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I. Preface 
This thesis is divided into independent sections, written as manuscripts. Manuscript 1 

and Manuscript 2 focus on the physiological role of MPV17/PMP22 (Peroxismal 

Membrane Protein of 22 kDa) domain proteins by analysis of loss-of-function 

mutants. Manuscript 1 presents work about Saccharomyces cerevisiae Stress-

inducible Yeast MPV17 protein1 (Sym1p) and its implication in tricarboxylic acid 

(TCA) cycle intermediate availability and involvement in propionate metabolism. 

Manuscript 2 provides a detailed investigation of in vitro features and in vivo roles of 

Arabidopsis thaliana peroxisomal membrane protein of 22 kDa (PMP22). Manuscript 

3 highlights the role of peroxisomal transport proteins in amino acid metabolism. The 

manuscripts are submission-ready versions and the discussions include an outlook of 

possible directions for future research. 

Unit V concludes Manuscripts 1-3. Unit VI contains previous publications. Manuscript 

4 deals with the impact of plant peroxisomes on biotechnological applications and 

was published as Kessel-Vigelius et al., 2013, Plant Sci 210, 232-240. Manuscript 5 

describes the Agrobacterium-mediated Arabidopsis thaliana transformation 

(Bernhardt et al., 2012, J Endocytobiosis Cell Res 22, 19-28). 

!
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II.1 Summary 
The subcellular compartmentation of eukaryotic cells led to the evolution of varied 

translocation mechanism for solutes across organelle membranes to enable 

substrate and energy homeostasis (Lunn, 2007). This thesis contributes to 

knowledge of metabolite transfer across mitochondrial and peroxisomal membranes. 

The molecular function of MPV17/PMP22-type family proteins, such as the mouse 

peroxisomal membrane protein 2 (Pxmp2) or the Stress-inducible Yeast MPV17 

protein 1 (Sym1p) was previously unknown. Preliminary research pointed to a 

function as metabolite channels (Rokka et al., 2009; Reinhold et al., 2012). In 

humans MPV17 loss causes lethal diseases, therefore the yeast mutant of the 

functional orthologue, sym1Δ, was established to gain insight in MPV17 function 

(Trott and Morano, 2004; Spinazzola et al., 2006; Dallabona et al., 2010).  

 

Our studies revealed Sym1p to coordinate availability of TCA cycle intermediates at 

restrictive growth conditions (Manuscript 1). At the same conditions metabolites 

originating from mitochondrial pyruvate (Ljungdahl and Daignan-Fornier, 2012) 

showed elevated levels. Feeding of TCA and glyoxylate cycle intermediates enabled 

wild-type growth at 37°C. Saccharomyces cerevisiae depended on 2-methylcitrate-

cycle activity to use propionate and methylmalonate as sole carbon source at 37°C. 

Sym1p was required for growth on propionate and methylmalonate. Genetic analyses 

confirmed that SYM1 is implicated in the 2-methylcitrate cycle and that the 2-

methylcitrate cycle is needed for methylmalonate degradation. We identified a gene, 

which encodes a peroxisomal MPV17/PMP22 protein in yeast, which we termed 

SYM2 due to structural and regulatory similarities. Similar to Sym1p, Sym2p was 

needed to support growth on ethanol at 37°C. On the basis of our results we discuss 

possible transport mechanisms of Sym1p and Sym2p. 

 

The physiological role of the plant peroxisomal protein of 22 kDa (PMP22; Tugal et 

al., 1999; Murphy et al., 2003) was addressed by analysis of T-DNA and miRNA 

mutants (Manuscript 2). In pmp22 we detected compromised growth of seedling 

hypocotyls. PMP22 was needed for activity fatty acid β-oxidation and glyoxylate 

cycle. Without functional PMP22 the conversion of storage oil into respiratory 

substrates and gluconeogenetic Carbon units was impaired. This was particularly 

obvious during extended darkness and natural senescence through damage of 
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Photosystem II. pmp22 mutants manifested a defect in reproductive fitness, because 

total seed yield as well as protein and amino acid content of seeds were reduced. 

Growth of pmp22 mutants was sensitive to the presence of branched chain amino 

acids (BCAA) and associated catabolites (isobutyrate, propionate and acrylate). The 

CoA esters isobutyryl-CoA and propionyl-CoA are released in the mitochondrion by 

degradation from valine and isoleucine. Heterologous expression of mitochondria-

targeted PMP22 suppressed the growth phenotype of the sym1Δ yeast mutant 

defective in a metabolite channel. We concluded, that also PMP22 forms a 

metabolite channel. Phenotypic similarities to a peroxisomal mutant in valine 

catabolism led to the discussion that PMP22 catalyzes the export of 3-

hydroxypropionate, the end product of peroxisomal BCAA conversion. 

In humans defects in metabolic conversion of propionyl-CoA have been associated 

with severe diseases (Desviat et al., 2004). In plants these molecules are releases in 

the process of BCAA degradation.  BCAA degradation is important in stressed plants, 

because the reactions involve reduction of the mitochondrial ubiquinone pool and 

thus sustain mitochondrial respiration and energy metabolism (Araujo et al., 2010). 

 

This work shows the involvement of peroxisomal β-oxidation in the metabolism of 

mitochondrial-generated propionyl-CoA and isobutyryl-CoA in Arabidopsis thaliana 

(Manuscript 3). We describe the yet uncharacterized relation between β-oxidation 

and amino acid metabolism. On the basis of our experimental evidence we 

developed a model in which the peroxisomal ABC transporter 1 (PXA1; Zolman et al., 

2001; De Marcos Lousa et al., 2013) is implicated in the import of the C3 and C4 

monocarboxylic acid CoA esters and acts in synergy with peroxisomal adenine 

nucleotide carrier (PNC; Arai et al., 2008; Linka et al., 2008) in the detoxification of 

BCAA catabolites. Loss-of PXA1 and PNC, but also peroxisomal NAD/CoA carrier 

(PXN; Agrimi et al., 2012; Bernhardt et al., 2012) function resulted in sensitivity to 

extended darkness, premature senescence and reduced reproductive fitness due to 

impaired fatty acid degradation and altered amino acid metabolism. 
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II.2 Zusammenfassung 
Die subzelluläre Kompartmentierung der eukaryotischen Zelle führte zur Evolution 

verschiedener Metabolittranslokationssysteme in den Membranen von Organellen, 

um die Substrat- und Energiehomöostase zu ermöglichen (Lunn, 2007).  Diese 

Dissertation trägt zum Wissen über Metabolittransfer über die peroxisomale und 

mitochondriale Membran bei. Die molekulare Funktion von Membranproteinen der 

MPV17/PMP22- Familie, wie z.B.  des peroxisomalen Membranproteins 2 (Pxmp2) 

der Maus und des Stress-induzierbaren Hefe MPV17 Proteins 1 (Sym1p) war bisher 

unbekannt. Frühere Studien deuteten darauf hin, dass diese Membranproteine 

Metabolitkanäle bilden (Rokka et al., 2009; Reinhold et al., 2012). Im Menschen führt 

der Verlust von MPV17 zu tödlichen Krankheiten, weshalb die Hefemutante des 

funktionellen Orthologs sym1Δ etabliert wurde, um die Funktion von MPV17 zu 

entschlüsseln (Trott and Morano, 2004; Spinazzola et al., 2006; Dallabona et al., 

2010). 

Diese Arbeit zeigt, dass Sym1p in Ethanol-Medium bei 37°C für die Verfügbarkeit 

von Zitrat-Zyklus-Intermediaten notwendig ist (Manuskript 1). Gleichzeitig führte 

diese Bedingung in sym1Δ zu erhöhter Konzentration von Aminosäuren und 

Carboxylaten, die mitochondrial ausgehend von Pyruvat synthetisiert werden 

(Ljungdahl and Daignan-Fornier, 2012). Die Zuführung von Zitrat- oder Glyoxylat-

Zyklus-Intermediaten ermöglichte das wild-typische Wachstum von sym1Δ bei 37°C. 

Zudem konnten wir nachweisen, dass Hefen mithilfe des 2-methylzitrat-Zyklus bei 

37°C Propionat als einzige Kohlenstoffquelle nutzen können. Die Aktivität von Sym1p 

war notwendig, um Propionat und Methylmalonat als Kohlenstoffquelle nutzen zu 

können. Genetische Analysen zeigten, dass SYM1 im Zusammenhang mit dem 

Methylzitrat-Zyklus steht und dass der Methylzitrat-Zyklus wichtig für den Abbau von 

Methylmalonat ist. Wir identifizierten in S. cerevisae ein peroxisomales 

MPV17/PMP22 Protein, das wir aufgrund struktureller und regulativer Ähnlichkeiten 

Sym2p nannten. Ähnlich wie Sym1p zeigte sich auch Sym2p als notwendig für das 

Wachstum bei erhöhter Temperatur und hoher Konzentration von Ethanol. Die 

Ergebnisse erlaubten die Diskussion möglicher Transportmodi von Sym1p und 

Sym2p. 

 

Die physiologische Bedeutung des pflanzlichen peroxisomalen Membranproteins von 

22 kDa (PMP22; Tugal et al., 1999; Murphy et al., 2003) zeigte sich in der Analyse 
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von T-DNA und RNAi Mutanten (Manuskript 2). In pmp22 Mutanten war das 

Wachstum des Hypokotyls von Keimlingen beeinträchtigt. PMP22 war notwendig für 

die Aktivität der β-Oxidation von Fettsäuren und des Glyoxylat-Zyklus. Ohne PMP22 

konnte die Umwandlung von Speicherfett in respiratorische Substrate und 

glukoneogenetische Kohlenstoffeinheiten nicht erfolgen. Vor allem während 

verlängerter Dunkelheit und in natürlicher Seneszenz führte die Reduzierung von 

PMP22 zur Beschädigung des Photosystems II. Zudem manifestierte sich in pmp22 

Mutanten ein Defekt in der reproduktiven Fitness, denn pmp22 Mutanten 

produzierten weniger Saatgut und pmp22 Samen enthielten weniger Protein und 

Aminosäuren.  Das Wachstum von pmp22 Linien zeigte sich sensitiv gegenüber der 

Präsenz verzweigtkettiger Aminosäuren, Isobutyrat und Propionat. Letztere werden 

mitochondrial beim Abbau verzweigtkettiger Aminosäuren freigesetzt. Die heterologe 

Expression von modifiziertem PMP22 in sym1Δ, das durch die Fusion mit einem 

mitochondrialen targeting Peptid, in die mitochondriale Membran inseriert wurde, 

führte zur Aufhebung des sym1Δ Wachstumsphänotyps. Dies erlaubte die 

Schlussfolgerung, dass PMP22 einen Metabolit-Kanal bildet. Phänotypische 

Übereinstimmungen mit einer Mutante im Valin-Katabolismus legte die Vermutung 

nahe, dass PMP22 den Export von 3-Hydroxypropionat, dem Endprodukt des 

peroxisomalen Propionat-Abbaus, katalysiert.  

 

Defekte im Propionyl-CoA-Abbau sind beim Menschen mit schwerwiegenden 

Krankheiten assoziiert (Desviat et al., 2004). Auch in Pflanzen werden diese 

Moleküle beim Abbau verzweigtkettiger Aminosäuren freigesetzt. Der Abbau ist in 

gestressten Pflanzen wichtig, da die Reaktionen zur Reduktion des mitochondrialen 

Ubiquinon-pools führen und somit die mitochondriale Atmung und den 

Energiestoffwechsel aufrechterhalten (Araujo et al., 2010). 

 

Diese Arbeit behandelt die Beteiligung peroxisomaler β-oxidation am Metabolismus 

der mitochondrial anfallenden Zwischenprodukte Propionyl-CoA sowie Isobutyryl-

CoA in Arabidopsis thaliana (Manuskript 3). Dabei wird die bisher uncharakterisierte 

Rolle peroxisomaler β-Oxidation im Aminosäurestoffwechsel erläutert. Die 

Ergebnisse führten zur Entwicklung eines Modells, in dem der peroxisomale ABC-

Transporter-1 (PXA1; Zolman et al., 2001; De Marcos Lousa et al., 2013) Propionyl-

CoA und Isobutyryl-CoA in die Peroxisomen importiert und der peroxisomale Adenin-
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Nukleotid-Transporter (PNC; Arai et al., 2008; Linka et al., 2008)  benötigt wird, um 

C3 und C4 Monocarboxylate zu degradieren. PXA1, PNC und der peroxisomale 

NAD/CoA Translokator (PXN; Agrimi et al., 2012; Bernhardt et al., 2012) sind wichtig 

im Energiestoffwechsel der verlängerten Nacht. Der Verlust dieser Aktivitäten führte 

zu frühzeitiger Seneszenz und verringerter reproduktiver Fitness. 
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III. Introduction 
 
Propionic or propanoic acid (CH3-CH2-COO-) is a weak monocarboxylic acid and an 

intermediate or end product of carbon metabolic pathways in pro- and eukaryotes 

(Schneider et al., 2011).  

