMPs showed a ring-like structure of the YFP fluorescence, which 

bordered the CFP fluorescence of the peroxisomal matrix localized CFP-PTS1 protein 

(YFP-PXN S155D is given as example in Figure 3.34), indicating the localization of all PMPs 

to the peroxisomal membrane. In these experiments, all tested YFP-fused PMPs were 

localized to peroxisomes in the presence or absence of NLS-PEX19.1. The expected nuclear 

localization of the positive controls, ALDP-YFP and ALDR-YFP, if co-expressed with the 

NLS-PEX19.1 protein was not observed. 

3.10.3 In silico analysis of PEX19 binding sites 

Furthermore, an in silico analysis using the PEX19 binding site predictor was performed that 

is online available with an algorithm of yeast and human PEX19 binding site motifs, identified 

as an integral part of the peroxisomal membrane targeting signal (mPTS; 

http://www.peroxisomedb.org/; Rottensteiner et al., 2004; Halbach et al., 2005).  

Putative interactions with PEX19 were not exclusively predicted for peroxisomal 

proteins and the block E-values exhibited a bright spectrum from 0.014 for the chloroplastic 

MEP1 to 0.97 for the peroxisomal C-terminal half of CTS. The MCF members PXN (0.13), 

PNC1 (0.04), and PNC2 (0.053) exhibited a lower and more specific E-value as the ABC 

transporter CTS (0.66). In addition, the peroxisomal located PMP22 (0.023) and PMP22-like 

protein (0.021) exhibited a more specific E-value than the mitochondrial located mitoPMP22 

(0.8) protein. 

Table 3.5 Predicted PEX19 binding site values of chosen transport proteins 

Block E-values for PEX19 binding site prediction of chosen transport proteins: PXN, PNC1, PNC2, CTS-FL, CTS-

N, CTS-C, PMP22, PMP22 like, mitoPMP22, and MEP1. PEX19 binding site prediction was performed using 

PEX19 binding site predictor (Table 7.5). P, peroxisome; M, mitochondria; C, chloroplast. 

  

Protein Block E-value Organelle 
PXN 0.13 P
PNC1 0.04 P
PNC2 0.053 P
CTS-FL 0.66 P
CTS-N 0.97 P
CTS-C 0.33 P
PMP22 0.023 P
PMP22 like 0.021 P

mitoPMP22 0.8 M
MEP1 0.014 C
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4 Discussion 

Plant peroxisomes are essential organelles that fulfil several metabolic pathways essential 

for plant development and resistance against abiotic and biotic stresses (Hu et al., 2012). 

Three main metabolic pathways, the fatty acid β-oxidation, photorespiratory C2 cycle, and 

H2O2 detoxification are dependent on the cofactor NAD+ (Figure 1.1; section 1.3; Graham, 

2008; Hu et al., 2012). For decades, the existence of a specific peroxisomal NAD+ transport 

system was controversially discussed (Rottensteiner and Theodoulou, 2006). Because NAD+ 

biosynthesis exclusively takes places in the cytosol (section 1.4; Noctor et al., 2006; Hashida 

et al., 2009) and the peroxisomal membrane is impermeable for “bulky” substrates like NAD+ 

and other cofactors (section 1.5.1; Donaldson, 1981; Antonenkov and Hiltunen, 2012), a 

NAD+ import system has to exist to set up and maintain a peroxisomal NAD+ pool for 

functional metabolism. 

In this thesis, the candidate gene At2g39970, encoding for a MCF member, was 

identified as peroxisomal NAD+ carrier, called PXN (section 1.5.3 and 3.1). The peroxisomal 

localization of PXN was confirmed by co-localization studies and immunoblot analysis before 

(Fukao et al., 2001; Linka et al., 2008b; Wilkinson, 2009). Because of its close homology to 

the peroxisomal ATP transporter PNC1 and PNC2, PXN was predicted to mediate ATP 

import (Linka et al., 2008b). Nevertheless, it was shown that PXN could not complement a 

yeast strain missing the endogenous peroxisomal ATP carrier Ant1p (Linka et al., 2008b). 

PXN represents a prime candidate for the peroxisomal NAD+ carrier as it exhibited close 

amino acid sequence homology to other NAD+ transporters of the MCF from Arabidopsis, 

yeast, and human (Figure 3.2 and Figure 3.1; section 3.1).  

4.1 PXN is the first characterized peroxisomal NAD+ carrier of plants 

4.1.1 PXN catalyzed in vitro the uptake of NAD+, NADH and CoA  

This work demonstrated that cell-free expressed PXN protein catalyzed the transport of 

NAD+ with broad substrate specificity by performing uptake studies using radioactively 

labelled [α-32P]-NAD+ (section 3.2). PXN mediated NAD+ transport activity followed first-

ordered kinetics with a high affinity (KM) value of 246 ± 64 µM NAD+ that is comparable to 

chloroplastic and mitochondrial NAD+ carrier from plant and yeast (Table 3.3).  

It was postulated that most of the intracellular pyridine nucleotides are bound to 

proteins, presumably dehydrogenases. Therefore, the total concentration of both free and 

bound NAD+ was determined in various studies (Mettler and Beevers, 1980; Heineke et al., 

1991; Igamberdiev and Gardestrom, 2003; Queval and Noctor, 2007; Wang and Pichersky, 

2007; Quettier et al., 2008). A cytosolic concentration of 600 µM free NAD+ was estimated 

from the concentrations of metabolites and enzyme activities from spinach leaves (Heineke 

et al., 1991). In addition, in pea leaf protoplasts a cytosolic concentration of 520 µM free 
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NAD+ and 55 µM free NADH was determined by direct measurements (Igamberdiev and 

Gardestrom, 2003). Several independent studies confirmed the oxidized state of the cytosolic 

pyrimidine nucleotide pool (Mettler and Beevers, 1980; Heineke et al., 1991; Igamberdiev 

and Gardestrom, 2003; Queval and Noctor, 2007; Wang and Pichersky, 2007; Quettier et al., 

2008). The fact that the KM value of PXN for NAD+ is lower than the cytosolic free NAD+ 

levels in plants, the import of NAD+ from the cytosol into peroxisomes via PXN is 

conceivable.  

The measured substrate specificity and inhibitor constants (Figure 3.4; Table 3.1) 

revealed that AMP, ADP, NADH, and CoA are putative counter substrates for PXN mediated 

NAD+ transport. The precursor of NAD+ biosynthesis, NaAD, is excluded as transport 

substrate. First, NaAD exhibited a low inhibitory affect on the NAD+/NAD+ homo-exchange. 

Second, the NAD+ biosynthesis exclusively takes place in the cytosol and the enzymes that 

convert NaAD to NAD+ are not present in peroxisomes (Noctor et al., 2006; Hashida et al., 

2009). FAD, ATP, GDP, GTP, NADP+, NADPH, NMN, and Nam are also excluded as 

putative substrate because these compounds did not mediated relevant NAD+ uptake (Figure 

3.4). Recently, Agrimi and co-worker confirmed the NAD+ transport function of PXN using 

E. coli expressed PXN protein (Agrimi et al., 2012b). They performed uptake assays using 

radioactively labelled [3H]-NAD+ and [14C]-AMP and showed that PXN catalyzed the transport 

of NAD+ or AMP in exchange with NAD+, NADH, AMP, ADP, CoA and dephospho-CoA ( 

Table 7.2; Agrimi et al., 2012b). In addition, they characterized the close homologue of 

PXN, the human peroxisomal SLC25A17, also known as PMP34, as peroxisomal CoA and 

FAD carrier with a low NAD+ uptake efficiency (Agrimi et al., 2012a).  

In this thesis, uptake studies were performed using PXN protein fused to a C-terminal 

His-tag because recombinant protein could be easily detected by immunoblot analysis using 

an anti-His antibody. The activity of PXN-His is slightly increased in comparison to PXN 

without His-tag (Figure 3.4), which could be explained by different protein concentrations 

expressed in the WGE system. Agrimi and co-workers expressed the PXN protein without 

tag and confirmed our results (Agrimi et al., 2012b).  

In comparison to other NAD+ carrier of the MCF, PXN is the first characterized 

peroxisomal transport protein that mediated NADH uptake in plants. A bacterial member of 

the nucleotide transporter (NTT) family, NTT4, accepts NAD+, ATP and NADH (Haferkamp et 

al., 2004). Recently, two Arabidopsis NAD+ carrier located in the chloroplast (NDT1) and 

mitochondrion (NDT2) were identified (Palmieri et al., 2009). Both proteins, expressed in 

E. Coli, facilitated an NAD+ counter-exchange with ADP and AMP and not with NADH, 

NADP+, NADPH, Nam, and Na (Palmieri et al., 2009). In this thesis, it was tested if the NDT 

proteins, expressed using the WGE expression systems, exhibited NADH uptake activity and 

if the unique NADH affinity of PXN was due to the different expression systems (section 

3.2.2). NDT1 could not be functional expressed in WGE (section 3.2.2). NDT2 was functional 
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expressed in the WGE system (section 3.2.2) and mediated a low uptake activity of NAD+ 

that was extremely reduced in comparison to the transport activity of recombinant PXN 

protein (section 3.2.2). To define the transport function of NDT1 and NDT2 regarding the 

NAD+/NADH hetero-exchange, the uptake studies has to be repeated with more active 

protein. On the other hand, PXN protein expressed in yeast verified the transport of NAD+ in 

exchange with AMP and NADH (Figure 3.5) and Agrimi and co-workers showed that E. coli 

expressed PXN protein mediated the unique NAD+/NADH hetero-exchange (Agrimi et al., 

2012b). Therefore the NAD+/NADH hetero-exchange can be stated as putative physiological 

function of PXN. The peroxisomal matrix of the yeast Pichia pastoris is more reductive than 

the cytosol under induced fatty acid oxidation (Yano et al., 2010), reinforcing the possible 

export of NADH in exchange with NAD+ from the peroxisomes to the cytosol during fatty acid 

β-oxidation in plants. 