 

Propionic acid metabolism in procaryotes 

Propionibacteria are named for their ability to synthesize propionate (Delwiche, 

1948). Dairy propionibacteria ferment lactate to form acetate, propionate and CO2, 

which contribute to the flavor of cheese and are responsible for the “holes” in 

Emmental cheese (Poonam et al., 2012). On human skin propionibacteria are 

facultative parasites and influence skin odor due to decomposition of sweat 

components to odiferous short-chain fatty acids (Elsner, 2006). 

 

Propionyl-CoA carboxylation in the 3-hydroxypropionate cycle has been described as 

CO2 fixation pathway in the photosynthetic bacterium Chloroflexus aurantiacus 

(Strauss and Fuchs, 1993). Propionate associated pathways are subject to metabolic 

engineering in microorganisms, because intermediates are valuable for biofuel or 

biodegradable bioplastic (polyhydroxyalkanoate) production (Lindenkamp et al., 

2012; Keller et al., 2013). 

 

Propionic acid inhibits microbial growth at 0.1-1% (w/v) and is largely used in the 

preservation of perishable beverage, dairy and bakery products (Suhr and Nielsen, 

2004). Nevertheless many bacteria are able to grow on propionate as sole carbon 

source and connect the metabolic conversion to malonate and tricarboxylic acid 

pathways (Suvorova et al., 2012), mechanism also employed by eukaroytes (Desviat 

et al., 2004). 

 

Propionic acid metabolism in eukaryotes 

In eukaryotes propionate will be converted to propionyl-CoA, which is a cell growth 

inhibitor, as it interferes with the activity of enzymes central to mitochondrial energy 

metabolism (Brock and Buckel, 2004; Schwab et al., 2006). Eukaryotic cells have 

evolved several metabolic routes for detoxification, which will be outlined below. 

Saccharomyces cerevisiae converts propionate to pyruvate (Pronk et al., 1994). The 

process starts with a coenzyme A (CoA) transferase to produce propionyl-CoA from 
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propionate. Propionyl-CoA and oxaloacetate condense to 2-methylcitrate. 2-

methylcitrate synthesis occurs either in the mitochondrion via the specific 2-

methylcitrate synthase Cit3p or in the peroxisome by the rather unspecific citrate 

synthase isoform Cit2p (Graybill et al., 2007). 2-methylcitrate is converted to 2-

methylisocitrate and subsequently cleaved to succinate and pyruvate by 2-

methylisocitrate lyase activity. In S. cerevisiae this enzyme (Icl2p) is located in the 

mitochondrion (Heinisch et al., 1996; Luttik et al., 2000; Huh et al., 2003). Succinate 

is converted to oxaloacetate in the tricarboxylic acid (TCA) cycle to reenter the cycle. 

Pyruvate is converted to acetyl-CoA to enter the TCA cycle or is aminated to Alanine 

(Pronk et al., 1994). In S. cerevisiae propionate is speculated to be released by 

decarboxylation of 2-oxobutanoate during threonine degradation in the mitochondrion 

(Luttik et al., 2000). 

 

In Homo sapiens propionyl-CoA cytotoxicity is manifested in propionic aciduria. This 

autosomal recessive disorder is highly lethal and relates to defects in propionate 

degradation (Fenton and Gravel, 2001; Schwab et al., 2006). Propionyl-CoA 

carboxylase activity prevents propionyl-CoA accumulation by conversion to methyl-

malonyl-CoA, which is subsequently transformed to succinyl-CoA. Succinyl-CoA 

enters the TCA-cycle. The involved enzymes localize to the mitochondrion (Friedberg 

et al., 1956). Biochemically, propionic aciduria is characterized by accumulation of 

methyl-malonic acid and, due to activation of alternative pathways of propionate 

oxidation, by accumulation of propionate, 3-hydroxypropionate and 2-methylcitrate 

(Fenton and Gravel, 2001). In humans, the degradation of branched chain amino 

acids (BCAA), methionine, threonine, cholesterol and odd-chain fatty acids gives rise 

to the propionyl-CoA (Schwab et al., 2006; Morath et al., 2007).  

 

In plants propionyl-CoA is derived from the breakdown of chlorophyll, odd-chain fatty 

acids, valine and isoleucine (Lucas et al., 2007). Propionic acid is the second most 

abundant organic acid in soil (Conrad and Klose, 1999), therefore roots are 

constantly exposed to propionate and exogenous propionate naturally influences 

plant metabolism in the root. Peroxisomal β-oxidation is required for propionyl-CoA 

degradation in Arabidopsis thaliana. Plants oxidize propionyl-CoA to 3-

hydroxypropionate via acrylyl-CoA. Probably, 3-hydroxypropionate is further 

converted to acetyl-CoA in the mitochondrion (Lucas et al., 2007). Growth of loss-of-
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function mutants of peroxisomal acyl-CoA oxidases and 3-hydroxyisobutyryl-CoA 

hydrolase were shown to be propionate sensitive (Zolman, 2001; Zolman et al., 2008; 

Khan et al., 2011). 

 

 
FIGURE 1. Overview of propionate metabolism in S. cerevisiae, H. sapiens and A. thaliana. 
Saccharomyces cerevisiae converts propionate to pyruvate by implication of the 2-methylcitrate cycle. 
Homo sapiens metabolism employs the methylmalonyl-CoA pathway: carboxylation of propionyl-CoA 
leads to formation of methylmalonyl-CoA, which enters the TCA cycle after conversion to Succinyl-
CoA. In S. cerevisiae and H. sapiens propionate degradation occurs in mitochondria. In A. thaliana 
propionyl-CoA degradation depends on peroxisomal β-oxidation to generate 3-hydroxypropionate, 
which is exported to mitochondria to be converted to β-alanine or acetyl-CoA. 
 
Propionate conversion involves mitochondria 

In yeast, humans and plants mitochondria are needed for propionate degradation. 

These organelles of 0.1-0.5 µM are surrounded by two lipid-bilayers. Mitochondria 

are known as the powerhouse of the cells and central to cellular energy metabolism 
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by oxidative phosphorylation of ADP to ATP (Mackenzie and McIntosh, 1999; Logan, 

2006). The TCA cycle, located in the mitochondrial matrix, supplies the respiratory 

electron chain with reducing power to pump electrons into the inner membrane 

space. This generates an electrogenic gradient across the inner mitochondrial 

membrane, which drives ATP synthesis. 

 
In plants, peroxisomes are needed for propionate degradation 

Peroxisomes are ubiquitous and essential plant organelles surrounded by a single 

lipid bilayer with a diameter of 0.5 - 3 µm. In plants, they harbor major pathways of 

the central carbon metabolism. Most prominent roles of peroxisomes are storage oil 

mobilization during early seedling establishment and detoxification of 

phophoglycolate in the photorespiratory C2 cycle of photosynthetic leaves (Hu et al., 

2012). Peroxisomal pathways are tightly associated to mitochondrial, cytosolic and 

plastidic metabolism. Therefore, transport processes of both substrates and cofactors 

across the peroxisomal membrane is needed for peroxisome function (Visser et al., 

2007; Rottensteiner and Theodoulou, 2006; Linka and Esser, 2012; Linka and 

Theodoulou, 2013). 

 

Plant peroxisomal membranes need to be permeable to propionate  

In plants propionate metabolism comprises mitochondria and peroxisomes. This 

necessitates transport of intermediates across organellar membranes. Membrane 

proteins catalyze the transport of molecules across membranes in order to 

metabolically connect cellular compartments (Linka and Weber, 2010). To date, three 

peroxisomal metabolite transporters have been described in Arabidopsis thaliana: the 

two peroxisomal nucleotide carrier (PNC1 and PNC2; Arai et al., 2008; Linka et al., 

2008), the fatty-acid ABC-Transporter (PXA1; Hayashi et al., 1998; Zolman et al., 

2001; Footitt et al., 2002) and the peroxisomal NAD/CoA carrier (PXN; Agrimi et al., 

2012; Bernhardt et al., 2012). Compared to other subcellular membranes such as the 

plastid inner envelope, the inner mitochondrial membrane and the plasma membrane 

the plant peroxisomal membrane remains as one of the least characterized (Linka 

and Theodoulou, 2013). The identification of peroxisomal membrane proteins (PMPs) 

is highly challenging (Reumann, 2011). Mitochondrial and plastidial (membrane) 

proteins typically feature an N-terminal targeting signal (Balsera et al., 2009). 

Peroxisomal membrane targeting differs from that of matrix proteins (Theodoulou et 
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al., 2013). For matrix proteins the import process is well described, as the 

posttranslational sorting of soluble proteins from the cytosol depends on either a C-

terminal tripeptide (Consensus: [small]-[basic]-[aliphatic]) or an N-terminal 

nonapeptide (Consensus: R[L/I/Q]X5HL; Hu et al., 2012). Proteomics and 

bioinformatics combined with in vivo subcellular studies led to the identification of a 

postulated majority of peroxisomal matrix proteins (Reumann et al., 2004). 

Peroxisomal membrane protein import is not well understood.  Depending on the 

insertion mechanism two distinct membrane peroxisomal targeting signals (mPTSs) 

have been postulated: either positively charged amino residues close to a 

transmembrane domain or the latter in combination with a nearby or coinciding 

untypical ER targeting signal. This sequence is not stringent enough to allow 

identification of PMPs in an in silico approach. Reports either describe a 

posttranslational import of proteins from the cytosol via PEX19, or co-translational ER 

import into a peroxisomal ER subdomain from which membranes are transported into 

pre-existing peroxisomes or form new peroxisomes (Mullen and Trelease, 2006; Hu 

et al., 2012). For the identification of new PMPs experimental proteomics is highly 

challenging due to low quantities of membranes for the described isolation 

procedures. In recent attempts several peroxisome biogenesis proteins were 

identified along with PMP22, PXN and PNC2 (Eubel et al., 2008; Reumann et al., 

2009). 

 

MPV17/PMP22 proteins are present in membranes of yeast, animals and plants 

Recently, MPV17/PMP22 proteins were implicated with transmembrane transport 

(Rokka et al., 2009; Reinhold, 2012). Local protein alignment analysis revealed that a 

absence of prokaryotic homologues, but presence in virtually all eukaryotes (the 

excavate phylum is supposed to be an exception; Wiese J., unpublished). S. 

cerevisiae, H. sapiens and A. thaliana display MPV17/PMP22 isoforms in 

peroxisomes (Tugal et al., 1999; Brosius, 2001; Rokka et al., 2009); Manuscript 1&2 

of this thesis) and mitochondria (Trott and Morano, 2004; Spinazzola et al., 2006; 

Krick et al., 2008; Klodmann et al., 2011) and plants also have these proteins in 

membranes of the plastid (Ferro et al., 2003; Froehlich et al., 2003; Zybailov et al., 

2008). Stress-inducible Yeast Mpv17 protein 1 (Sym1p) localizes to the mitochondrial 

inner membrane and is involved in an ethanol metabolic process. It was also 

established that Sym1p and mouse peroxisomal PXMP2 form channels in artificial 
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lipid bilayers (Rokka et al., 2009; Reinhold, 2012) and are involved in transmembrane 

transport of short carboxylic acid. The pores were described to allow free diffusion of 

compounds with molecular masses up to 300 Da (Antonenkov and Hiltunen, 2012). 

 

Aim of this thesis 

The goals of this thesis were to generate insight of the metabolite translocation 

mechanisms and the translocators’ effect on sustaining metabolic networks, with a 

focus on propionate and peroxisomes. Therefore, we describe aspects of the 

propionyl-CoA metabolism in yeast and plants with a focus on intracellular metabolite 

transport across mitochondrial and peroxisomal membranes. The roles of 

Saccharomyces cerevisiae Sym1p, Arabidopsis thaliana PMP22 and the plant 

peroxisomal cofactor transport proteins PNC, PXA1 and PXN in propionyl-CoA 

metabolism were addressed.  

 

Previously it was thought that yeasts are unable to grow on propionate as sole 

carbon source (Graybill et al., 2007). We could show that yeasts are able to grow on 

propionate as sole carbon source at elevated temperature, but not at 30°C 

(Manuscript 1). We further addressed whether Sym1p is functionally connected to the 

2-methylcitrate cycle and the dependencies between the 2-methycitrate cycle and 

methylmalonate conversions. We analyzed intracellular metabolites of sym1Δ and 

showed that the protein is required for TCA intermediate availability. Furthermore we 

identified the paralogous Sym2p as peroxisomal MPV17/PMP22 protein and 

discussed its putative function.  

 

As heterologous expression of Arabidopsis PMP22 targeted to sym1Δ mitochondria 

led to suppression of the sym1Δ growth phenotype (Manuscript 2). Therefore, we 

studied the role of PMP22 in the export of peroxisomal β-oxidation products. To this 

end we established Arabidopsis thaliana RNAi mutants with reduced content of 

PMP22 and analyzed the physiology of these plants. 

 

Furthermore, our research pointed to a role of PXA1 in import of propionate into plant 

peroxisomes and we investigated the role of the co-factor transporter PNC and PXN 

in the metabolism of propionate (Manuscript 3). 
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Abstract 
Mutations in the nuclear genes encoding human Mpv17 or the functional yeast 

orthologue Sym1p result in mitochondrial DNA depletion. In humans MPV17 loss 

provokes lethal diseases, therefore the yeast mutant was exploited to gain insight in 

Mpv17 function. 