Besides, it was shown that the only MCF-type transporter in yeast, the peroxisomal 

ATP carrier Ant1p, does not mediated the uptake of NAD+ in exchange with AMP or NADH 

(Figure 3.5). This raises the question how yeast peroxisomes are supplied with NAD+ as no 

NAD+ carrier was identified in yeast, to date. One possibility for the NAD+/NADH redox 

shuttle is the malate/OAA shuttle, as yeasts lacking peroxisomal Mdh3p are impaired in β-

oxidation of fatty acids (van Roermund et al., 1995). Another possibility is the existence of a 

yet unknown NAD+ transporter in yeast peroxisomes.  

4.1.2 Putative in vivo functions of PXN 

From the observed in vitro catalyzed transport function, the following possible transport 

modes for PXN are assumed. 

 

Figure 4.1 Schematic transport mechanism of PXN 

(A) Two-transport model: PXN mediated NAD+/AMP and CoA/AMP exchange is coupled to an unknown AMP 

transporter that catalyzed a unidirectional AMP transport to set-up or maintain the peroxisomal NAD+ and CoA 

pool. (B) Three-substrate model: To generate a peroxisomal NAD+ pool, PXN mediated the import of two 

molecules NAD+ in exchange with one AMP and NMNH molecule, both derived from the NUDT7 or NUDT19-

catalyzed hydrolysis of one NADH molecule. (C) Uniport model: PXN mediated the import of NAD+ in a uniport 

mechanism to generate a peroxisomal NAD+ pool. (D) Redox model: PXN mediated NAD+/NADH exchange 

generated a redox shuttle over the peroxisomal membrane. (1) Reduction of NAD+ to NADH via peroxisomal 

metabolism. (2) Peroxisomal nudix hydrolases NUDT7 and NUDT19. 
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(i) The two-transport model (Figure 4.1 A) assumed that PXN mediated the import of 

NAD+ and CoA in exchange with AMP for generating an NAD+ or CoA pool. For this scenario 

a carrier that catalyses the unidirectional AMP transport is required to balance the loss of 

AMP. To date, such an AMP uniporter was identified for the plastidic inner membrane 

(Leroch et al., 2005; Kirchberger et al., 2008). The exchange of NAD+ with AMP is favoured 

of PXN as the in vitro uptake studies revealed the highest NAD+ uptake activity in exchange 

with AMP. Agrimi and co-workers confirmed the results present in this work (Agrimi et al., 

2012b). The NAD+/AMP exchange is also characteristic for the peroxisomal, mitochondrial 

and chloroplastic NAD+ carrier from human, Arabidopsis and yeast (Todisco et al., 2006; 

Palmieri et al., 2009; Agrimi et al., 2012a). The chloroplastic NAD+ import in exchange with 

AMP via NDT1 is enabled by the adenylate pool synthesized in the stroma (Palmieri et al., 

2009). In mitochondria, the AMP efflux is coupled to the mitochondrial adenine nucleotide 

carrier ADNT1 that imports cytosolic AMP in exchange with ATP that is synthesized in the 

mitochondrial matrix (Palmieri et al., 2008). 

(ii) The second model for generating a peroxisomal NAD+ pool is the three-substrate 

model (Figure 4.1 B). PXN mediated the import of two molecules NAD+ in exchange with one 

molecule of AMP and NMNH. Both molecules are products of the NADH hydrolysis catalyzed 

by nudix hydrolases (NUDT). The NUDT7 is spredicted to be peroxisomal (Reumann et al., 

2004) and NUDT19 was proven to be peroxisomal (Lingner et al., 2011). The acception of 

NMNH as counter-substrate of PXN is required for this model. The exchange of NAD+ with 

NMNH could not be tested by uptake measurements in this thesis, because this compound is 

not commercial available. The three-substrate model might be function during oxidative 

stress, because NUDT7 is involved in maintaining the optimal cellular NAD+/NADH balance 

and regulates the cellular antioxidant system during oxidative stress (Robertson et al., 1995; 

Ge et al., 2007; Ishikawa et al., 2009; Jambunathan et al., 2010).  

(iii) An alternatively transport mechanism for PXN is as NAD+ uniport (Uniport model, 

Figure 4.1 C). Our experimental set-up exhibited PXN mediated NAD+ uptake in a strict 

exchange with other substrates (Figure 3.4), meaning that PXN functions as antiporter. To 

test the uniport function, uptake experiments using proteoliposomes without internal 

substrates were performed and no NAD+ uptake was mediated by PXN. In contrast, Agrimi 

and co-workers measured a low efflux of NAD+ and AMP from liposomes preloaded with 

radioactively labelled [3H]-NAD+ or [14C]-AMP, indicating a slow but existing uniport 

mechanism of PXN (Agrimi et al., 2012b). Such a NAD+ uniport transport activity was also 

observed for the yeast orthologue Ndt1p to set up the mitochondrial NAD+ pool (Todisco et 

al., 2006; Agrimi et al., 2011).  

(iv) Furthermore PXN could function as redox shuttle over the peroxisomal membrane 

by importing NAD+ in exchange with NADH (Figure 4.1 D). The impaired but not blocked     

β-oxidation in pxn mutants could be explained by the redundancy to the malate/OAA shuttle 
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as both transfer reductive equivalents in terms of NAD+/NADH over the peroxisomal 

membrane (Mettler and Beevers, 1980) and exhibited the same β-oxidation phenotypes 

(section 4.6.2). In matters of the PXN functions as redox shuttle, the cellular NAD+ and 

NADH level has to be measured as well as the redox state of peroxisomes from the pxn 

mutant should be analyzed (section 4.6.2). The cellular NAD+/NADH balance regulates the 

antioxidant system during oxidative stress (Robertson et al., 1995; Ge et al., 2007; Ishikawa 

et al., 2009; Jambunathan et al., 2010). To determine the peroxisomal NAD+ and NADH 

levels of WT and pxn mutants would be interesting to confirm that PXN functions as 

NAD+/NADH shuttle. But until now, no experimental set-up are established for the 

dermination of peroxisomal pyridine nucleotides contents, because metabolites and cofactors 

are sensitive to the peroxisome isolation process and no steady-state level can be 

measured. 

4.1.3 Phosphorylation of S155 regulates PXN activity 

Two independent proteomic studies detected a phosphorylation site at serine 155 of PXN 

(Eubel et al., 2008; Ito et al., 2009) that is located in the unique loop region of the PXN 

protein between the third and fourth transmembrane domains (Figure 3.29). This putative 

phosphorylation site of PXN at S155 is conserved to those from the yeast mitochondria 

ATP/ADP transporter (AAC1p), which exhibited a phosphorylation site at S155/T156 or S157 

(Reinders et al., 2007). It was assumed that this phosphorylation sites could possibly 

regulates the protein activity or substrate specificity due to a phosphorylation or 

dephosphorylation event (Eubel et al., 2008).  

In this thesis, it was tested if the unique loop region or the phosphorylation site at 

S155 of PXN plays a role in the transport activity and substrate specificity (section 3.9.2). 

Therefore PXN was mutated by a complete deletion of the unique loop region (PXN Δloop) 

and by the exchange of S155 to alanine (PXN S155A) as control, to cysteine (PXN S155C) 

to mimic the dephosphorylated state, and to aspartate (PXN S155D) to imitate the 

phosphorylation state of PXN. By co-localization studies using agrobacteria-mediated 

transient transformation of tobacco leaves, it was shown that the loop region and the 

phosphorylation state of S155 does not interfere the correct targeting of PXN to the 

peroxisomal membrane (Figure 3.30). 

Uptake studies exhibited NAD+ transport activity followed first-ordered kinetics of the 

mutated PXN versions (Figure 3.32 and Figure 7.3). The dephosphorylated S155, mimicked 

by S155C and PXN Δloop, maintained a decrease in NAD+/NAD+ homo-exchange and 

NAD+/NADH and NAD+/AMP hetero-exchange activity, whereas the phosphorylation of S155, 

mimicked by S155D, leads to an increase of NAD+/AMP hetero-exchange activity. This 

indicated that the PXN activity, especially the NAD+ uptake in exchange with AMP, is 

positively affected by a phosphorylation event at S155. The influence of the phorsphorylation 
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on NAD+/CoA and CoA/AMP hetero-exchange has to be analyzed by uptake experiments 

using radioactively labelled [α-32P]-NAD+ and [14C]-AMP. 

To investigate if the recombinant PXN protein is phosphorylated at S155, a 

phosphoserine antibody was used for immunoblot analyzes using PXN and modified PXN 

proteins. However, no concrete result could be confirmed so far (Figure 7.4). In a future 

experiment the addition of different kinases to the translation reaction are required to enable 

the phosphorylation of PXN as appropriate positive control. The in vivo role of 

phosphorylated PXN protein should be proven by complementation of the pxn mutants with 

the different mutated PXN proteins. As well as it is interesting if the phosphorylation level of 

PXN is regulated during different developmental stages and different stress conditions. 

In case the PXN activity is regulated by phosphorylation, it is interesting to know if the 

PXN loop is orientated to the cytosol or the peroxisomal matrix to gain access to a 

peroxisomal or cytosolic kinase. An in vivo fluorescence protease protection (FPP) assay, 

developed in mammalian cells (Lorenz et al., 2006), could be performed to investigate the 

topology of PXN in the peroxisomal membrane (Held et al., 2008). Therefore GFP is fused to 

PXN at the N- or C-terminus and the fusion proteins were expressed in plant cells, which 

were treated with the protease trypsin. If GFP is orientated to the cytosol and not to the 

peroxisomal matrix, the GFP protein could be cleaved by trypsin, indicating the topology of 

PXN and that the loop region is orientated to the peroxisomal matrix.  

4.2 pxn mutant plants are delayed in fatty acid degradation during 

seedling establishment 

In vitro expressed PXN protein catalyzed the import of NAD+ and CoA, essential cofactors for 

functional fatty acid β-oxidation in plants (Theodoulou and Eastmond, 2012). The NAD+-

dependent MFP2 and the CoA-dependent LACS6 and LACS7 proteins are co-expressed 

with PXN (section 3.4), indicating a correlation of PXN and the fatty acid metabolism. In 

addition, transcript levels of enzymes required for β-oxidation are increased during 

germination and seedling establishment like the expression of PXN (section 3.4; Eastmond 

and Graham, 2000).  

This work demonstrated that the import of NAD+ and CoA, mediated by PXN, is 

required but not essential for fatty acid degradation during seedling establishment (section 

3.6). Three independent PXN T-DNA insertion lines, two loss-of-function mutants (pxn-1 and 

pxn-3) and one knock-down mutant (pxn-2), were used as tool to examine the function of 

PXN during seedling establishment (section 3.5). Even though plants lacking PXN are not 

affected in germination (Figure 3.20) or sucrose-dependent seedling establishment (Figure 

3.15), they were impaired in peroxisomal fatty acid β-oxidation, indicated by less sensitivity to 

2,4-DB, a precursor of the root growth inhibitor 2,4-D that is metabolized via β-oxidation 
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(Figure 3.16). In addition, pxn seedlings are delayed in storage oil breakdown. An increased 

TAG content was confirmed by high C20:1 levels (Figure 3.17) and the retention of oil bodies 

(Figure 3.18 and Figure 3.19) during post-germinative growth.  

 

Figure 4.2 Model of the new peroxisomal NAD+ carrier  

Peroxisomal β-oxidation is supplied with NAD+ and CoA by the peroxisomal NAD+ carrier PXN. CTS imports the 

fatty acids for degradation to acetyl-CoA via β-oxidation.  

The affect in germination of pxn seedlings was investigated to indicate that the delayed fatty 

acid degradation rate was not caused by a slower germination rate. The fact that storage oil 

mobilization is not essential for germination and that the major period of fatty acid breakdown 

occurs during post-germinative seedling growth (Graham, 2008) explained the absence of a 

germination phenotype of pxn seeds (section 3.6.4). The same phenotype, no germination 

affect but an increased C20:1 content was observed in seedlings missing the acyl-CoA 

oxidase 2 (ACX2) activity that mediated the first step of β-oxidation (Pinfield-Wells et al., 

2005).  

Interestingly, it was recently shown that pxn mutant plants contained enlarged 

peroxisomes (Mano et al., 2011). The same abnormal morphology of peroxisomes was 

observed in two β-oxidation mutants, the mfp2 mutant lacking the NAD+-dependent 

multifunctional protein (Rylott et al., 2006) and the ped1 mutant deficient in the CoA-

dependent 3-ketoacyl-CoA thiolase (KAT; Germain et al., 2001; Hayashi et al., 2001). It was 

proposed that the accumulation of intermediates of fatty acid β-oxidation regulates the 

peroxisome size and abundance (Mano et al., 2011). So far, the real reason why 

peroxisomal β-oxidation mutants revealed enlarged peroxisomes is still unknown.  

The role of PXN during natural senescence has to be verified as the β-oxidation is 

required for the turnover of membrane lipids. It was demonstrated that the PXN expression 

was increased during natural and induced senescence (section 3.4.1). The phenotype of pxn 

mutants during senescence should be observed. The chlorophyll and fatty acid content of 

excised leaves and whole darkened plants that induces senescence could be examined as 

described in Castillo and Leon (2008). A delayed senescence process is predicted for pxn 

mutants because the β-oxidation rate is reduced if PXN is missing.   
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4.3 Putative role of PXN in jasmonic acid and auxin biosynthesis 

Peroxisomal β-oxidation is involved in many other processes throughout the plant life, beside 

fatty acid degradation for seedling establishment, like in metabolism of hormones and amino 

acids (Baker et al., 2006). Phytohormone biosynthesis of jasmonic acid (JA), auxin, and 

salicylic acid (SA) is dependent on peroxisomal β-oxidation (Hu et al., 2012).  

To analyze the function of PXN during seedling establishment and other ß-oxidation-

dependent pathways, the PXN expression pattern was examined using PXN promoter-GUS 

activity staining in homozygous Arabidopsis WT plants, expressing the β-glucuronidase gene 

under the control of the PXN promoter (section 3.4.3). PXN is expressed in the whole leaf 

area with a stronger expression in the vascular tissue of leaves and root of seedlings and 

rosette leaves, in the transition zone from hypocotyl to root, and in the shoot and root 

meristem of seedlings (Figure 3.11), indicating the importance of PXN not only during 

seedling establishment. The PXN promoter activity pattern was confirmed by Mano et al. 

(2011). PXN expression in the leaf and in the hypocotyl-root junction correlates with the 

expression pattern of the NAD+-dependent multifunctional protein AIM1 (Richmond and 

Bleecker, 1999), indicated the importance of NAD+ supply for functional fatty acid                 

β-oxidation.  

The vascular tissue specific PXN expression suggested a role of PXN in biosynthesis 

of the phytohormone JA that takes place in the sieve elements for long-distance transport 

(Hause et al., 2003). The final steps of JA biosynthesis from α-linolenic acid are the              

β-oxidation of 12-oxo-phytoenoic acid by AIM1 (Delker et al., 2007; Arent et al., 2010). The 

aim1 mutant exhibited reduced JA levels upon wounding (Delker et al., 2007). JA plays 

important roles as signalling molecule during seed germination, reproductive development, 

senescence, and plant defence, primary against insect herbivores and necrotrophic 

pathogens (Schaller and Stintzi, 2008). To investigate the role of PXN as NAD+ and CoA 

supplier for functional β-oxidation in JA biosynthesis, the response of pxn seedlings to JA 

could be determined as a decreased response to JA is assumed. Additional, the JA content 

of wounded pxn mutants could be measured as a decrease in JA level and in increase in the 

content of precursors from JA biosynthesis are expected.  

In addition, PXN is expressed in the shoot and root meristem where the β-oxidation 

dependent auxin biosynthesis takes place (Ljung et al., 2005). The impact of PXN in auxin 

biosynthesis was confirmed with the impaired convertion of the synthetic auxin precursor 2,4-

DB to 2,4-D in pxn seedlings (3.6.2). Indole-3-acetic acid (IAA) is the most abundant 

naturally occurring auxin (Bartel, 1997) and is derived from indole-3-butyric acid (IBA) via β-

oxidation (Strader et al., 2010). IAA plays a major role in lateral root initiation, cotyledon 

expansion, seedling establishment, vascular development, apical dominance, phototropism, 

and gravitropism (Zolman et al., 2000; Strader et al., 2010). NAD+-dependent AIM1 is 
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required for the conversion of IAA from IBA as aim1 mutants are resistant to IBA (Zolman et 

al., 2008). 

4.4 PXN expression is altered during oxidative stress 

The APX/MDAR system depends on peroxisomal NAD+ to detoxify H2O2, which is 

produced in peroxisomes during β-oxidation, photorespiration, and oxidative stress (Hu et al., 

2012). H2O2 plays a major role in controlling the response to abiotic and biotic stresses (Dat 

et al., 2000; Mittler, 2002; del Rio et al., 2006; Schrader and Fahimi, 2006). ROS production 

and breakdown are linked to the intracellular metabolic changes (Babourina et al., 2006). It is 

known that an accumulation of cytosolic H2O2 inhibits seedling establishment (Eastmond, 

2007) and primary root growth (Dunand et al., 2007). In plants, ROS production takes place 

in the peroxisome, chloroplast, mitochondria, plasma membrane, and the apoplastic space 

(Corpas et al., 2001). The main peroxisomal H2O2 pool is produced by superoxide dismutase 

(SOD) that converts superoxide radicals (O2˙¯) to H2O2 and O2 (Palma et al., 2009). O2˙¯ is 

produced by converting xanthine to uric acid via xanthine oxidase (XOD; Palma et al., 2009). 