Mitochondrial Sym1p has been described to be required for maintenance of 

respiratory function at elevated temperature. Consequently at 37°C sym1Δ cells were 

compromised to grow on non-fermentable carbon sources. Furthermore SYM1 

ablation was detrimental to glycogen accumulation, mitochondrial ultrastructure and 

mtDNA replication at elevated temperatures. Sym1p forms an ion channel in artificial 

lipid bilayers and the sym1Δ growth defects were suppressed by either supply of 

amino acids anaplerotic to the tricarboxylic acid (TCA) cycle or multi-copy expression 

of yeast endogenous mitochondrial carrier family members that transport TCA cycle 

intermediates across the mitochondrial inner membrane.  

The biochemical role of Sym1p is still unclear. This study revealed Sym1p to 

coordinate availability of TCA intermediates. At restrictive growth conditions 

metabolites originating from mitochondrial pyruvate conversion showed elevated 

levels. Feeding of individual TCA or glyoxylate cycle intermediates allowed for sym1Δ 

growth to proceed at 37°C. Furthermore we showed Sym1p to be required for growth 

on propionate and methylmalonate. Deletion of SYM1 in the background of 2-

methylcitrate cycle mutants led to increased sensitivity to ethanol than in the single 

mutants. We show that 2-methylcitrate-cycle activity is needed for methylmalonate 

degradation. Finally, we report the paralogous Sym2p to localize to the peroxisomal 

membrane and revealed sym2Δ growth to be compromised by high levels of ethanol. 

We discuss possible transport mechanisms of Sym1p and Sym2p. 
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Introduction 
Stress-inducible Yeast MPV17 protein 1 (Sym1p) is an integral mitochondrial inner 

membrane protein with a C-terminal MPV17/PMP22 (peroxisomal membrane protein 

of 22 kDa) domain (Trott and Morano, 2004; Spinazzola et al., 2006). Mutation of 

human Mpv17 causes a hepatocerebral form of mitochondrial DNA depletion 

syndrome (MDDS) associated with heterogeneous clinical phenotypes. MDDS 

patients frequently die in infancy or early childhood after exhibiting hypoglycemia, 

organ dysfunction and neurological symptoms (Suomalainen and Isohanni, 2010). 

Sym1p is considered a functional orthologue of MPV17 as evidenced by genetic 

complementation (Trott and Morano, 2004). Yeast sym1Δ has been used as a model 

to study Mpv17-/- related MDSS (Spinazzola et al., 2006; Dallabona et al., 2010). To 

date molecular functions of both MPV17 and Sym1p remain unknown. 

Mitochondrial DNA is essential for oxidative phosphorylation, because it encodes 

components of the mitochondrial respiratory chain (Rötig and Poulton, 2009). sym1Δ 

is respiratory deficient at elevated temperature: activity of mitochondrial complex II, 

succinate dehydrogenase, catalyzing oxidation of succinate to fumarate in the 

tricarboxylic acid (TCA) cycle is lowered, which is accompanied by reduced 

mitochondrial electron flow (Dallabona et al., 2010). However, loss of SDH was not 

associated with mitochondrial DNA depletion (Smith et al., 2007). Nevertheless, 

sym1Δ growth is compromised on non-fermentable carbon sources at 37°C and on 

rich media glycogen accumulation was reduced (Trott and Morano, 2004; Dallabona 

et al., 2010). Glycogen synthesis is initiated during nutrient limitation and depends on 

TCA cycle intermediate export to the cytosol (Wilson et al., 2010).  

In a multicopy suppressor screen of yeast endogenous genes, overexpression of 

mitochondrial carrier family proteins (Ymc1p or Odc1p) compensated for SYM1 loss 

(Dallabona et al., 2010). YMC1 and ODC1 were identified to enable utilization of fatty 

acids as sole carbon source by importing peroxisome derived dicarboxylic acids 

(Trotter et al., 2005). 2-Oxodicarboxylate carrier (e.g. Odc1p) export 2-ketoadipate to 

the cytosol in exchange for TCA cycle intermediates such as 2-oxoglutarate and 

citrate (Fiermonte et al., 2001; Palmieri et al., 2001). This led to hypothesize that 

Sym1p is involved in metabolite transport (Dallabona et al., 2010).  Recently, Sym1p 

was shown to form a ion channel in artificial lipid bilayers and the calculated pore 

size of about 1.6 nm theoretically allows transfer of small solutes (Reinhold et al., 
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2012). The mouse homologue Pxmp2 was shown to enable translocation of pyruvate 

and 2-oxoglutarate across the peroxisomal membrane (Rokka et al., 2009). 

Sym1p is needed to maintain mitochondrial ultrastructure. sym1Δ exhibited balloon 

shaped cristae (Dallabona et al., 2010). The disorganization of the mitochondrial 

inner membrane and associated protein-DNA nucleoid complexes was proposed to 

lead to failures in mtDNA replication and thus causes mtDNA depletion as a 

secondary effect (Dallabona et al., 2010). Also in mammals mitochondrial inner 

membrane shape loss and MDSS are hypothesized to be indirect consequences of 

MPV17 loss: Mpv17-/- mice some tissues had intact mtDNA, though MDSS 

symptoms were persistent (Viscomi et al., 2009). 

Genes associated with the mtDNA depletion syndrome are either directly involved in 

maintaining mitochondrial DNA or supplying desoxynucleotides for mtDNA synthesis 

(Suomalainen and Isohanni, 2010). Also a mutation of the TCA cycle enzyme 

succinyl-CoA ligase (Sucla2-/-) causes MDSS. Here, it is thought to arise due to loss 

of interaction with nucleoside diphosphate kinase, which is directly involved in 

mtDNA synthesis (van Hove et al., 2010). In Sucla2-/- conversion of methylmalonyl-

CoA to succinyl-CoA is restricted and consequently Sucla2-/- patients display 

methylmalonic and methylcitric aciduria (Ostergaard et al., 2007). Methylmalonyl-

CoA and 2-methylcitrate are intermediates of propionyl-CoA metabolism (Fenton and 

Gravel, 2001). In humans propionyl-CoA is released in the degradation of amino 

acids, odd-chain fatty acids and cholesterol (Schwab et al., 2006). Propionyl-CoA will 

be carboxylated to methylmalonyl-CoA, which enters the TCA cycle after 

isomerization to succinyl-CoA (Desviat et al., 2004). Methylmalonic acid (MMA) and 

methylmalonyl-CoA were shown to inhibit mitochondrial energy metabolism, by 

affecting mitochondrial respiration complexes and succinate transport (Saad et al., 

2006; Mirandola et al., 2008; Melo et al., 2012).  

In humans propionic aciduria has largely the same symptoms as methymalonic 

aciduria (Deodato et al., 2006). In yeast propionate is thought to arise from oxidative 

decarboxylation of 2-oxobutanoate, which is produced in mitochondria during 

threonine degradation (Luttik et al., 2000) and an increase in propionic acid was 

measured when cells were exposed to ethanol (Li et al., 2012). It was speculated that 

propionate is shuttled across membranes as propionylcarnitine in exchange for 

carnitine in yeast and humans (Indiveri et al., 1998; Palmieri et al. 1999). In humans 
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mutations of the catabolic pathways of isoleucine, valine and threonine are 

associated with MMA aciduria. Propionic acid induced stress is accompanied by 

reduced ATP and also by higher pyruvate levels (Lourenço et al., 2011) and 

propionyl-CoA inhibits several CoA-dependent enzymes including pyruvate 

dehydrogenase (Maerker et al., 2005; Horswill et al., 2001; Deodato et al., 2006).  

Work of Sumegi et al. (1990) suggested that S. cerevisae followed the mammalian 

methylmalonyl-CoA pathway of propionate conversion. Comparison of enzyme 

activities in the methylmalonyl-CoA pathway and the 2-methylcitric acid cycle pointed 

towards propionate metabolization by the 2-methylcitric acid cycle (Figure 1; Pronk et 

al., 1994). Later this was confirmed revelation that Baker’s yeast relies on citrate 

synthase 3 (Cit3p) activity to catalyze condensation of propionyl-CoA and 

oxaloacetate to 2-methylcitrate (Graybill et al., 2007). After isomerization to 2-

methylisocitrate the mitochondrial isocitrate lyase (Icl2p) cleaves 2-methylisocitrate 

into pyruvate and succinate (Luttik et al., 2000).  

FIGURE 1. Overview of 
mitochondrial propionyl-CoA 
metabolism in Saccharomyces 
cerevisiae and Homo sapiens. 

 

 

 

 

 

Here, we address if Sym1p is involved in in propionyl-CoA metabolism. Propionate 

exposure was previously associated to an increased mtDNA mutation frequency in 

aerobically grown S. cerevisiae (Piper, 1999). Deletion of SYM1 in the background of 

propionate degrading enzymes led to enhanced ethanol sensitivity. Growth 

restrictions in sym1Δ were accompanied by a lack in TCA intermediate availability. 

We discuss the importance and role of SYM1 paralogue SYM2 (YOR292C). We 

show its peroxisomal localization and an involvement in ethanol metabolism. 
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Results  
Our studies specify roles of SYM1 and its paralogue YOR292c, hereafter referred to 

as SYM2 due to structural and co-regulatory parallels (Fig. S1/S2). 

 

Sym1p is required to counteract genotoxic stress 

The general stress response in S. cerevisiae is mainly controlled by the transcription 

factor Msn2/4p (Domitrovic et al., 2006), which was suggested to bind to the SYM1 

promoter region (Dallabona et al., 2010). sym1Δ were unable to gow on non-

fermentable carbon sources at 37°C (Trott and Morano, 2004). We investigated 

growth of sym1Δ in other environmental stress conditions. To this end, sym1Δ 

performance was monitored in YPD supplemented with growth manipulating 

concentrations of protein denaturants, osmotically active solutes, oxidants, heavy 

metals and Geldanamycin, which inhibits central heat shock chaperone HSP90 

(Cardenas et al., 1999; Burg et al., 2007; Szopinska et al., 2011; Rìos et al., 2013). In 

comparison to the wild-type sym1Δ displayed no sensitivity to these compounds at 

30°C, thus Sym1p can be excluded to determine resistance to the applied stress 

(Figure 2). At temperatures >36°C yeasts activate a protecting transcriptional 

program, which was termed the heat shock response (Morano et al., 2012). SYM1 

was first characterized due to transcriptional upregulation in heat shock (Trott and 

Morano, 2004). At 37°C we observed a mild reduction of growth in hyperosmotic 

conditions (1.2 M NaCl; 0.5 M Urea). A need of Sym1p was more obvious in 

response to manganese and cobalt cations. Here sym1Δ growth was inhibited and 

characterized by a higher frequency of petite colonies than in the wild-type control. 

Preliminary research linked formation of petite colonies to non-functional 

mitochondrial respiration, as a result of defective mtDNA replication (Baruffini et al., 

2010). Both manganese and cobalt are genotoxic and known to damage nuclear and 

mitochondrial DNA (Assem et al., 2011; Simonsen et al., 2012).  Thus our finding is 

in line with an earlier report, which associated mutated SYM1 with abnormal 

mitochondrial genome maintenance (Spinazzola et al., 2006). Hence, at 37°C Sym1p 

contributes to cellular viability by protecting the cell from mtDNA depletion. Thus it 

may be inferred that the Sym1p mediated mechanism of thermotolerance is linked to 

mtDNA maintenance. 

Transcriptome profiling of sym1Δ in restrictive growth conditions unraveled abnormal 

expression of metabolic genes rather than conventional stress regulatory genes. 
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Based on these previous findings altered carbohydrate flux in sym1Δ was assumed 

(Trott and Morano, 2004; visualized in Figure S3). 

 

!
FIGURE 2. Growth of sym1Δ on “stress media”. 
In hyperosmotic, denaturizing and oxidative conditions sym1Δ displayed wild-type growth at 30°C, but 
a mild sensitivity to 1.2 M NaCl, 0.5 M Urea, 5 mM Cobalt chloride (CoCl2) and 6 mM Manganese 
chloride (MnCl2). Other compounds were concentrated as following: Geldanamycin (GM) 10mM, 
Guanidinum-Hydrochloride (G-HCl) 5 mM, Cadmium chloride (CdCl2) 7.5 mM, Cesium chloride (CsCl) 
100 mM, Copper sulfate (CuSO4) 12 mM, Ethylene glycol tetra-acetic acid (EGTA) 2 mM. The extent 
of sym1Δ growth restriction is exemplified by the ethanol control (YP + 2 % (v/v) ethanol). Cells grown 
in YPD were serially diluted and spotted. The plates were photographed after three or four (Cobalt, 
Cadmium) days of incubation at 30°C or 37°C. 
!
In permissive growth Sym1p is needed to accumulate glycogen 

Dallabona et al. (2010) described a defect of sym1Δ in gluconeogenesis on glucose 

medium at 37°C. Our analysis shows that sym1Δ cells were able to synthesize 

glycogen, as shown by qualitative co-staining of the glycogen contents in comparison 

to the glycogen-free gsy1Δ gsy2Δ control (Farkas et al., 1991; Figure 3A). However, 

unlike wild-type cells, after 72 h of growth sym1Δ cells ceased accumulation of 

glycogen and started to degrade stored glycogen reserves. The premature glycogen 

consumption points to an impaired energy status in sym1Δ. 

 

sym1Δ glycogen depletion occurs independently of mitochondrial C4 export 

Glycogen is synthesized with implication of gluconeogenesis, which is initiated by 

conversion of pyruvate, malate or oxaloacetate in the cytosol (Ljungdahl and 

Daignan-Fornier, 2012). The mitochondrial carrier family protein UCP2 has been 

s  export  C4  compounds such  as  malate  to  the  cytosol  coupled 
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to the import of organic phosphate. In humans UCP2 prevented mitochondrial 

accumulation of glutamine derived C4 metabolites (Vozza et al., 2014). We 

constitutively expressed the highly similar Arabidopsis thaliana UCP2 in sym1Δ (29% 

identity to human UCP2) to test for recovery of gluconeogenetic flux. UCP2 

expression did not suppress sym1Δ phenotypes (Figure 3B). Under the premise of 

functional expression, the conclusion would be that Sym1p function does not reside 

in pure Carbon export. The multicopy suppressors Ymc1p and Odc1p counter 

exchange carboxylates. Odc1p may import 2-oxoglutarate in exchange for 2-

oxoadipate or enable shuttling of malate/aspartate for indirect transfer of reducing 

equivalents (Palmieri et al., 2001) and thus support mitochondrial respiration by 

provision of cytosolic or peroxisomal metabolites.  

!
FIGURE 3. Sym1p is required to for accumulation of glycogen reserves at 37°C. 
(A) Photograph of glycogen stained SYM1, sym1Δ and gsy1Δ gsy2Δ cells in a time course. gsy1Δ 
gsy2Δ cells are devoid of glycogen synthase activity and therefore unable to produce glycogen. Cells 
grown in YPD were serially diluted and spotted. Because no growth defects were observed at 30°C, 
only representative 37°C plates are shown. After the indicated time of growth cells were exposed to 
iodine vapor to stain glycogen (brownish color) and photographed. 
(B) Expression of AtUCP2 does not suppress sym1Δ phenotypes. Cells transformed with the empty 
expression vector (pDR195) were spotted as control. The strains UCP2-His (1)/(2) were obtained from 
independent transformation events. After 5 days of growth cells were (exposed to iodine vapor to stain 
glycogen) photographed. 
!
Sym1p coordinates TCA cycle intermediate availability 

We performed metabolite profiling to address the potential cause of the glycogen 

depletion, but also to identify the basis of respiratory deficiency with ethanol as 

carbon source at 37°C. We chose to extract polar intracellular metabolites in rich 
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media with ethanol as sole carbon source: a condition which allows sym1Δ cells to 

grow, but with a considerably reduced rate in comparison to the wild type (Figure 

4A). We extracted metabolites one, three and 18 h after shift to 37°C (Figure 4B). 

Rich medium (yeast extract/bacto-peptone) without ethanol was used as control. To 

our surprise, utilization of yeast extract and peptone as C-source led to reduced cell 

density of sym1Δ after 18 h of growth in liquid medium compared to the wild-type 

(Figure 4C) and the growth reduction was visible in serial dilution drop tests on YP 

medium (Figure 8B). This result showed SYM1 function to be independent of ethanol. 

 

 
FIGURE 4. Sym1p requirement for wild-type growth at 37°C is reflected by in a PCA analysis. 
(A) Mean OD600 (+SE; n=5)  during growth of SYM1 and sym1Δ in YPE at 37°C. The growth curve is a 
non-linear regression of the data by the Gompertz growth equation (Zwietering et al., 1990). 
(B) Representative OD600 values for growth of SYM1 and sym1Δ in YPE after shift from 30°C to 37°C 
(time points of harvest for metabolite extraction indicated). 
(C) Mean OD600 (+SE; n=3) of SYM1 and sym1Δ cultures in YP medium after shift from 30°C to 37°C 
(at the time point of harvest for metabolite extraction). 
(D) 2D-PCA score plot of metabolite profiles. The plots were applied for the 24 annotated metabolites 
detected in YP grown cells 1 h (A) or 18 h (B) after shift to 37°C or YPE grown cells 1 h (C), 3 h (D) 
and 18 h (E) after shift to 37°C. PCA was conducted by the MultiExperiment Viewer (Saeed et al., 
2003). Biological replicates are encircled. PCA: principal component analysis 
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Metabolite contents barely changed in the yeast extract/bacto-peptone control. This 

was confirmed by principal component analysis (PCA), which revealed sym1Δ and 

wild-type to have almost identical variations in metabolite levels (Figure 4D). None of 

the quantified metabolites showed a significant reduction in sym1Δ (Figure 5 and 6).  

!

!
FIGURE 5. Plots of mean content (+SE; n=3) of TCA intermediates and amino acids in arbitrary units 
of SYM1 and sym1Δ cells grown in YPE and YP after shift from 30°C to 37°C. Differences between 
the mean of biological replicates were marked as statistically significant (t-test) with the SYM1 control 
by (*), (**) or (***) at respective significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
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The growth difference in YP was reflected in significantly elevated lactate and alanine 

levels in sym1Δ 18 h after the shift to 37°C. Both, when fed to the mutant as sole 

carbon source were poorly used to support growth (Dallabona et al., 2010; Figure 7). 

This indicated catabolic pathways to be compromised. Typically, alanine and lactate 

are converted within the mitochondrion to pyruvate to support respiratory growth. 
  

 
FIGURE 6. Plots of mean content (+SE; n=3) of amino acids, short chain carboxylic acid and 
carbohydrates in arbitrary units of SYM1 and sym1Δ cells grown in YPE and YP after shift from 30°C 
to 37°C. Differences between the mean of biological replicates were marked as statistically significant 
(t-test) with the SYM1 control by (*), (**) or (***) at respective significance levels of (P < 0.05), (P < 
0.01) or (P < 0.001). 
 

PCA analysis of metabolites extracted from ethanol grown cells revealed highly 

divergent metabolite variation pattern between the mutant and wild type (Figure 4D). 

The TCA intermediates malate, (iso)citrate, fumarate, succinate and 2-oxoglutarate 

were reduced in the early shift, but recovered to wild-type niveau after 18 h. 

Aspartate, glutamate and proline that can be easily interconverted to TCA cycle 

intermediates were depleted too (Figure 5). The analysis indicated sym1Δ cells to 

have a deregulated flux through the TCA cycle immediately after shift to 37°C. Thus, 

the sym1Δ growth compromise is likely due to a lack of TCA cycle intermediate 
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availability. After 18 h of growth the defect was compensated, but accompanied by 

increased contents of threonine, proline and glycine. C3 molecules such as glycerate, 

glycolate, glycerol and lactate displayed progressively increasing levels until 18 h of 

growth. As in the ethanol free medium alanine featured higher levels in sym1Δ, but 

notably also in the early phase after the temperature shift (Figure 6). Valine was 

significantly increased 1 h and 18 h after shift. Furthermore, after 18 h of growth in 

YPE we detected lower levels of glucose, which is consistent with the assumption of 

altered gluconeogenetic flux. 

 

Sym1p exerts negligible effect on fatty acid composition 

Membrane fluidity adjustment is central to ethanol and heat tolerance and is 

connected to fatty acid metabolism (Piper, 1995; Dinh et al., 2008). Fatty acid 

synthesis is linked to TCA cycle activity and depends on cellular acetyl-CoA pools 

(Tehlivets et al., 2007). We addressed if sym1Δ growth restriction is related to 

restrictions in fatty acid metabolism and measured contents of major membrane fatty 

acid constituents (Figure 6A). C16:0, C16:1, C18:0 and C18:1 were  quantified after 

18 h of growth in either YP or YPE at 37°C. We did not detect significant differences 

in the relative membrane composition of fatty acids normalized to dry weight. The 

successful adjustment of lipid compositions is reflected in the C18:0 desaturation in 

YPE. Ethanol tolerance was described to depend on increased of oleic acid (C18:1) 

content (You et al., 2003). sym1Δ desaturated C18:0 to C18:1, as indicated by 

increase C18:1 in ethanol medium (Figure 7A). Therefore, Sym1p mechanism of 

ethanol tolerance might not be connected to membrane adjustments. 

 

We also tested growth on oleic acid as sole carbon source. Oleic acid degradation is 

initiated in peroxisomes and releases acetyl-CoA or succinate in the cytosol, which is 

imported into mitochondria for degradation via the TCA cycle. At 30°C sym1Δ is able 

to grow on oleic acid  (Figure 7B). At 37°C sym1Δ did not display wild-type growth, 

which was probably due to defects in mitochondrial utilization of oleic acid 

degradation products. 
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FIGURE 7. Analysis of fatty acid metabolism in sym1Δ. 
(A) Mean of fatty acid methyl ester levels (+SE; n=4) relative to dry weight normalized contents of 
C16:0,16:1,18:0,18:1 in SYM1 and sym1Δ. Data shown in arbitrary units. 
(B) Growth of SYM1 and sym1Δ on 0.1 % (w/v) oleic acid (C18:1) as sole carbon source. Cells grown 
in YPD were transferred to 0.3 % glucose for 24 h, serially diluted and spotted. The plates were 
photographed after 14 days of incubation at 30°C or 37°C. 
!

At 37°C sym1Δ is able to grow on pyruvate, succinate, glycolate and glyoxylate  

Multicopy expression of yeast endogenous TCA cycle intermediate transporting 

Mitochondrial Carrier Family (MCF) members YMC1 and ODC1 was able to 

suppress the growth phenotype (Dallabona et al., 2010). Thus we expected, that 

supply of individual TCA cycle intermediates would lead to growth improvement. 

Growth on TCA intermediates had different effects in comparison to the Yeast-

Extract/Bacto-Peptone control (Figure 8), which had no extra C-source. Oxaloacetate 

diminished sym1Δ growth. In contrast to citrate, supply of malate led to slightly better 

but not wild-type growth. 5 mM concentrat pyruvate  succinate 

almost restored wild-type growth, whereas 100 mM pyruvate completely restored 

wild-type growth.  

C2 acids such as glycolic acid and glyoxylic acid also restored the growth to wild-type 

niveau. Feeding of amino acids did not have a positive effect. Supply of aspartate did 

not result in the rescue of growth at 37°C as previously published by Dallabona et al. 

(2010). In summary  exogenous supply of C2-C6 carboxylic acids at 37°C altered 

metabolism in a way that enabled wild-type growth. 
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FIGURE 8.  Analysis of sym1Δ growth on several carbon sources. 
(A) Photographs of SYM1 and sym1Δ in 30°C/37°C on Yeast-extract/Bacto-peptone medium 
supplemented with 5 mM of pyruvate, citrate, succinate, malate and oxaloacetate.  
(B) Photographs of SYM1 and sym1Δ in 30°C/37°C on Yeast-extract/Bacto-peptone medium 
supplemented with 100 mM of pyruvate, malate, glycolate and glyoxylate.  
The extent of sym1Δ growth restriction is exemplified by the ethanol control (YP + 2 % (v/v) ethanol). 
Cells grown in YPD were serially diluted and spotted. The plates were photographed after 4 days of 
incubation at 30°C or 37°C. 
 
sym1Δ was unable to grow on propionate as sole carbon source 

Sym1p was suggested to form an aqueous channel (Reinhold et al., 2012) 

permeable to small solutes and the peroxisomal mouse homologue was shown to 

facilitate translocation of C3 carboxylic acids across the peroxisomal membrane 

(Rokka et al., 2009). We showed that C3 compounds such as lactate and glycerate 

were increased in sym1Δ. In yeasts the C3 monocarboxylic acid propionate is 

degraded within mitochondria (Graybill et al., 2007) and has previously been 

described to have mutagenic effects towards mtDNA (Piper, 1999). Therefore, we 

tested if SYM1 is implicated in propionic acid metabolism.  

At 30°C we  did  not  observe  growth on propionate  as  sole  Carbon-source 

(Figure 9). This reflects published knowledge, that at 30°C citrate synthase 2 

mediated conversion of propionate to 2-methylcitrate in the peroxisome inhibits 
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growth (Graybill et al., 2007). Surprisingly at 37°C propionate sustained growth as 

sole carbon source for SYM1, but not sym1Δ. sym1Δ growth was completely blocked 

by 20 mM propionate as sole carbon source. Furthermore, growth in Yeast-

extract/Bacto-peptone/propionate  medium was reduced for  sym1Δ  compared 

to the control and led to an increased frequency of petite colonies in sym1Δ. This 

implies that mitochondrial metabolism is compromised and that sym1Δ is more 

sensitive to the mtDNA mutagenic effect of propionate. In the presence of glucose 

propionate did not exert an inhibitory effect on sym1Δ growth. Sym1p might allow for 

growth on propionate, because it relocates propionate metabolic processes to 

mitochondria, rather than peroxisomes and minimizes peroxisomal 2-methylcitrate 

synthesis. 
 