In this thesis it was investigated whether PXN supplies the APX/MDAR system with NAD+ 

(Figure 4.3).  

 

Figure 4.3 Model of supporting the APX/MDAR system with NAD+ by PXN for H2O2 detoxification  

PXN mediated the import of NAD+ that is metabolized by the peroxisomal metabolism to NADH. H2O2 is 

generated by the peroxisomal metabolism and diffuses to the cytosol. Scavenging H2O2 is degraded by the 

ascorbate peroxidase (APX) and monodehydroascorbate reductase (MDAR) shuttle using peroxisomal NADH as 

cofactor. ASC, ascorbate; MDA, monodehydroascorbate 

Microarray analyses revealed that PXN is co-expressed with APX and MDAR (section 3.4.2). 

This might propose a role of PXN for ROS degradation. Therefore, pxn mutant lines were 

subjected to oxidative stress (section 3.7) and the effect of external H2O2 on the root growth 

in the mutant seedlings were studied. However, the pxn plants did not response to 

exogenous H2O2 (Figure 3.21) as well as the PXN expression level is not alterd by oxidative 

stress induced by methylviologen (Figure 3.22), indicating that PXN is maybe not directly 
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influenced by H2O2 than through indirect regulation by metabolic changes during oxidative 

stress.  

The expression of PXN was increased by low pH and P. syringae treatment (section 

3.7.2 and 3.7.3). It is known that both stress conditions trigger ROS production (Babourina et 

al., 2006; Grosskinsky et al., 2012). During pathogen infection, H2O2 accumulates inside the 

plant cells for a hypersensitive response or by pathogen itself to kill the host tissue and toxic 

components (Grosskinsky et al., 2012). Peroxisomes are involved in stress signalling and 

activation of plant defense by releasing H2O2 to the cytosol where it can trigger defense gene 

expression (Grosskinsky et al., 2012). P. syringae treated plants accumulates ascorbate and 

glutathione as antioxidants (Grosskinsky et al., 2012). It is assumed that PXN is up-regulated 

during pathogen infection and low pH treatment to support the H2O2 detoxification via 

APX/MDAR system as high H2O2 levels induce programmed cell death and is toxic for the 

plant (Quan et al., 2008).  

However, several physiological experiments have to be performed to confirm this 

hypothesis. Therefore, pxn mutant and PXN over-expression plants have to be treated with 

the different oxidative stress conditions (e.g. low pH, heat, cold, salt, pathogen infection) to 

proof if they respond different like WT. Additional, the NAD+, NADH and H2O2 levels should 

be determined of pxn and PXN over-expression plants that were treated with different 

oxidative stress circumstances to examine if they contained different concentrations than 

WT. Cellular H202 levels could be determined using xylenol orange (Jiang et al., 1990) and 

the NAD+ and NADH level as described in this work. Besides, it would be interesting if the 

redox level is altered in pxn plants, which could be tested by using a peroxisomal fluorescent 

redox sensor as described in Yano et al. (2010).  

A strict regulated cytosolic NAD+(H) level is required for signalling in the response to 

oxidative stress (Noctor et al., 2006; Wang and Pichersky, 2007; Jambunathan et al., 2010). 

Plants exposed to oxidative stress exhibited decreased cellular NAD+ contents, linked to 

poly(ADP-ribose) polymerase (PARP) activity that degraded NAD+ for protein post-

translational modification (Noctor et al., 2006; Xie et al., 2009). Furthermore, the cytosolic 

NAD+/NADH and NADP+/NADPH ratios are important for the redox homeostasis. A change 

in the NAD+(H) levels during stress can lead to a redox imbalance, triggering the production 

of ROS and the activation of defence, phytohormone, and cell death signalling pathways, 

which is important to regulate the cellular antioxidant system (Jambunathan et al., 2010; 

Waller et al., 2010). As well as the peroxisomal NADH level is essential for the response to 

oxidative stress. The peroxisomal NADH kinase NADK3 (Waller et al., 2010) is required 

under oxidative stress conditions to maintain the peroxisomal NADH/NADPH redox balance 

(Chai et al., 2006). The fact that PXN could regulate the peroxisomal NAD+(H) level by 

adapting it to the cytosolic NAD+ homeostasis would also explain the higher NAD+ level in 

pxn seedlings during post-germinative growth (section 3.8.1). 
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4.5 Is PXN required for the photorespiratory C2 cycle? 

The relevance of PXN during the photorespiratory C2 cycle, the third NAD+-dependent 

peroxisomal pathway, was not analyzed in this thesis. During photorespiration, the 

degradation of toxic 2-phosphoglyolate is separated in chloroplasts, peroxisomes, and 

mitochondria. The peroxisomal HPR1 requires NADH as cofactor for the detoxification of the 

photorespiratory compound (Timm et al., 2011). pxn mutants growing under ambient air 

conditions (Figure 7.2) did not show a typical photorespiratory phenotype as described in 

(Somerville and Ogren, 1980). To test if pxn mutants exhibited an intermediate 

photorespiratory phenotype, the pxn plants could be analyzed using a CO2 shift assay and 

detection of changes of specific photorespiratory metabolite concentrations (e.g. glycerate, 

glycolate, glycine, hydroxypyruvate, and serine) and enzyme activities (e.g. hydroxypyruvate- 

and glyoxylate-reducing enzymes) as described in Lisec et al. (2006), Voll et al. (2006), 

Timm et al. (2008), Bräutigam et al. (2010), and Pick et al. (2011).  

NADH is needed for functional reduction of hydroxypyruvate to glycerate via HPR 

proteins during photorespiration (Timm et al., 2011). It was shown before that the 

cytoplasmic HPR2 and chloroplastic HPR3 could bypass the peroxisomal HPR1 reaction 

(Timm et al., 2008; Timm et al., 2011) and that HRP2 is active when peroxisomal NADH 

generation is limited (Bauwe et al., 2010). A hpr1 hpr2 hpr3 triple mutant shows impaired 

growth, decreased photochemical efficiency and strongly affected gas exchange parameters 

(Timm et al., 2011). An hpr2 hpr3 double mutant displays no growth defect. It would be 

interesting to study whether an hpr2 hpr3 pxn triple mutant exhibits the same 

photorespiratory phenotype than the hpr1 hpr2 hpr3 triple mutant, expecting that the 

peroxisomal NAD+ supply is blocked for efficient HPR1 function. To confirm this hypothesis, 

the corresponding mutants have to be generated, either by crossing or by down-regulating 

the PXN expression using the artificial microRNA approach. This photorespiratory approach 

would examine if PXN mediates CoA import, as CoA has no impact on the photorespiratory 

C2 cylce.  

4.6 Redundant systems for PXN function 

The intermediate phenotype of pxn seedlings (section 3.6) raises the question for a 

redundant system to supply peroxisomes with NAD+ and CoA.  

4.6.1 PNC1 and PNC2 are candidates for a redundant system for PXN 

If PXN mediates the import of NAD+ in exchange with AMP, we suggested that both PNCs 

could complement this transport process when PXN is absent (Figure 4.4), because NAD+ 

and ATP are similar in structure and all three proteins used AMP as counter substrate (Arai 

et al., 2008; Linka et al., 2008b).  
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Figure 4.4 Model of redundant systems for NAD+/AMP exchange mediated by PXN and PNC  

(A) Under normal conditions, PXN imports NAD+ in exchange with AMP and both PNCs ATP in exchange with 

AMP for optimal peroxisomal metabolism. (B) If PXN is absent, both PNCs could complement the NAD+ transport 

activity.  

In this thesis, functional expressed PNC1-His and PNC2 protein did not mediated the uptake 

of NAD+/NAD+ homo-exchange (section 3.2.3). Recently it was shown that both PNCs 

mediate the exchange of [α-32P]-ATP with NAD+ and NADH but not with CoA (Vigelius, 

2009). The exchange of adenine nucleotides with pyridine nucleotides should be examined 

for both PNCs. The NAD+/AMP hetero-exchange either with radioactively labelled              

[α-32P]-NAD+ in exchange with AMP or with radioactively labelled [14C]-AMP in exchange with 

NAD+ should be performed. In addition, it should be tested if both PNCs could mediate the 

exchange of CoA with AMP to completely complement the PXN function. To test the 

complete redundancy, uptake of [14C]-AMP in exchange with CoA and NADH should be 

assayed, because radioactive labelled CoA and NADH are not commercially available.  

To address this hypothesis in vivo, a small interfering RNA was used to down 

regulate the expression of both PNC proteins in the pxn mutant background (section 3.8.2). 