! !
FIGURE 9. Propionic acid sustained growth assays. 20 mM propionate!
Photographs of SYM1 and sym1Δ grown at 30°C/37°C on medium supplemented with propionate and 
propionate free controls in rich (Yeast-extract/Bacto-peptone) medium or minimal (yeast-nitrogen-base 
including auxotrophy markers) medium supplied with 20 mM of propionate or 20 mM methylmalonic 
acid (MMA). Cells grown in YPD were kept 24 h at 30°C in 0.3 % glucose, serially diluted and spotted. 
The plates were photographed after 3 or 14 (minimal medium plates) days of incubation at 30°C or 
37°C. MMA: methylmalonic acid.!
!
SYM1 is implicated in MMA and propionate metabolic pathways, which are 

connected in S. cerevisiae 
Theoretically altered TCA cycle activity could lead to a build up of succinyl-CoA, 

which might be converted to propionyl-CoA via methylmalonyl-CoA as reported for 

bacteria (Haller et al., 2000) and animals (Fenton and Gravel, 2001; van Grinsven et 

al., 2009;). There are indications for the methylmalonyl-CoA pathway to occur in 

yeast (Sumegi et al., 1990). Similar to propionate, wild-type growth on 

methylmalonate (MMA) was possible at 37°C but not at 30°C. sym1Δ cells were 

unable to grow on MMA. Comparison of enzyme activities led to hypothesize that 

yeasts mainly employ the 2-methylcitrate pathways for propionyl-CoA degradation 

(Pronk et al., 1994). Mitochondrial Cit3p has been shown to be a specific 2-

methylcitrate synthase (Graybill et al., 2007). After isomerization to 2-methylisocitrate 
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by Aco1p or Pdh1p mitochondrial 2-methylcitrate lyase Icl2p hydrolyses 2-

methylisocitrate into succinate and pyruvate (Luttik et al., 2000). icl2Δ displayed 

reduced growth on propionate as sole carbon source at 37°C (Figure 9A). This is the 

first in vivo evidence of Icl2p to be required for propionate degradation. This had 

previously been assumed due to transcriptional induction in propionate medium and 

in vitro activity (Luttik et al., 2000). Interestingly icl2Δ was also sensitive to high levels 

of ethanol (4 %) and unable to grow on MMA as sole Carbon source (Figure 10A). 

This suggested that MMA leads to formation of propionate or 2-methylcitrate and that 

the 2-methylcitrate pathway is essential for MMA degradation. 

 
FIGURE 10. Analysis of growth of strains defective in enzymes of the 2-methylcitrate cycle and 
mutants with a putative defect in the methylmalonyl-CoA pathway. 
(A) Photographs of SYM1 and icl2Δ, xdj1Δ and ehd3Δ grown at 30°C/37°C on medium supplemented 
with the indicated carbon source in rich (Yeast-extract/Bacto-peptone) medium or minimal (yeast-
nitrogen-base plus auxotrophy markers) medium. 20 mM of propionate and methylmalonate (MMA) 
were added to minimal medium. Cells grown in YPD were kept 24 h at 30°C in 0.3 % glucose, serially 
diluted and spotted. The plates were photographed after 3 or 14 (minimal medium plates) days of 
incubation at 30°C or 37°C. MMA: methylmalonic acid.!
(B) Photograph of glycogen stained SYM1 and sym1Δ, icl2Δ, xdj1Δ and ehd3Δ cells ater 5 days 
growth in YPD. Cells were exposed to iodine vapor to stain glycogen (brownish color) and 
photographed. 
(C) Ethanol resistance profile of SYM1, sym1Δ, cit3Δ, icl2Δ, cit2Δ and double mutants at 37°C.  Cells 
were grown in YPD, serially diluted and spotted on YP plates with varying ethanol concentrations. 
Growth was scored after 3 days by determination of the maximal dilution that allowed for visible 
growth, as indicated by the color code. 
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In humans methylmalonic acidemia is an indicator for mitochondrial DNA depletion 

syndrome (MDS; Miller et al., 2011) but also associated with accumulation of 

propionate (Deodato et al., 2006). To test if sym1Δ mitochondrial DNA depletion is 

due to involvement in methylmalonate-CoA metabolic processes we aimed to identify 

candidates for methylmalonate detoxification and test if these genes are also unable 

to grow at sym1Δ restrictive growth conditions. BLAST analysis of a yeast 

homologue of human methylmalonyl-CoA mutase suggested Xdj1p to be the only 

candidate with sufficient sequence similarity. The protein had previously been shown 

to localize to mitochondria and assumed to facilitate import of mitochondrial proteins 

(Breker et al., 2014). XDJ1 overexpression was detrimental to cells and under strong 

promoters even lethal (Sahi et al., 2013). The latter is a phenotype not observed for 

other DnaJ-like proteins. In our analyses xdj1Δ was sensitive to ethanol at 37°C and 

showed mild reduction of growth on propionate and MMA as sole carbon source 

(Figure 10A). The phenotype could be explained by methyl-malonyl-CoA mutase 

activity, but could also be an indirect effect if mitochondrial MMA degrading enzymes 

would be import substrates of Xdj1p. 

By sequence similarity to known methylmalonyl-CoA dehydrogenases we identified 

yeast Ehd3p as a candidate enzyme (Table S2). In a preliminary study authors 

suspected Ehd3p as a peroxisomal β-oxidation gene, but could not reveal phenotypic 

differences of ehd3Δ to wild-type cells and measured negligible 3-hydroxyisobutyryl-

CoA hydrolase activity of the recombinant protein (Hiltunen et al., 2003). Later the 

mitochondrial localization of Ehd3p was revealed by proteomics (Sickmann et al., 

2003; Reinders et al., 2006). A large-scale survey identified this protein to have an 

increased frequency of spontaneous mitochondrial genome loss (Hess et al., 2009). 

Similar to ICL2 and CIT3 and EHD3 is upregulated in ethanol containing media 

(Luttik et al., 2000; Hiltunen et al., 2003; Graybill et al., 2007). At 37°C ehd3Δ 

displayed a reduced growth on ethanol and was unable to grow on propionate and 

MMA as sole carbon source. 

The fact that  was required for optimal growth on ethanol at 37°C indicates the 

importance of propionate catabolism at sym1Δ restrictive growth conditions. 

Interestingly corresponding to sym1Δ, ehd3Δ and xdjΔ had mildly reduced glycogen 

contents after 5 days growth on YPD in a qualitative staining (Figure 10B). Loss of 

SYM1 in the background of icl2Δ, cit3Δ and cit2Δ resulted in increased sensitivity to 

ethanol (Figure 10C). This indicated Sym1p to operate in propionate metabolism. 
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Furthermore the connection to the peroxisome emphasized SYM1 to be needed for 

respiration of glyoxylate cycle derived carbon units. 
 

Sym2p localizes to the peroxisome and sym2Δ growth is ethanol sensitive 

We were interested in the function of Sym1p’s paralogous protein Sym2p, which 

shares  31 % identical amino acids and an overall similarity of 49 % (Figure

Several repetitive sequences and sequence motives are shared  in the SYM1 

and SYM2 promoters (Carlson et al., 2007) and the genes seem to be co-regulated 

(Figure S2A). Both promoters feature predicted binding by oleate response 

associated transcription factor Adr1p, but also they seem both to be expressed in 

amino acid starvation conditions as they share binding by Gcn4p (Hinnebusch and 

Natarajan, 2002; Figure S2C). Therefore, we hypothesize SYM2 gene product 

have a function similar to SYM1. 

In a high throughput study Sym2p was suggested to localize to the vacuole (Huh et 

al., 2003). In our analysis Sym2-YFP colocalized with the CFP-PTS1 peroxisome 

marker (Figure 11A). The vacuolar localization was already questioned due to the 

presence of an oleate responsive  element (Visser et al., 2007). We grew sym2Δ 

on oleic acid plates at 30°C and 37°C and observed wild-type growth, which 

suggested that SYM2 was dispensable for oleic acid utilization. 

Unlike SYM1, the SYM2 promoter displays STRE elements, which were found in 

stress-sensitive genes (Estruch, 2000; Causton et al., 2001). We detected a growth 

defect for sym2Δ on 4 % ethanol, but not 2 % ethanol. Glycogen amounts were 

comparable to the wild-type over time in YPD-dependent growth at 37°C. Metabolite 

profiling revealed a significant increase of alanine and branched-chain amino acids 

levels after 18 h growth in YP medium at 37°C (Figure 12). TCA cycle or glyoxylate 

cycle intermediates were not significantly changed. 
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FIGURE 11. Localization of SYM2 gene product and analysis of sym2Δ growth. 
 
(A) SYM2-YFP co-localizes to the CFP-PTS1 peroxisome marker. BY4742 cells carrying pAG426GPD 
Sym2-GFP and pNL6 CFP-PTS1 grown in SC-URA plates containing 2 % ethanol/glycerol as carbon 
source. Images were taken by confocal fluorescence microscopy of overnight cultures immobilized in 
3 % (w/v) agarose. Scale bar: upper rows: 1 µM, lowest row 2 µM. 
 
(B) Photographs of SYM2 and sym2Δ grown at 30°C/37°C on medium supplemented with the 
indicated carbon source in rich (Yeast-extract/Bacto-peptone) medium or minimal (yeast-nitrogen-
base + auxotrophy markers) medium. 20 mM of propionate, methylmalonate (MMA) or 0.1 % (v/v) 
oleic acid were added to minimal medium. Cells grown in YPD were kept 24 h at 30°C in 0.3 % 
glucose, serially diluted and spotted. The plates were photographed after three or 14 (oleic acid, 
propionate, MMA, 4 % ethanol) days of incubation at 30°C or 37°C. MMA: methylmalonic. 
 
(C) Photograph of glycogen stained SYM2, sym2Δ after five days of growth on YPD plates. Cells 
grown in YPD were serially diluted and spotted. After the indicated time of growth cells were exposed 
to iodine vapor to stain glycogen (brownish color) and photographed.  
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FIGURE 12. Analysis of sym2Δ 
growth and metabolites in Yeast 
extract/Bacto-peptone  medium 
at 37°C. 
 
(A) 2D-PCA score plot of 
metabolite profiles. The plots 
were applied for the 24 
annotated metabolites detected 
in YP grown cells 1 h (A) or 18 h 
(B) after shift to 37°C or YPE 
grown cells 1 h (C), 3 h (D) and 
18 h (E) after shift to 37°C. PCA 
was conducted by the 
MultiExperiment Viewer (Saeed 
et al., 2003). Biological 
replicates are encircled. PCA: 
principal component analysis 
 
(B) Mean OD600 (+SE; n=3) of 
SYM2 and sym2Δ cultures in YP 
medium after shift from 30°C to 
37°C (at the time point of 
harvest for metabolite 
extraction). 
 
(C) Plots of mean content (+SE; 
n=3) of succinic acid, malic acid, 
alanine, valine, leucine and 
isoleucine short chain carboxylic 
acid and carbohydrates in 
arbitrary units of SYM2 and 
sym2Δ cells grown in YPE and 
YP after shift from 30°C to 37°C. 
Differences between the mean 
of biological replicates were 
marked as statistically significant 
(t-test) with the SYM1 control by 
(*), (**) or (***) at respective 
significance levels of (P < 0.05), 
(P < 0.01) or (P < 0.001). 
!
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Discussion 
This report describes growth of sym1Δ and sym2Δ to be compromised by high levels 

of ethanol at elevated temperature and establishes a link to TCA cycle intermediate 

availability in sym1Δ growth restriction. sym1Δ growth was supported by 

mitochondrial and peroxisomal substrates. Furthermore, we revealed that mtDNA 

depletion might be connected to an implication in propionate/methylmalonate (MMA) 

metabolic pathways.  

 

Sym1p and Sym2p are required for ethanol resistance 

Ethanol predominantly harms the integrity of cellular membranes by altering fluidity 

and permeability, which could potentially result in dissipation of transmembrane 

electrochemical gradients (Stanley et al., 2010). Heat and ethanol influence protein 

conformations, which is detrimental to catalytic activities. The cells counteract these 

detrimental effects by activation of a gene expression program and alteration of 

carbon flux that allows for growth to proceed. SYM1 was previously identified as a 

component in ethanol and thermotolerance (Trott and Morano, 2004; Bravim et al., 

2013). Here we also present SYM2 as member of stress tolerance genes. 

Sym1p is involved in metabolite transport 

Sym1p has been demonstrated to form an aqueous pore in artificial lipid bilayers 

(Reinhold et al., 2012). In line with this finding, the homologous mammalian Pxmp2 

protein has been postulated to render the peroxisomal membrane permeable to C2-

C6 carboxylic acids (Rokka et al., 2009). Our data demonstrates limited TCA cycle 

activity due to shortage of intermediates. A possible explanation would be a failure in 

Carbon partitioning between mitochondria and the cytosol as suggested by 

ODC1/YMC1 mediated suppression of the growth defect. These mitochondrial carrier 

family proteins play anaplerotic roles to the TCA cycle by counter exchanging 

carboxylic acids. UCP2 expression did not suppress the sym1Δ growth phenotype. 

Sym1p cargo and mechanism of ethanol tolerance remain unknown. Hypothetically 

Sym1p could act in detoxification of a toxic molecule such as propionate by 

translocation to the site of degradation, export of anabolites to the cytosol, import of a 

molecule into mitochondria that they fail to synthesize, or a combination of the 

options. 
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Transcriptomic and metabolic profiling indicate malfunctioning TCA cycle and 

a buildup of mitochondrial pyruvate in sym1Δ 

In repressive growth conditions sym1Δ is characterized by the inhibition of specific 

enzymes (Dallabona et al., 2010) and low availability of TCA substrates: pools of 2-

oxoglutarate, (iso-)citrate, succinate, fumarate and malate, as well as TCA cycle 

anaplerotic amino acids such as aspartate, glutamate and proline, were depleted. It 

may be inferred from transcriptomic profiling that not only succinate dehydrogenase 

but also the preceding enzyme succinyl-CoA synthetase (Lsc1/2p) displays reduced 

activity. An increased transcription of ACH1 was observed (Trott and Morano, 2004). 

The ACH1 gene product could potentially circumvent succinyl-CoA synthetase 

activity, by transferring the CoA moiety from succinyl-CoA to acetate and release 

succinate and acetyl-CoA (Fleck and Brock, 2009).  

In sym1Δ the plasma-membrane branched-chain amino acid permease encoding 

BAP2 gene was transcriptionally induced (Trott and Morano, 2004)  was 

previously shown to occur at low intracellular amino acid concentrations (Grauslund 

et al., 1995) and reflects our findings of reduced amino acids levels at one and three 

hours after shift to 37°C. Increased amino acid import could also explain why certain 

amino acids were highly increased in sym1Δ after 18 h of growth in YPE.   

Loss of SYM1 led to low intracellular concentrations of malate and citrate directly 

after shift to 37°C in YPE. In the TCA cycle oxaloacetate is the intermediate between 

malate and citrate. Oxaloacetate might therefore also be low. sym1Δ cells were 

shown to upregulate PYC2 (Trott and Morano, 2004), which could lead to increased 

pyruvate carboxylation to yield oxaloacetate, an initial substrate of the 

gluconeogenetic pathway (Haarasilta and Oura, 1975). Both isoenzymes of pyruvate 

carboxylase are exclusively cytosolic and with ethanol as sole carbon source 

pyruvate carboxylation requires export of pyruvate from the mitochondria (Pronk et 

al., 1996). 

Genes involved in the synthesis of trehalose and glycogen were upregulated in 

sym1Δ. S. cerevisiae produces the energy reserve glycogen and the molecular 

chaperone trehalose during nutrient starvation and stress conditions (Singer and 

Lindquist, 1998). Glycogen biosynthetic enzyme encoding genes are induced in the 

stationary phase of growth (Wilson et al., 2010). The premature glycogen 

consumption in sym1Δ indicates a change in intracellular energy status, as apparent 

from reduced glucose content. To conclude sym1Δ transcriptomic and metabolic 



 IV.1 Manuscript 1 
!
41 

analyses reflect malfunctioning respiratory metabolism and gluconeogenesis, 

whereas the cause remains to be unraveled. 

Alanine and valine were more abundant in sym1Δ than in the wild type. Specifically 

these two amino acids were also shown to exhibit a higher abundance in propionate-

adapted cells (Lourenço et al., 2011). Both are synthesized from pyruvate (Ljungdahl 

and Daignan-Fornier, 2012). Pyruvate was suggested to increase in propionate 

adapted cells (Lourenço et al., 2011). Leucine and isoleucine, which are also 

synthesized from pyruvate (Zelenaya-Troitskaya et al., 1995), displayed wild-type 

levels in the mutant and did not follow the general trend of amino acid depletion 

immediately after shift to 37°C. The accumulation could be explained by the lack of 

TCA activity and use of alternative pathways for pyruvate conversion. Otherwise, 

cytosolic gluconeogenesis could serve to metabolize pyruvate, but lowered ATP/ADP 

ratio and actual glycogen content (Figure 3) render this option unlikely to occur. But 

maybe the predominant mitochondrial pyruvate utilization indicates a failure in export 

of pyruvate to the cytosol. Pyruvate could also be converted to lactate within 

mitochondria and lactate was also higher concentrated sym1Δ. Hyperlactemia was 

frequently reported for patients with MPV17 mutations (Parini et al., 2009). To 

conclude, at 37°C Sym1p coordinates carbon flux. 

Altered carbon flow in TCA cycle succinyl-CoA synthase mutants causes 
mtDNA depletion and methylmalonic aciduria 
Patients with mutations in the human Sym1p functional orthologue MPV17 suffer 

from mtDNA depletion syndrome (MDSS). Genes causing mtDNA depletion generally 

regulate intra-mitochondrial nucleotide pools and of all MDSS causing genes only 

Mpv17 function remains unknown (Spinazzola et al., 2006; Suomalainen and 

Isohanni, 2010). We showed that SYM1 enhances tolerance to genotoxins such as 

cobalt and manganese and confirm an implication of Sym1p in mtDNA maintenance.  

In humans mutation of the TCA cycle enzyme succinyl-CoA synthetase leads to 

MDSS due to essential interaction with nucleoside diphosphate kinase to regulate 

mitochondrial nucleotide supply (Kowluru et al., 2002; Ostergaard, 2008). Succinyl-

CoA synthetase mutation results in accumulation of methylmalonyl-CoA and MMA. 

MMA accumulates because substrate imbalance restricts its conversion to succinyl-

CoA via methylmalonyl-CoA (Carrozzo et al., 2007; Ostergaard et al., 2007). MMA 

impedes mitochondrial oxidative metabolism by inhibition of respiratory complexes, 
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2-oxoglutarate dehydrogenase and succinyl-CoA synthetase, but also by lower 

availability of respiratory substrates (Morath et al., 2008; Melo et al., 2012). MMA 

was shown to inhibit succinate and glutamate-supported oxygen consumption in 

isolated mitochondria, which was not observed after nonselective permeabilization of 

the mitochondrial membrane by alamethicin (Mirandola et al., 2008). This would 

argue MMA to be an inhibitor of succinate transport. Dietary supply of succinate 

improved symptoms of Mpv17-/- patients (Kaji et al., 2009). We showed that sym1Δ 

accomplished almost  wild-type growth on YP supplemented with succinate at 37°C. 

Methylmalonic acid was not detected by GC-MS in wild type and sym1Δ extracts 

from YPE (37°C) grown cells, but sym1Δ was unable to use MMA as sole carbon 

source.  

We searched for known enzymes in MMA metabolism to gain more insight in MMA 

metabolism of S. cerevisiae. Analogous to human metabolism, methylmalonyl-CoA 

may arise in the yeast by isomerization of succinyl-CoA to methylmalonate catalyzed 

by methylmalonyl-CoA mutase. Local alignment search suggested Xdj1p to catalyze 

this step. Interestingly, overexpression of this protein was lethal, which has not been 

observed for highly similar DnaJ-like proteins (Sahi et al., 2012) and would be 

consistent with the assumption of an inhibitory effect by increased release of 

methylmalonyl-CoA. The mutant defective in the putative methylmalonyl-CoA 

decarboxylase Ehd3p has been found to have a higher frequency of mtDNA mutation 

(Hess et al., 2009), which could be a secondary effect of MMA accumulation (Kölker 

and Okun, 2005). Notably, xdj1Δ and ehd3Δ mutants could not grow on 

propionate/MMA and were sensitive to ethanol at 37°C. Future research should 

address enzyme activities of Xdj1p and Ehd3p to determine the implication in MMA 

degradation.  Interestingly also icl2Δ failed to grow on methylmalonic acid as sole 

carbon source, which indicates that the 2-methylcitrate pathway is needed for MMA 

detoxification and implies MMA to be a source of propionyl-CoA. The exchange of 

MMA/2-Oxoglutarate has been proposed for mammalian mitochondria based on 

defective glutamate respiration in the presence of MMA (Melo et al., 2012). This 

transport could potentially also be achieved by Ymc1, Odc1 or Sym1p. 

 

Sym1p is involved propionyl-CoA metabolism 

Weak organic acid stress exerted by propionate has been shown to inhibit amino 

acid uptake systems. The plasma membrane ABC-Transporter Pdr12p is needed for 
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propionate tolerance, because it acts as an efflux pump and prevents intracellular 

accumulation of propionate (Holyoak et al., 1999).  

In humans propionic aciduria displays principally the same symptoms as 

methylmalonic aciduria (Desviat et al., 2004; Morath et al., 2008) and defects in the 

catabolic pathways of isoleucine, valine and threonine are not only associated with 

MMA aciduria but also lead to accumulation of propionate. In Baker’s yeast 

propionyl-CoA is an intermediate from oxidative decarboxylation of 2-oxobutanoate, 

which is produced by mitochondrial Ilv1p in threonine degradation, which occurs for 

example in the biosynthesis of branched-chain amino acids (Luttik et al., 2000). The 

function of the 2-methycitrate pathway was previously unclear, because it was 

thought that cells were unable to use propionate as sole carbon source. At 37°C the 

inhibitory potential of propionate disappeared for wild-type cells (Figure 9/10). It was 

assumed that at 30°C Cit2p activity renders growth sensitive to propionate, because 

the toxic 2-methylcitrate, cannot be exported out of the peroxisome for degradation 

(Graybill et al., 2007). CIT2 is a gene required for thermotolerance and also 

expressed at 37°C, which allows for the conclusion that at 37°C either 2-methylcitrate 

synthase activity was reduced or the peroxisomal membrane was permeable to 2-

methylcitrate. 

Propionate degrading enzymes, such as Icl2p and Pdh1p, were shown to be induced 

by propionate, ethanol and threonine (Luttik et al., 2000). In yeast cells intracellular 

propionate concentrations positively correlated with extracellular ethanol 

concentration: in 2.5 % ethanol propionate increased by a factor of 1.6 compared to 

the to the ethanol-free control and in 10 % Ethanol it is 6 times higher (Li et al., 

2012). Notably mitochondria seem to be the sole site of propionate production and 

degradation. sym1Δ is compromised in growth with propionate as carbon source.  

Propionate exposure was previously described to be accompanied by a reduced 

intracellular ATP/ADP ratio (Lourenço et al., 2011). On the one hand sym1Δ inability 

to grow on propionate could reflect a general respiration deficiency, but on the other 

hand Sym1p could be involved in propionate transport. Sym1p could be needed to 

import propionate into mitochondria and export pyruvate to the cytosol, which would 

explain higher levels of pyruvate connected molecules and failure of glycogen 

accumulation. Loss of propionate import would render the yeast unable to use it for 

respiration.  

Another mechanism of Sym1p transport could reside in pyruvate export versus 
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oxaloacetate import, because mitochondrial oxaloacetate is required as acceptor for 

propionyl-CoA and acetyl-CoA conversion and therefore needed for a functional TCA 

and 2-methylcitrate cycle. It was previously speculated that propionate is imported 

into mitochondria in the form of propionyl-carnitine via the acetyl-carnitine/carnitine 

shuttle Crc1p (Indiveri et al., 1998; Palmieri et al. 1999). Sym1p mediated export 

from the mitochondrion and subsequent excretion by Pdr12p could also prevent 

propionate toxicity (Figure 13).  

 
FIGURE 13. 
Hypothetical roles of 
Sym1p in propionic acid 
associated metabolism.  
 
Abbreviations:  
Aco: Aconitase;  
Cit: Citrate synthase; 
Crc: Carnitine carrier; 
Fum: Fumarase;   
Icl: Isocitrate lyase; Idh: 
Isocitrate 
dehydrogenase;  
Kgd: 2-Oxoglutarate 
dehydrogenase;  
Lsc: Succinyl-CoA 
ligase;  
Pdr: pleitropic drug 
resistance;  
Sdh: Succinate 
dehydrogenase 
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pathway is employed to support growth on propionate as indicated by earlier in vitro 

characterizations (Luttik et al., 2000; Graybill et al., 2007). Interestingly the mutants 

were also sensitive to elevated temperature and presence of ethanol, which again 

point to a high probability that these conditions provoke endogenous production of 

propionate. The fact that the double mutants cit3Δ sym1Δ and icl2Δ sym1Δ were 

more sensitive to ethanol than either of the single mutants indicates an implication of 

SYM1 in propionate degradation. Mutant with a putative defect in methylmalonyl-CoA 

metabolism (ehd3Δ and xdj1Δ) also showed this phenotype and furthermore 

establish a connection between propionate and MMA metabolism.  

SYM2 encodes a peroxisomal MPV17/PMP22 protein 

Other eukaryotes (mammals and plants) were described to have peroxisomal 

MPV17/PMP22 proteins (Tugal et al., 1999; Rokka et al., 2009), while it was thought 

that baker’s yeast does not have a peroxisomal isoform. Initially mammalian Mpv17 

was reported to localize to peroxisomes (Zwacka et al., 1994). Our analysis of 

Sym1p localization in planta showed that the protein localizes to the peroxisomal 

membrane, when the N-terminus was masked by YFP (Figure S4), even though it 

was previously shown that Sym1p is targeted to mitochondria independently of an N-

terminal targeting signal (Reinhold et al., 2012). The SYM2 gene product was 

suggested to localize to the vacuole (Huh et al., 2003). Here, we report on Sym2p to 

localize to the peroxisomal membrane. As expected due to stress responsive 

elements in SYM2 upstream non-coding region, sym2Δ growth is sensitive to 

ethanol. Respiratory growth on ethanol is supported by peroxisomal glyoxylate cycle 

activity to generate acetyl-CoA, malate and citrate.  