In previous studies, the p35S::siR-PNC1/2 construct was transformed into WT plants and no 

positive survivors could be selected, indicating the lethality of mutants lacking both 

peroxisomal ATP carriers (Linka et al., 2008b). In this thesis, pxn mutants carrying the 

p35S::siR-PNC1/2 T-DNA were selected, but no obvious phenotype was observed. A severe 

phenotype was expected and consequently the expression level of PNC1 and PNC2 has to 

be proven, because it could be that only these plants were selected that still expressed both 

PNC and that the strong repressor lines were lethal. Therefore, the expression of the siRNA 

has to be induced in the positive selected pAlcA::siR-PNC1/2 pxn mutants. It was shown 

before that an ethanol induced expression of siR-PNC1/2 leads to a reduced PNC1 and 

PNC2 expression and a β-oxidation phenotype in the corresponding lines (Linka et al., 

2008b; Reinke, 2010). 

Another approach to confirm the redundancy of PXN and both PNC proteins would be 
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the crossing of pxn with either single pnc1 and pnc2 mutant plant or with the recent 

established pnc1 pnc2 double mutant (Sarah Vigelius, HHU Düsseldorf, Germany; personal 

communication). The pnc1 pnc2 line exhibit a severe β-oxidation phenotype but is not lethal 

like the 35S-RNAi lines, because the pnc1 line still expressed truncated PNC1 transcript for 

functional β-oxidation (Linka et al., 2008b).  

All lines, simultaneous repressing the expression of PXN, PNC1, and PNC2, have to 

be checked for the expression level and different physiological experiments corresponding to 

peroxisomal fatty acid β-oxidation have to be performed. As the repression of both PNC 

proteins leads to a sucrose dependent phenotype (Linka et al., 2008b), it is assumed that the 

triple mutant of both PNCs and PXN exhibited a more severe phenotype. The sucrose 

dependent phenotype, fatty acid content, response to 2,4-DB, and germination frequency of 

the triple mutant should be analyzed.  

4.6.2 Malate/oxaloacetate shuttle redundancy to the PXN mediated NAD+/NADH 

transport  

In the case that PXN functions as NAD+/NADH carrier, the malate/OAA shuttle mediated by 

the peroxisomal and cytosolic MDH (Pracharoenwattana et al., 2007) would be redundant for 

generation a redox shuttle (Figure 4.5). In addition, Pracharoenwattana and co-worker could 

show that the photorespiratory enzyme HPR1 contributes in the regeneration of NAD+ for β-

oxidation at early seedling growth in Arabidopsis (Pracharoenwattana et al., 2010).  

 

Figure 4.5 Model of redundant systems for NAD+/NADH exchange mediated by PXN, the malate/OAA 

shuttle and HPR1 

NAD+ gets reduced to NADH during peroxisomal metabolism. Therefore a system for re-oxidizing NADH is 

essential. One way could be mediated by the antiport mechanism of PXN, which imports NAD+ and export NADH 

to re-oxidize NADH in the cytoplasm. Another known redox shuttle is the malate/OAA shuttle mediated by 

peroxisomal and cytosolic malate dehydrogenases (pMDH and cMDH). The peroxisomal hydroxypyruvate 

reductase 1 (HPR1) metabolized hydroxypyruvate (HP) to glycerate (Gly) by oxidizing NADH to NAD+.  

Arabidopsis double knock-out mutants of both pMDHs and a triple knock-out mutant of both 

pMDHs and HPR1 exhibited the same β-oxidation phenotype, whereas the phenotype of the 

pmdh1 pmdh2 hpr1 triple mutant is strengthened. Both mutants exhibited a reduced 

germination efficiency, a sucrose dependent phenotype and less sensitivity to 2,4-DB 
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(Pracharoenwattana et al., 2007; Pracharoenwattana et al., 2010). A complete block in 

germination was supposed for the pmdh1 pmdh2 hpr1 triple mutant if this is the only way to 

generate a redox shuttle over the peroxisomal membrane (Pracharoenwattana et al., 2010). 

The low germination rate of the triple mutant indicated that a NAD+/NADH exchange is still 

present, maybe generated by PXN.  

To analyse the redundancy of PXN and the redox shuttle mediated by the pMDHs 

and HPR1, the following experiments were designed in this thesis:  

(i) It was assumed that the PXN expression level is increased in pmdh1 pmdh2 and 

pmdh1 pmdh2 hpr1 mutant to maintain the redox shuttle. However, micro array data of the 

pmdh1 pmdh2 double mutant did not reveal changes in the PXN expression compared to WT 

(Pracharoenwattana et al., 2007). Co-expression analysis using quantitative real-time PCR 

(qRT-PCR) needs to be performed to verify an up-regulation of PXN in these mutant plants, 

indicating that PXN might complement the loss of the malate/OAA redox shuttle.  

 (ii) The germination and seedling establishment phenotype of the pmdh1 pmdh2 and 

pmdh1 pmdh2 hpr1 mutants could be rescued via an increased NAD+/NADH shuttle activity 

by PXN in these mutant backgrounds. Therefore, an over-expression construct was 

generated in this thesis and was transformed into WT and the pxn mutant lines for 

complementation (section 3.5.3). For further experiments, this construct needs to be 

transformed into the pmdh1 pmdh2 and pmdh1 pmdh2 hpr1 mutants to enable the analysis 

of the assumed redundancy.  

(iii) The pmdh1 pmdh2 and pmdh1 pmdh2 hpr1 mutants are strongly impaired in the 

germination rate and the seedling growth compared to the single mutants and WT, indicating 

that a NAD+/NADH exchange is still present to support the peroxisomal β-oxidation 

(Pracharoenwattana et al., 2010). We hypothesized a severe germination and seedling 

establishment phenotype of plants deficient in PXN, pMDH1, pMDH2, and HPR1. Therefore 

pmdh1 pmdh2 pxn and pmdh1 pmdh2 hpr1 pxn lines were generated by crossing (section 

3.8.3). Up to now, the first generation of plants could be selected after crossing which are 

heterozygous for each corresponding gene. Homozygous lines have to be generated before 

studying the germination and seedling establishment.  

(iv) An alternatively approach to generate the corresponding triple and quadruple 

mutants was performed by using an artificial micro RNA to down-regulate the PXN 

expression controlled by either a constitutive or inducible promoter in the corresponding 

mutants. These constructs were transformed in WT, pmdh1 pmdh2, and pmdh1 pmdh2 hpr1 

lines (section 3.8.3). The Arabidopsis transformation has to be repeated to gain more 

independent lines expressing the amiR-PXN under the control of the constitutive and 

inducible promoters in the WT, pmdh1 pmdh2, and pmdh1 pmdh2 hpr1 background. The 

PXN transcript level and the number and localization of the T-DNA insertions have to be 

analyzed of all generated mutants. In addition, the effect of the amiR-PXN in the different 
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backgrounds has to be analyzed by inducing the expression via estradiol of the 

corresponding lines transformed with the pLexA::amiR-PXN construct. 

To date, no direct statement for the redundancy of PXN, pMDH1, pMDH2, and HPR1 

could be made due to missing results.  

4.6.3 NAD+ is imported by cofactor-bound enzymes 

The peroxisomal importomer enables the import of folded, cofactor-bound, and oligomeric 

proteins across the peroxisomal membrane and does not affect the peroxisomal permeability 

barrier (Léon et al., 2006; Meinecke et al., 2010). The yeast peroxisomal importomer 

consisting of Pex5p and Pex14p generated a channel that can be opend to a diameter of 

9 nm and mediated the import of PTS1 carrying enzymes (Meinecke et al., 2010). The yeast 

peroxisomal acyl-CoA oxidase Aox is imported as heteropentameric complex bound to its 

cofactor FAD (Titorenko et al., 2002). It was assumed that NAD+ is imported in association 

with holoenzymes (Pracharoenwattana et al., 2010), as shown for Aox, to generate a 

peroxisomal NAD+ pool. If the main route of NAD+ import is mediated by imported 

holoenzymes, PXN could be involved in maintain the NAD+ homeostasis during different 

physiological conditions. 

4.7 Peroxisomal members of the MCF are targeted to peroxisomes via 

PEX19 

For the first time, it was investigated how peroxisomal members of the MCF-type 

transporters from Arabidopsis are targeted to peroxisomes. Based on previous studies, a 

peroxin protein called PEX19 interacts with PMPs and mediated the transport to the 

peroxisomal membrane (Hadden et al., 2006; Platta and Erdmann, 2007a). The PEX19/PMP 

complex interacts with the PEX3 receptor to release the PMP to the peroxisomal membrane 

(Hadden et al., 2006; Platta and Erdmann, 2007a). The putative interaction of PXN with the 

PMP receptor complex was indicated by the co-expression of PXN with PEX19 and PEX3 

(Table 3.4). The human homologue of PXN, SLC25A17 and the yeast homologue of PNC1 

and PNC2, Ant1p, are targeted via PEX19 and ER-derived vesicles to the peroxisomal 

membrane (Sacksteder et al., 2000; Palmieri et al., 2001; Kim et al., 2006; van der Zand et 

al., 2010). The PEX19 interaction with the known peroxisomal MCF members PXN, PNC1, 

and PNC2 was verified in this thesis via an in vitro PEX19 pull-down assay (section 3.10.1). 

The phosphorylation site and unique loop region of PXN did not affect the peroxisomal 

targeting, as the mutated PXN proteins interacted with PEX19 (section 3.10.1) and are 

located to tobacco peroxisomes when transiently co-expressed with a peroxisomal marker 

(section 3.9.1). Other Arabidopsis PMPs were in addition tested for PEX19: PMP22 (section 

3.10.1) and pseudo-halves of the ABC transporter CTS (section 3.10.1) interact with the 
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PMP receptor. Unexpectedly, an interaction of PEX19 with the mitochondrial mitoPMP22 and 

the chloroplastic MEP1 protein was verified (section 3.10.1). In silico analysis using the 

PEX19 binding site predictor exhibited putative interactions with PEX19 and peroxisomal, 

mitochondrial, and chloroplastic proteins (section 3.10.3). This prediction software was 

programmed based on an algorithm of yeast and human PEX19 binding site motifs. This 

algorithm might be not sufficient for a precise PEX19 interaction prediction for plant proteins. 

Alternatively, PEX19 acts as a general chaperone for peroxisomal as well as for other 

intracellular membrane proteins.  

To verify in vivo the PEX19 interaction, a PEX19 mis-localization assay was 

performed (section 3.10.2). The expected nuclear localization of the NLS-PEX19.1/PMP-YFP 

interaction was not observed; neither with the positive control ALDP-YFP and ALDR-YFP. 

Because the positive controls did not exhibit the expected results, this experiment has to be 

redesigned or the components have to be checked for right expression vectors and 

expression in tobacco cells. 

To confirm the PEX19 interaction results, a yeast two-hybrid assay could be 

performed as described in Sacksteder et al. (2000). They fused PEX19 to a GAL4 

transcription activator domain and the PMP to a GAL4 DNA binding domain. Both fusion 

proteins were expressed in yeast strains and the LacZ activity was analyzed using X-Gal. In 

addition, the PMP of interest could be expressed in a yeast strain missing the expression of 

Pex19p or Pex3p as it was described for the yeast ATP transporter Ant1p (Palmieri et al., 

2001).  

PMP targeting could also be dependent on ER-derived vesicles. To test if the 

targeting of the PMPs candidates is dependent on the ER, the same experiments as 

described in Sparkes et al. (2005) could be performed. They analyzed the targeting of PEX2 

and PEX10 by transiently expressing PMP-YFP in tobacco leaves and blocking the ER 

transport routes using the fungal metabolite Brefeldin A or by co-expressing dominant 

negative mutants of Sar1 or RabD2a (Sparkes et al., 2005). 
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5 Summary 

5.1 Summary 

NAD+ is an essential cofactor for several metabolic processes. In plants, the NAD+ 

biosynthesis takes exclusively place in the cytosol (Noctor et al., 2006; Hashida et al., 2009) 

whereas NAD+-dependent enzymes are located in the cytosol and other cell compartments, 

including peroxisomes. Earlier evidences assume that the peroxisomal membrane is 

impermeable for “bulky” cofactors like NAD+ and CoA (Donaldson, 1981; Antonenkov and 

Hiltunen, 2012). However, the fact that peroxisomal metabolism require theses molecules 

(e.g. for fatty acid β-oxidation, photorespiration, and H2O2 detoxification; Hu et al., 2012) 

necessitates the need for a NAD+ import. For decades, the existence of such a peroxisomal 

NAD+ transport protein was controversially discussed. In this thesis, the first peroxisomal 

NAD+ carrier, named PXN, was characterized in the model plant Arabidopsis thaliana. The 

carrier encoded by the gene At2g39970 is a member of the mitochondrial carrier family 

(MCF) and closely related in sequence to peroxisomal, chloroplastic, and mitochondrial ATP 

and NAD+ transporters from Arabidopsis, yeast, and human. Interaction studies confirmed 

that PXN is targeted to peroxisomes via interaction with PEX19 that is known to act as 

chaperone for PMP targeting (Jones et al., 2004; Van Ael and Fransen, 2006).  

Performing uptake assays, it was demonstrated that recombinant PXN protein 

catalyzed the transport of NAD+ and CoA in exchange with AMP, which was recently 

confirmed by Agrimi et al. (2012b). Furthermore, cell-free expressed PXN protein mediated 

the exchange of NAD+ with NADH and acts thereby as reduction/oxidation (redox) shuttle. 

The NADH transport activity is unique compared to the other known MCF-type NAD+ 

transporter from Arabidopsis, yeast, and human. This thesis indicated first evidences that the 

PXN activity is positively regulated via phosphorylation. The phosphorylation site at serine 

155 was detected in two independent phosphoproteomic studies (Eubel et al., 2008; Ito et 

al., 2009). Here, it was in addition shown that the phosphorylation site at S155 and the 

unique loop region of the PXN protein did not influence the PEX19-dependent peroxisomal 

targeting, indicating that the PEX19 binding site is not located at the loop region.   

Three independent Arabidopsis pxn T-DNA insertion lines illustrated the requirement 

of peroxisomal NAD+ and CoA supply mediated by PXN for optimal fatty acid β-oxidation. 

pxn seedlings were delayed in breakdown of fatty acids released from storage oil, which was 

visualized by higher levels of storage fatty acids and the retention of oil bodies. However, 

germination was not impaired in plants deficient in PXN. The pxn β-oxidation phenotype 

correlated with the increased PXN expression during β-oxidation-dependent seedling 

establishment and the PXN co-expression with proteins involved in β-oxidation. Furthermore, 

the link between PXN function and the β-oxidation-dependent processes (e.g. mobilization of 
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storage oil and biosynthesis of phytohormones) was exhibited by the expression pattern 

using PXN promoter-GUS studies in stable transformed Arabidopsis seedlings. 

A redundant system for PXN was predicted, because pxn mutants exhibited an 

impaired but not complete block of β-oxidation, as expected for plants lacking the NAD+ and 

CoA supply via PXN. Two redundant systems were assumed. (i) The NAD+/AMP shuttle 

could be taken over by the peroxisomal adenine nucleotide carriers PNC1 and PNC2 when 

PXN is absent, because both transport substrates, ATP and NAD+, are similar in structure. 

To address this, mutant lines repressing both pnc genes and pxn were generated by using a 

small interfering RNA approach. The obtained transgenic plants needs to be investigated in 

the future. (ii) The NAD+/NADH exchange function of PXN could be redundant to the 

malate/oxaloacetate (malate/OAA) shuttle that transfers reducing equivalents across the 

peroxisomal membrane (Pracharoenwattana et al., 2007). Furthermore, the peroxisomal 

hydroxypyruvate reductase 1 (HPR1) is proposed to play a role in regeneration NAD+ for β-

oxidation and thus also functions as redox shuttle during early seedling growth 

(Pracharoenwattana et al., 2010). To test this hypothesis, different Arabidopsis plants were 

generated in this work by crossing the pxn lines with the mutant defective in both pMDHs and 

HPR1 and by repressing the PXN expression using an PXN specific artificial microRNA in 

the pmdh and hpr1 mutant lines. However, the resulted transgenic plants need to be further 

investigated regarding the impact on β-oxidation for storage oil mobilization.  

In silico analysis revealed that PXN is co-expressed with the ascorbate peroxidase 

(APX) and the NADH-dependent monodehydroascorbate reductase (MDAR), which are 

required for H2O2 detoxification (Graham, 2008). PXN expression is altered during oxidative 

stress, when H2O2 accumulated inside the cells. This implicated a role of PXN in supplying 

NAD+ for peroxisomal H2O2 detoxification via the APX/MDAR system. This hypothesis has to 

be verified by examining pxn mutants under oxidative stress conditions.  

In sum, this thesis described the characterization and the function of a peroxisomal 

NAD+ and CoA carrier during seedling establishment and oxidative stress. Site-directed 

mutagenesis of the PXN protein revealed that the transport activity is regulated by 

phosphorylation. Regarding the PMP import, it was demonstrated that the PEX19 receptor is 

involved in the peroxisomal targeting of PXN and several other PMPs.  
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5.2 Zusammenfassung 

NAD+ ist ein essentieller Cofaktor für viele metabolische Prozesse und dessen Biosynthese 

findet ausschließlich im Zytosol statt (Noctor et al., 2006; Hashida et al., 2009). Eine 

subzelluläre Verteilung von NAD+ muss gewährleistet sein da NAD+-abhängige Enzyme nicht 

nur im Zytosol, sondern auch in den anderen Zellkompartimenten, wie z.B. den Peroxisomen 

lokalisiert sind. Da die Membranen der Organellen impermeabel für NAD+ sind, ist die 

Notwendigkeit eines NAD+-Transportsystems unabkömmlich. Die Existenz eines 

peroxisomalen NAD+-Transporters wurde über Jahrzehnte kontrovers diskutiert (Donaldson, 

1981; Antonenkov and Hiltunen, 2012). Zu Beginn dieser Arbeit war nicht geklärt wie die 

NAD+-abhängigen Prozesse, wie z.B. β-Oxidation, Photorespiration und H2O2 Abbau (Hu et 

al., 2012) mit dem Cofaktor in den Peroxisomen versorgt werden.   