Intra- and extraperoxisomal localization of glyoxylate cycle enzymes requires the 

shuttling of acetyl-carnitine, citrate and glyoxylate across the peroxisomal membrane 

(van Roermund et al., 1999; Kunze and Hartig, 2013). The genes encoding the 

corresponding transport proteins have not yet been identified. Antonenkov et al., 

2009 reported on pore-forming activities yeast peroxisomal  

would allow for passage of glyoxylate cycle intermediates.  

Structural homology to Sym1p leads to the assumption that also Sym2p forms a 

channel. In the peroxisomal membrane this Sym2p could allow translocation of 

glyoxylate cycle intermediates, which is likely due to the presence of an oleate 

responsive element (Visser et al., 2007). sym2Δ was able to use oleic acid as sole 

carbon source and growth was indistinguishable from the wild type (Figure 11). 
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Potentially, acetyl-carnitine export from the peroxisome was sufficient to support 

growth (van Roermund et al., 1999) and co-export of carboxylic acids is not 

necessary. Sym2p activity might become important, if acetyl-carnitine transport is 

compromised, which raises the question whether oleic acid or acetate growth is 

possible in the background of cat2Δ, which is defective in peroxisomal carnitine 

transfer (van Roermund et al., 1999). In 4 % ethanol peroxisomal acetyl-CoA 

conversion could be important for cellular growth and reduction of glyoxylate cycle 

intermediate transport could explain the observed reduction in growth.  An effect on 

cellular metabolism by SYM2 at 37°C was unraveled by an increase in alanine and 

branched-chain amino acid levels, when cells grew in yeast extract/bacto-peptone 

medium. 
 

Mechanism of sym1Δ rescue by feeding of C2-C6 carboxylic acids could involve 

action of the glyoxylate cycle 

The fact that sym1Δ cit2Δ is more sensitive to ethanol than either one of the single 

mutants, evidences that SYM1 establishes a link between peroxisomal and 

mitochondrial metabolism. This was the basis for the identification of YMC1 and 

ODC1 (Trotter et al., 2005). sym1Δ was described to be unable to grow on non-

fermentable carbon sources (Dallabona et al., 2010). Cit2p produced carbon units 

promote growth of sym1Δ as reflected by amelioration of growth by exogenous 

supply of glyoxylate cycle intermediates succinate, malate and isocitrate (Figure 8). 

Furthermore, high levels of glyoxylate, but also glycolate were shown to support 

growth of sym1Δ at 37°C. These can support peroxisomal metabolism to yield 

isocitrate and succinate. High levels of glyoxylate have been shown to occur in 

growth in the presence of glucose (Rintala et al., 2007). An involvement of SYM1 in 

succinate import would explain beneficial effects of the peroxisomal glyoxylate cycle 

and higher cytosolic succinate levels would make mitochondrial succinate import 

more efficient. 

 

Conclusion 

We discussed several transport functions of Sym1p and Sym2p based on our 

observations. Future research will need to determine, which function can be 

attributed to Sym1p and Sym2p. They might be general diffusion pores for a set of 

carboxylic acids. Especially the implications in propionate ad MMA conversion could 

be addressed by monitoring flux of labeled substrates and respiratory capacities.   
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Material and Methods 
!
Chemicals were purchased from Sigma-Aldrich. Reagents and enzymes for 

recombinant DNA techniques were obtained from Clontech, Invitrogen, New England 

Biolabs and Promega.  

 
Yeast strains and media 

Yeast strains used in this study were BY4741 derivatives (listed in Table M1). The 

double mutants cit2Δ sym1Δ, cit3Δ sym1Δ and icl2Δ sym1Δ were obtained by 

disrupting the SYM1 gene in the single mutants by replacing SYM1 ORF with HygR. 

The HygR was amplified for the deletion cassette from pAG24 obtained from 

Euroscarf with Primers listed in Table M2. Cells were cultured in yeast nitrogen base 

(YNB) medium [0.67 % YNB without amino acids (BD Biosciences)] supplemented 

with appropriate amino acids and bases for auxotrophy. YP medium contained 1 % 

Bacto-yeast extract and 2 % Bacto-peptone. Media were solidified with 20 g/L agar. 

YPD/YPE contained 2 % glucose/ethanol. Minimal medium for oleic acid growth 

assays were composed of 0.67 % (w/v) yeast nitrogen base, 0.1 % (w/v) Yeast 

extract, 2 % (w/v) Bacto-agar, 0.5 % (w/v) Na2HPO4 (pH 6.0), 0.1 % (v/v) oleic acid 

and 0.4 % Tween-80. Other minimal media were composed of 0.67 % (w/v) YNB, 

0.1% (w/v) His, Leu, Met, Lys and Ura, 15 mM methylmalonate or 20 mM propionate.  

Cells were spotted on minimal plates after 24 h nutrient deprivation in 0.67 (w/v) 

Yeast Nitrogen Base with 0.3 % (w/v) glucose at 30°C. Plate additives were adjusted 

to pH 7.0. 

!
Cloning procedures and plasmids vectors 

Restriction-enzyme digestions, Escherichia coli transformation and plasmid 

extractions were performed using standard methods (Russell and Sambrook, 2001). 

S. cerevisiae genes were PCR amplified using BY4741 genomic DNA as template 

with the appropriate forward and reverse primers as listed in Table M2. SYM1 was 

fused to YFP for in planta localization studies by insertion of the CDS in pUBN-YFP 

(Grefen et al., 2010). SYM2 was cloned pAG426-GPD (Alberti et al., 2007; obtained 

from Addgene) for C-terminal YFP fusion. Arabidopsis UCP2 was amplified from A. 

thaliana leaf cDNA and inserted into HindIII/BamHI opened pDR195 (Rentsch et al., 

1995). Cells were transformed with the expression constructs using the lithium 

chloride method (Schiestl and Gietz, 1989). Transformants were selected on 
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synthetic complete minimal medium lacking uracil (SC-Ura), or uracil and leucine 

(SC-Leu-Ura). 

 

Determination of glycogen content 
Glycogen content was qualitatively determined by incubation of cells to iodine vapor. 

5 mL potassium iodide beads were placed beneath inverted plates. Glycogen 

accumulating strains stained brown, whereas cells that do not remain yellow. 

Fluorescence microscopy 
Yeast transformants expressing SYM2-YFP and CFP-PTS1 (Linka et al., 2008) were 

grown overnight at 30°C in SC-Leu-Ura with 1 % ethanol and 1 % glycerol and 

pipetted on a 3 % agarose gel on glass slides for microscopy. Fluorescence 

microscopy was done with a Zeiss confocal Laser Scan microscope LSM780. 

Transient expression for localization studies of YFP-SYM1 in Nicotiana tabacum was 

done as described in Breuers et al. (2012). Three days after co-infiltration with a 

peroxisome CFP marker (Linka et al., 2008) epidermal cells were analyzed with a 

Laser scanning microscope Olympus Fluoview1000. 

 

Fatty acid profiling  

Fatty acids from lyophilized cells were analysed by gas chromatography - electron 

impact - time of flight - mass spectrometry (GC-EI-TOF-MS), following conversion to 

methyl esters after (Browse et al., 1986). The fatty acid 17:0 was used as an internal 

standard to enable quantification. 

 

Metabolite analysis 

For metabolite analysis cells were grown overnight in YPD, diluted to an OD600 of 1 

and grown for 3 hours in YP/YPE at 30°C. Then cells were shifted to 37°C. 

Preparation of samples for metabolic analysis was performed similar as described in 

Dunn and Winder (2011). Briefly, 10 mL of culture were transferred into -80°C 

quenching solution (60:40 Methanol: Water, 0.85 (w/v) ammoniumhydrogen 

carbonate (pH 5.5), pelleted at 2,500 g at -15°C, washed with 0.85 % (w/v) NaCl and 

centrifuged at 2,500 g at 4°C. The pellet was resuspended in 650 µL 80 % (v/v) 

methanol, 50 µM Ribitol and subsequently 600 µL chloroform was added. Cells were 

disrupted by freeze thaw cycling on dry ice. The supernatant was then diluted with 

350 µL 50 µM ribitol and the upper fraction after centrifugation was used for analysis. 
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50 µL of the supernatant was dried and used for further analysis by gas 

chromatography/electron-impact/time-of-flight mass spectrometry, as previously 

described (Lee and Fiehn, 2008). Metabolite content was expressed relative to the 

ribitol standard. All samples were analyzed with three independent biological 

replicates. After confirmation of equal cell size of SYM1 and sym1Δ, we calibrated 

OD600 to cells/mL by a non-linear fit with the gompertz equation (Zwietering et al., 

1990; R=0.97) as indicated in Figure M1. At the harvest point we measured the 

OD600 and then calculated cells/mL by the equation 

Cells(OD600)=4.572*108*eln(7.316*10^6/4.571*10^8)*e(-0.1659*OD600)) for normalization. 

 

 
FIGURE M1. Plot of Gompertz fit (Zwietering et al., 1990) of S. cerevisiae cells/mL calculated from cell 
counts for different OD600 values. 
 

Bioinformatic and statistical analysis 

PCA score plots were generated with the Multiple Experiment Viewer (Saeed et al., 

2003). Statistical analysis was performed with GraphPad Prism 5.0. Quantitative 

analysis results are presented as means +SE from repeated experiments as 

indicated in the figure legends. Pairwise Student’s t test was used to analyze 

statistical significance. 

 

Supplemented data 

Fig. S1 Multiple sequence alignment of Saccharomyces cerevisiae Sym1p 

(mitochondrial), Sym2p (peroxisomal), Homo sapiens MPV17 

(mitochondrial), Mus musculus Pxmp2 (peroxisomal) and Arabidopsis 

thaliana PMP22 (peroxisomal). 

Fig. S2 Co-regulation and promoter analysis of Saccharomyces cerevisiae 
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SYM1/2 

Fig. S3 Model of the transcriptionally upregulated genes in sym1Δ cells in 

response to ethanol at 37°C 

Fig. S4 Confocal microscopic images of YFP-Sym1p localization taken from 

epidermis cells of four-week-old tobacco leaves co-expressing the 

peroxisomal marker CFP-PTS1 

Tab. S1 BLAST identification of a methylmalonyl-CoA mutase in S. cerevisiae 

Tab. S2 BLAST identification of a methylmalonyl-CoA decarboxylase in S. 

cerevisiae 

Tab. M1 Escherichia coli, Saccharomyces cerevisiae and Agrobacterium 

tumefaciens strains used in this study 

Tab. M2 Oligonucleotides used in this study 
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Supplemented Results 
!

 
CLUSTAL 2.1 multiple sequence alignment 

 
 
Mpv17           ------------------------------------------------------------ 
Sym1p           ------------------------------------------------------------ 
PMP22           ------------------------------------------------------------ 
Pxmp2           --------------------------------------------------MAPAASRLRV 10 
Sym2p           MPLQLFGRDQIVVHYDNGNMSNDDQNHQSVLGSWTRRAAAALRTLMNKRIQRITLTHWLL 60 
                                                                             
 
Mpv17           --------MALWRAYQRALAAHPWKVQVLTAGSLMGLGDIISQQLVER------------ 40 
Sym1p           --------MKLLHLYEASLKRRPKTTNAIMTGALFGIGDVSAQLLFPTS----------- 41 
PMP22           -MGSSPPKKTTLQRYLSQLQQHPLRTKAITAGVLSGVSDVVSQKLSGI------------ 47 
Pxmp2           ESELGSLPKRALAQYLLLLKLYPVLTKAVSSGILSALGNLLAQTIEKRK----------- 59 
Sym2p           LVIWVTSLWKFTSHYRQLYANSAVFATLCTNILLFGISDILAQSIACFYSYHVDPIPQIL 120 
                              *       .  .       * .:.:: :* :                
 
Mpv17           -RGLQEHQRGRTLT---------------------------------------------- 53 
Sym1p           -KVNKGYDYKRTAR---------------------------------------------- 54 
PMP22           ----QKIQLRRVLL---------------------------------------------- 57 
Pxmp2           -KDSQNLEVSGLLR---------------------------------------------- 72 
Sym2p           NDTFHHVQNNRDVENGGGYESDELSIFNDFTSEHSSYTDNDDYPELDRPLATFKTDTFDF 180 
                    :  :                                                     
 
Mpv17           ----MVSLGCGFVGPVVGGWYKVLD-----RFIPGTTKVDALKKMLLDQGGFAPCFLGCF 104 
Sym1p           ----AVIYGSLIFSFIGDKWYKILNNKIYMRNRPQYHWSNMVLRVAVDQLAFAPLGLPFY 110 
PMP22           ----KVIFAGGFLGPAGHFFHTYLDK----FFKGKKDTQTVAKKVILEQLTLSPLNHLLF 109 
Pxmp2           ----YLVYGLFVTGPLSHYLYLFMEY-----SVPPEVPWASVKRLLLDRLFFAPTFLLLF 123 
Sym2p           FRWGCFMFWGFFISFFQAPWYKFLNF----FYTEDPTVVQVFERVLSDQLLYSPISLYCF 236 
                     .     . .      :  ::                  ::  ::   :*     : 
 
Mpv17           LPLVGALNGLS-AQDNWAKLQRDYPDALITNYYLWPAVQLANFYLVPLHYRLAVVQCVAV 163 
Sym1p           FTCMSIMEGRS-FDVAKLKIKEQWWPTLLTNWAVWPLFQAINFSVVPLQHRLLAVNVVAI 169 
PMP22           MIYYGVVIERTPWTLVRERIKKTYPTVQLTAWTFFPVVGWINYKYVPLHFRVILHSLVAF 169 
Pxmp2           FFVMNLLEGKN-VSVFVAKMRSGFWPALQMNWRMWTPLQFININYVPLQFRVLFANMAAL 182 
Sym2p           FMFSNYVMEGGDKDTLGKKIQRLYISTLGCNYLVWPMVQFINFLIMPRDFQAPFSSSVGV 296 
                :   . :           :::  :  .    : .:. .   *   :* ..:    . ... 
 