 In dieser Arbeit wurde erstmals ein peroxisomaler NAD+-Transporter aus der 

Modellpflanze Arabidopsis thaliana charakterisiert, der als peroxisomal NAD+ carrier (PXN) 

bezeichnet wurde. Dieses Transportprotein, das durch das Gen At2g39970 kodiert wird, 

gehört als Mitglied der mitochondrialen Transportfamilie (mitochondrial carrier family; MCF) 

zur Gruppe der bereits bekannten peroxisomalen, mitochondrialen und chloroplastidären 

ATP- und NAD+-Transportern aus der Pflanze, Hefe und des Menschen an. Mit Hilfe von 

Protein-Interaktionsstudien konnte gezeigt werden, dass PXN mit dem Peroxin PEX19 

interagiert, einem Hilfsprotein das peroxisomale Membranproteine zu den Peroxisomes 

geleitet (Jones et al., 2004; Van Ael and Fransen, 2006).  

 Durch NAD+-Aufnahmemessungen an Liposomen konnte demonstriert werden, dass 

das rekombinante PXN-Protein den Transport von NAD+ im Austausch mit AMP katalysiert. 

Zudem konnte gezeigt werden, dass ebenfalls CoA und NADH als Substrat für PXN 

fungieren. Gezielte Mutationen im PXN–Protein zeigten, dass die Transportaktivität über eine 

Phosphorylierung am Serin 155 reguliert wird, die durch zwei unabhängige 

Phosphoproteomic-Studien als Phosphorylierungsstelle verifiziert wurde (Eubel et al., 2008; 

Ito et al., 2009). In dieser Arbeit konnte darüber hinaus bestätigt werden, dass der 

Phosphorylierungszustand von S155 und die einzigartige Loop-Region von PXN keinen 

Einfluss auf das peroxisomale Targeting und die Bindung an PEX19 haben.  

 Drei unabhängige Arabidopsis T-DNA-Insertionslinien für das pxn-Gen zeigten, dass 

PXN für einen optimalen Ablauf der β-Oxidation notwendig ist. In diesen Mutanten ist der 

oxidative Abbau von Fettsäuren mittels der β-Oxidation während der Speicherlipid-

Mobilisierung verzögert. Dies wurde durch die erhöhten Mengen an Speicherfettsäuren und 

an dem Verbleiben von Ölkörpern in den Mutanten-Keimlingen verifiziert. Der                       

β-Oxidationsphänotyp von pxn-Keimlingen korreliert mit der erhöhten PXN-Expression 

während β-Oxidation-abhängiger Keimlingsentwicklung. Des Weiterem sind β-Oxidation-

spezifische Gene mit PXN co-exprimiert.  
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Durch PXN Promotor-GUS Studien von stabil transformierten Arabidopsis-Keimlingen konnte 

der Zusammenhang zwischen PXN und der β-Oxidation während des Abbaus von 

Speicherlipiden und der Biosynthese von Pflanzenhormonen unterstützt werden.  

 Auf Grund des schwachen β-Oxidationsphänotyps von pxn-Keimlingen wurde die 

Existenz eines redundanten Systems angenommen, da in Abwesenheit von PXN eine 

vollständige Blockierung der β-Oxidation erwartet wurde. Es wurden daher die folgenden 

redundante Systeme angenommen: (i) Die NAD+/AMP-Funktion von PXN könnte durch die 

peroxisomalen ATP Transportproteine PNC1 und PNC2 übernommen werden, da ATP und 

NAD+ eine ähnlichen Molekülstruktur aufweisen. Um dies zu testen, wurden 

Dreifachmutanten hergestellt, die in der Expression von PXN, PNC1 und PNC2 defekt sind. 

Zukünftige Analysen werden zeigen, ob der Defekt von PXN durch die PNCs aufgehoben 

werden kann. (ii) Im Fall dass PXN einen NAD+/NADH-Austausch katalysiert, ist diese 

Transportfunktion zu dem peroxisomalen Malat/Oxalacetat-Shuttle redundant 

(Pracharoenwattana et al., 2007). Darüberhinaus konnte kürzlich gezeigt werden, dass die 

peroxisomale Hydroxypyruvatreduktase 1 (HPR1) NAD+ während der β-Oxidation regeneriert 

und somit ebenfalls als Redox-Shuttle fungiert (Pracharoenwattana et al., 2010). In dieser 

Arbeit wurden Arabidopsis-Mutanten erzeugt, bei denen PXN, die beiden peroxisomalen 

MDHs sowie die HPR1 ausgeschaltet werden. Eine detailierte Untersuchung der Mutanten 

bezüglich der Speicherlipid-Mobilisierung steht noch aus.  

 In silico Analysen konnten zeigen, dass PXN mit der Ascorbatperoxidase (APX) und 

der NAD+-abhängigen Monodehydroascorbatreduktase (MDAR) co-exprimiert ist. Diese 

beiden Enzyme sind für den Abbau von giftigen H2O2 in den Peroxisomen beteiligt (Graham, 

2008). Zudem ist die Expression von PXN während oxidativen Stresses verändert, bei dem 

H2O2 in der Zelle akkumuliert. Um zu zeigen, dass der PXN für den Abbau von H2O2 mittels 

des APX/MDAR systems zuständig ist, sollten physiologische Experimente unter 

verschiedenen oxidativen Stressbedingungen mit Hilfe der pxn Mutanten durchgeführt 

werden.  

 Zusammenfassend beschreibt diese Arbeit die Charakterisierung und den Einfluss 

von PXN als einen peroxisomalen NAD+- und CoA-Transporter während der Speicherlipid-

Mobilisierung und oxidativen Stress. Darüber hinaus konnten erste Hinweise auf eine 

Regulation der PXN Transportaktivität über Phosphorylierung gezeigt werden. Zusätzlich 

wurde demonstriert, dass PXN und andere peroxisomale Membranproteine über eine 

Interaktion mit PEX19 zu der peroxisomalen Membran transportiert werden.  
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7 Appendix 

7.1 Supplemental figures and tables 

 

Figure 7.1 pxn seedling establishment in dependency to sucrose 

Representative six-day-old WT and pxn seedlings are shown, grown vertically on agar plates with or without 

sucrose addition. (A) Short-day condition. (B) Continuous darkness condition. 

 

Figure 7.2 Phenotype of eight-week-old WT and pxn mutant plants 

WT and pxn mutant plants were grown under long-day conditions for eight weeks. All three pxn mutants look like 

WT and exhibited no photorespiratory phenotype. 

WT pxn-1 pxn-2 pxn-3

with
sucrose

without
sucrose

A

B WT pxn-1 pxn-2 pxn-3

with
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without
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Figure 7.3 Time dependent [α-32P]-NAD+ uptake of PXN and mutated PXN versions 

In vitro expressed (A) PXN, (B) PXN S155A, (C) PXN S155C, (D) PXN S155D, and (E) PXN Δloop protein were 

reconstituted into proteoliposomes. Time-dependent [α-32P]-NAD+ (125 µM) uptake in exchange with 30 mM 

NAD+ (green), NAD (red) and AMP (blue) preloading was measured. The data represents the arithmetic means ± 

SEs of four independent experiments. 

 

Table 7.1 Vmax and initial rate values for [α-32P]-NAD+ uptake activity of PXN and mutated PXN versions 

Time-dependnet [α-32P]-NAD+ uptake was measured of recombinant PXN-His, PXN-His S155A, PXN-His S155C, 

PXN-His S155D, and PXN-His Δloop protein in exchange with NAD+, NADH, and AMP. The Vmax and initial rate 

values were calculated. The data represents the arithmetic means ± SEs of four independent experiments. 
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PXN S155C 0,70 0,11 0,0141 0,0006 0,81 0,29 0,0129 0,0027 0,81 0,05 0,0213 0,0001  

PXN S155D 1,09 0,25 0,0233 0,0022 0,94 0,29 0,0198 0,0031 1,17 0,15 0,0316 0,0010  

PXN Δloop 0,91 0,33 0,0130 0,0028 0,85 0,20 0,0126 0,0012 0,67 0,09 0,0140 0,0005
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Figure 7.4 Detection of phosphorylated serine of recombinant PXN-His protein using phosphoserine 

antibody 

Recombinant PXN-His, PXN-His S155A, PXN-His S155C, PXN-His S155D, PXN-His Δloop protein and WGE 

were analyzed by immunoblot analysis using (A) an anti-His antibody and (B) a phosphoserine antibody. Arrow 

indicates calculated molecular weight of PXN-His (37.3 kDa). M, marker proteins. 

 

Table 7.2 Substrate specificity of recombinant PXN protein 

Uptake activity of recombinant PXN protein reconstituted in proteoliposomes was measured with radioactively 

labeled NAD+ or AMP. In this thesis, [α-32P]-NAD+ was used and uptake assays were performed with cell-free 

expressed PXN-His using the WGE system. E. coli expressed PXN protein was used for uptake experiments 

using radioactively labeled [3H]-NAD+ and [14C]-AMP (Agrimi et al., 2012b). Homo-exchange of NAD+/NAD+ or 

AMP/AMP was set as 100% (grey shadowed). n.d., not determined; PAP, adenosine 3’,5’-diphosphate. 
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7.2 Abbreviations 

Table 7.3 Abbreviations 

Abbreviation Meaning 
2,4-D 2,4-dichlorophenoxyacetic acid 
2,4-DB 2,4-dichlorophenoxybutyric acid 
2',5'-ADP 2',5'-adenosine diphosphate 
35S cauliflower 35S mosaic virus promoter 
3-AT 3-aminotriazole 
ABA abscisic acid 
ABI ABA insensitive 
ACT actin 
ACX acyl-CoA oxidase 
ADP adenosine diphosphate 
AIM abnormal inflorescence meristem 
ALDP adrenoleukodystrophy protein 
ALDR adrenoleukodystrophy-related protein 
amiR artificial micro RNA 
AMP adenosine monophosphate 
AmpR ampiciline 
AP alkaline phosphatase 
APX ascorbate peroxisdase 
ASC ascorbate 
ASP aspartate 
ATP adenosine triphosphate 
C20:1 Eicosenoic acid 
cDNA complementary DNA 
CF Science CellFree Science 
CFP cyan fluorescent protein 
CmR chloramphenicol 
cMDH cytosolic malate dehydrogenase 
CoA coenzyme A 
Col-0 Arabidopsis wild-type, Columbia-0 ecotype 
CTS comatose 
CTS-C C-terminal half of CTS 
CTS-FL full-length CTS 
CTS-N  C-terminal half of CTS 
DAI day after imbibition 
DET detached dark-incubated leaves 
DIS shaded leaves still atached to the plant 
DNA deoxyribonucleic acid 
ER endoplasmic reticulum 
FA fatty acid 
FAD flavin adenine dinucleotide 
FAME fatty acid methyl ester 
GAL Galactose 
gDNA genomic DNA 
GDP guanosine diphosphate 
GF- germination frequence in the absence of sucrose 
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Abbreviation Meaning 
GF+ germination frequence in the presence of sucrose 
GFP  yellow fluorescent protein 
Gln glutamine 
Glu glutamate 
GlufR Glufosinate ammonium (Basta) 
Gly glycerate 
GOX glycolate oxidase 
GST glutathione S-transferase 
GTP guanosine triphosphate 
GUS β-glucuronidase 
H2O2 hydrogen peroxide 
HHU Heinrich-Heine university 
HP hydroxypyruvate 
HPR hydroxypyruvate reductase 
HRP horseradish peroxidase 
HygR Hygromycin 
IAA indole-3-acetic acid 
IBA indole butyric acid 
IDH isocitrate dehydrogenase 
JA jasmonic acid 
KanR Kanamycine 
KAT 3-ketoacyl-CoA thiolase 
kDa kilo Dalton 
LACS long chain acyl-CoA synthetase 
LB left border 
LSM Laser scanning microscope 
Mal malate 
MCF mitochondrial carrier family 
MDA monodehydroascorbate 
MDAR monodehydroascorbate reductase 
MFP multifunctional protein 
MFP/DH multifunctional protein/ L-3-hydroxyacyl-CoA dehydrogenase 
MFP/HYD multifunctional protein/ 2-trans-enoyl-CoA hydratase 
mPTS peroxisomal membrane targeting signal 
MS medium Murashige and Skoog medium 

MTT 
(3-[4,5-Dimethylthiazole-2-yl]-2,5-diphenyltetrazolium 
Bromide 

Na nicotinade 
NaAD nicotinate adenine dinucleotide 
NaCl sodium chloride 
NAD+ oxidized nicotinamide adenine dinucleotide 
NaDA nicotinamide deamidase 
NADH reduced nicotinamide adenine dinucleotide 
NADK NAD kinase 
NADP+ nicotinamide adenine dinucleotide phosphate 
NADPH reduced nicotinamide adenine dinucleotide phosphate 
NADS NAD synthase 
NALD neonatal adrenoleukodystrophy 
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Abbreviation Meaning 
Nam nicotinamide 
NaMN nicotinade mononucleotide 
NaPRT nicotinate phosphoribosyltransferase 
NDT nicotinamide adenine dinucleotide carrier 
Ni-NTA Nickel-nitrilotriacetic acid 
NLS nuclear localization signal 
NMN nicotinamide mononucleotide  
NMNAT nicotinate/nicotinamide mononucleotide adenylyltransferase 
NMNH reduced nicotinamide mononucleotide  
NS developmental leaf senescence 
nudix nucleoside diphosphate linked to some moiety X 
NUDT Nudix hydrases 
OAA oxaloacetate 
PCR polymerase chain reaction 
PES Phenazine ethosulfate 
PEX peroxin 
pMDH peroxisomal malate dehydrogenase 
PMP peroxisomal membrane protein 
PNC peroxisomal adenine nucleotide carrier 
PPi pyrophosphate 
PRPP 5'-phosphoribosyl-1'-pyrophosphate 
PTS peroxisomal targeting signal 
PXA peroxisomal ABC transporter 
PXN peroxisomal NAD carrier 
QPT quinolinate phosphoribosyltransferase 
RB right border 
redox reduction/oxidation 
RifR Rifampicin 
RNA ribonucleic acid 
ROS reactive oxygen species 
RT-PCR reverse transcription PCR 
RubisCO ribulose-1,5-bisphosphate carboxylase/oxygenase 
S. spec. substrate specificity 
SA salicylic acid 
SD standard deviation 
SDH succinate dehydrogenase 
SDM site directed mutagenesis 
SDP sugar dependent phenotype 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SE standard error 
siR small interfering RNA 
SOD superoxide dismutase 
SulR Sulfadiazine 
TAG triacylglycerol 
TCA tricaroxylic acid cycle 
TEM transmission electron microscope 
UBQ Ubiquitin 
w week 
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Abbreviation Meaning 
WGE wheat germ expression 
WT wild type 
XOD xanthine oxidase 
YFP yellow fluorescent protein 

7.3 Companies, websites and used softwares 

Table 7.4 Companies 

Company Website 
5PRIME www.5prime.com 
ABRC Arabidopsis biological resource center http://abrc.osu.edu/ 
Agilent Technologies www.agilent.com 
Bio-Rad www.bio-rad.com 
Carl Roth www.carlroth.com 
CellFree Science www.cfsciences.com 
Duchefa www.duchefa.com 
Fermentas www.fermentas.com 
GATC Biotech www.gatc-biotech.com 
GE Healthcare www.gelifesciences.com 
Hartmann Analytic www.hartmann-analytic.de 
Invitrogen www.invitrogen.com 
Merck Biosciences www.merck.com 
NASC European Arabidopsis Stock Centre http://arabidopsis.info 
New England Biolabs www.neb.com 
Novagen www.novagen.com 
Perkin Elmer www.perkinelmer.com 
Pineda Antikörper Service  www.pineda-abservice.de 
Promega www.promega.com 
Qiagen  www.qiagen.com 
Roche www.roche-applied-science.com 
Santa Cruz Biotechnology www.scbt.com 
Sarstedt www.sarstedt.com 
Sigma-Aldrich www.sigmaaldrich.com 
Stratagene www.stratagene.com 
ThermoFisher Scientific www.thermofisher.com 
Zeiss www.zeiss.com 

 

Table 7.5 Softwares and databases  

Software / database Website 
Adobe Photoshop CS3 www.adobe.com 
Arabidopsis eFP Browser http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi 
Arabidopsis Co-Response Database 
(AthCoR) 

http://csbdb.mpimp-
golm.mpg.de/csbdb/dbcor/ath.html 

Aramemnon database http://aramemnon.uni-koeln.de 
AraPerox1.2 database www3.uis.no/araperoxv1 
ATTEDII http://atted.jp 
CLUSTALW2 www.ebi.ac.uk/Tools/msa/clustalw2 
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Software / database Website 
GENEDOC www.nrbsc.org/gfx/genedoc 
GeneMANIA http://genemania.org 
Genevestigator www.genevestigator.com/gv/plant.jsp 
GraphPad PRISM www.graphpad.com/prism/prism.htm 
Human gene database www.genecards.org 
IMAGEJ http://rsbweb.nih.gov/ij 
Microsoft Office 2007 http://office.microsoft.com 
PEX19 binding site predictor www.peroxisomedb.org/diy_Pex19.html 
PhosPhAt 3.0 http://phosphat.mpimp-golm.mpg.de/ 
Phylogenetic tree software www.phylogeny.fr 
PubMed www.ncbi.nlm.nih.gov/pubmed 
QuickChange Primer Design Program www.agilent.com/genomics/qcpd 
Saccharomyces Genome Database (SGD) www.yeastgenome.org 
TAIR The Arabidopsis Information Resource www.arabidopsis.org 
VectorNTI Suite 9 www.invitrogen.com 
WMD3- Web MicroRNA Designer http://wmd3.weigelworld.org 
Zeiss LSM Image Browser www.zeiss.com 
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7.6 Vector and construct maps 

7.6.1 Plasmids used for cloning 
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7.6.2 Plasmid used for gene silencing  

 

7.6.3 Plasmid used for PXN over-expression  
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7.6.4 Plasmid used for PXN promoter GUS analysis  

 

7.6.5 Plasmids used for co-localization  
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7.6.6 Plasmids used for in vitro two-step WGE expression  
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7.6.7 Plasmids used for in vitro one-step WGE expression  
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