Mpv17           IWNSYLSWKAHRL--------------- 176 
Sym1p           FWNTYLSYKNSKVMEKDKVPVHYPPVVE 197 
PMP22           FWGIFLTLRARSMTLALAKAK------- 190 
Pxmp2           FWYAYLASLGK----------------- 193 
Sym2p           VWNCFLSMRNASK--------------- 309 
                .*  :*:    !
!
!
FIGURE S1. Multiple sequence alignment of Saccharomyces cerevisiae Sym1p (mitochondrial), 
Sym2p (peroxisomal), Homo sapiens MPV17 (mitochondrial), Mus musculus Pxmp2 (peroxisomal) 
and Arabidopsis thaliana PMP22 (peroxisomal). The alignment was generated with ClustalW2 
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Highly conserved amino acid positions are shaded in 
grey. 
!
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A 
 
SYM1 SYM2 

 
 
 
B 
 Consensus Sequence Count Sig Value Coverage 
#1 ctatndbvvhgmta     5 8.411 100.00% 
#2 tnsnaw             71 5.4976 100.00% 
#3 actbwndnhdtat      7 4.0066 100.00% 
#4 actwnvtac          5 3.481 100.00% 
#5 asastatr           5 3.3685 100.00% 
#6 cnttwaa            10 3.1063 100.00% 
#7 ccttbtccc          3 0.77 100.00% 
#8 cdcycc             7 0.3763 100.00% 
#9 ctatc              7 0.1731 100.00% 

 
 
 
C 
 

A
B

F1
 

A
D

R
1 

A
P1

 

B
A

S2
 

EC
B

 

G
C

N
4 

G
C

R
1 

H
ST

F 

M
C

M
1 

PH
O

4 

R
A

P1
 

SC
B

 

ST
R

E 

SW
I5

 

TB
P 

SYM1 - 2 - 2 1 7 - 1 - - - 1 - - - 

SYM2 1 3 1 2 - 1 3 - 1 1 2 - 2 1 1 

 
 
FIGURE S2. Co-regulation and promoter analysis of Saccharomyces cerevisiae SYM1/2 
(A) Venn-Diagram of TOP100 coregulated genes of SYM1 and SYM2, data downloaded from the 
SPELL database (http://imperio.princeton.edu:3000/yeast/; Hibbs et al., 2007) 
(B) Shared regulatory motifs in SYM1 and SYM2 promoter sequence. Data taken from the SCOPE 
project (http://genie.dartmouth.edu/scope4; Carlson et al., 2007) 
(C) Predicted binding sites of transcription factors in SYM1 and SYM2 promoter regions. Data 
according to the SCPD database (http://cgsigma.cshl.org/jian; Zhu and Zhang, 1999) 
 
!
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!
!
FIGURE S3. Model of the transcriptionally upregulated genes in sym1Δ cells in response to ethanol at 
37°C. Data from Trott and Morano (2004).  
Abbreviations: 2-OG: 2-oxoglutarate; Ach: acetyl-CoA hydrolase; Acs: acyl-CoA synthetase; Adh: 
alcohol dehydrogenase; Ald: aldehyde dehydrogenase; Bap: basic amino acid transport protein; 
BCAA: branched-chain amino acid; Crc: carnitine carrier; Fks: 1,3-β-D-glucan synthase; NAD; 
nicioinamide- dinucleotide; Nht: neutral trehalase;  OAA: oxaloacetate; Pdc: pyruvate decarboxylase; 
Pdr: pleiotropic drug response; Pgi: phosphoglucose isomerase; Pir: protein containing internal 
repeats; Pma: plasma-membrane ATPase; Pyc: pyruvate carboxylase;  Sdh: succinate 
dehydrogenase; Ssa/Ssc: stress-seventy subfamily A/C; TCA: tricarboxylic acid 
 
 

  
FIGURE S4. Confocal microscopic images of YFP-Sym1p localization taken from epidermis cells of 
four-week-old tobacco leaves co-expressing the peroxisomal marker CFP-PTS1. The YFP and CFP 
signal colocalized.Scale bar: 5 µm. 
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TABLE S1. BLAST identification of a methylmalonyl-CoA mutase in S. cerevisiae 
 
Query: MutA, mitochondrial; Homo sapiens; 751 amino acids 
 
Rank Gene Locus Localization Score Cover E -value Ident 

1 XDJ1 YLR090W mito,N 30 14% 1.7 28% 
2 RPL22-B YFL034C cyt 28.5 4% 2 42% 
3 DSF1 YEL070W n.d. 29.6 6% 2.4 30% 
4 FMT YBL013W mito 28.9 13% 3.1 28% 
5 TAZ1 YPR140W mito 28.9 2% 3.5 50% 

Localization information from http://www.yeastgenome.org 
!
 

CLUSTAL 2.1 multiple sequence alignment 
 
MutA            MLRAKNQLFLLSPHYLRQVKESSGSRLIQQRLLHQQQPLHPEWAALAKKQLKGKNPEDLI 60 
Xdj1p           -----------------MSGSDRGDRLYDVLGVTRDATVQEIKTAYRKLALKHHPDKYVD 43 
                                    .. *.** :   : :: .::   :*  *  ** :  : :  
 
MutA            WHTPEG--ISIKPLYSKRDTMDLPEELPGVKPFTRGPYPTMYTFRPWTIRQYAGFSTVEE 118 
Xdj1p           QDSKEVNEIKFKEITAAYEILSDPEKKSHYDLYGD-------DNGAASSGGANGFGDEDF 96 
                 .: *   *.:* : :  : :. **: .  . :            . :     **.  :  
 
MutA            SNKFYKDNIKAGQQGLSVAFDLATHRGYDSDNPRVRGDVGMAGVAIDTVEDTKILFDGIP 178 
Xdj1p           MNFFNNFFNNGSHDGNNFPGEYDAYEEGNSTSSKD-IDIDISLTLKDLYMGKKLKFD--- 152 
                 * * :   :..::* ... :  ::.  :* ..:   *:.:: .  *   ..*: **    
 
MutA            LEKMSVSMTMNGAVIPVLANFIVTGEEQGVPKEKLTGTIQNDILKEFMVRNTYIFPPEPS 238 
Xdj1p           LKRQVICIKCHGSGWKPKRKIHVT---HDVECESCAGKGSKERLKRFGPG------LVAS 203 
                *::  :.:. :*:      :: **   :.*  *. :*. .:: **.*           .* 
 
MutA            MKIIADIFEYTAKHMPKFNSISISGYHMQEAGADAILELAYTLADGLEYSRTGLQAGLTI 298 
Xdj1p           QWVVCEKCNGKGKYTKRPK--NPKNFCPDCAGLGLLSKKEIITVN--VAPGHHFNDVITV 259 
                  ::.:  : ..*:  : :  . ..:  : ** . : :     .:    .   ::  :*: 
 
MutA            DEFAPRLSFFWGIGMNFYMEIAKMRAGRRLWAHLIEKMFQPKNSKSLLLRAHCQTSGWSL 358 
Xdj1p           KGMAD-------------EEIDKTTCG-DLKFHLTEKQENLEQKQIFLKNFDDGAG---- 301 
                . :*               ** *  .*  *  ** **  : ::.: :* . .  :.     
 
MutA            TEQDPYNNIVRTAIEAMAAVFGGTQSLHTNSFDEALGLPTVKSARIARNTQIIIQEESGI 418 
Xdj1p           ------EDLYTSITISLSEALTGFEKFLTKTFDDRLLTLSVKPGRVVRPGDTIKIANEGW 355 
                      :::  :   ::: .: * :.: *::**: *   :**..*:.*  : *   :.*  
 
MutA            PKVADPWGGSYMMECLTNDVYDAALKLINEIEEMGGMAKAVAEGIPKLRIEECAARRQAR 478 
Xdj1p           PILDNPHG------------------------------------------------RCGD 367 
                * : :* *                                                * .  
 
MutA            IDSGSEVIVGVNKYQLEKEDAVEVLAIDNTSVRNRQIEKLKKIKSSRDQALAERCLAALT 538 
Xdj1p           LYVFVHIEFPPDNWFNEKS---ELLAIKTNLPSSSSCASHATVNTEDDSNLTN------- 417 
                :    .: .  :::  **.   *:***...   . .  .  .:::. *. *::        
 
MutA            ECAASGDGNILALAVDASRARCTVGEITDALKKVFGEHKANDRMVSGAYRQEFGESKEIT 598 
Xdj1p           --------------------------------------------------------NETI 421 
                                                                        :*   
 
MutA            SAIKRVHKFMEREGRRPRLLVAKMGQDGHDRGAKVIATGFADLGFDVDIGPLFQTPREVA 658 
Xdj1p           SNFRIIHTDDLPEGIRP------FKPEAQDSAHQKARSSYCCIQ---------------- 459 
                * :: :*.    ** **      :  :.:* . :   :.:. :                  
 
MutA            QQAVDADVHAVGISTLAAGHKTLVPELIKELNSLGRPDILVMCGGVIPPQDYEFLFEVGV 718 
Xdj1p           ------------------------------------------------------------ 
                                                                             
 
MutA            SNVFGPGTRIPKAAVQVLDDIEKCLEKKQQSV 750 
Xdj1p           -------------------------------- 
                                              !
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TABLE S2. BLAST identification of a methylmalonyl-CoA decarboxylase in S. cerevisiae 
 
Query: Escherichia coli O145:H28 str. RM13514; 261 amino acids  
 
Rank Gene Locus Localization Score Cover E -value Ident 

1 EHD3 YDR036C mito 43.9 66% 1.00E-06 21% 
2 SYG1 YIL047C PM 26.6 10% 0.33 43% 
3 MSB1 YOR188W cyt 26.2 41% 0.5 21% 
4 MSA1 YOR066W cyt,N 25.4 9% 0.7 46% 
5 UBP9 YER098W cyt 25.4 9% 0.75 38% 
6 MCX1 YBR227C mito 25 17% 1.2 29% 

Localization information from http://www.yeastgenome.org 
 

 
CLUSTAL 2.1 multiple sequence alignment 

 
MMCD            ----------MSYQY-----------------------VNVVTINKVAVIEFNYGRKLNA 27 
Ehd3p           MLRNTLKCAQLSSKYGFKTTTRTFMTTQPQLNVTDAPPVLFTVQDTARVITLNRPKKLNA 60 
                          :* :*                       * ... :.. ** :*  :**** 
 
MMCD            LSKVFIDDLMQALSDLNRPEIR-CIILRAPSGSKVFSAG-----HDIHELPSGGRDPLSY 81 
Ehd3p           LNAEMSESMFKTLNEYAKSDTTNLVILKSSNRPRSFCAGGDVATVAIFNFNKEFAKSIKF 120 
                *.  : :.::::*.:  :.:    :**::.. .: *.**       *.:: .   ..:.: 
 
MMCD            DDPLRQITRMIQKFPKPIISMVEGSVWGGAFEMIMSSDLIIAASTSTFSMTPVNLGVPYN 141 
Ehd3p           FTDEYSLNFQIATYLKPIVTFMDGITMGGGVGLSIHTPFRIATENTKWAMPEMDIGFFPD 180 
                     .:.  * .: ***:::::* . **.. : : : : **:..:.::*. :::*.  : 
 
MMCD            LVGIHNLTR-----DAGFHIVKELIFTASPITAQRALAVGILNHVVEVEELEDFTLQMAH 196 
Ehd3p           VGSTFALPRIVTLANSNSQMALYLCLTGEVVTGADAYMLGLASHYVSSENLDALQKRLGE 240 
                : . . *.*     ::. ::.  * :*.. :*.  *  :*: .* *. *:*: :  ::.. 
 
MMCD            HIS--EKAP-----------------------LAIAVIKEELRVLGEAHTMNSD------ 225 
Ehd3p           ISPPFNNDPQSAYFFGMVNESIDEFVSPLPKDYVFKYSNEKLNVIEACFNLSKNGTIEDI 300 
                  .  :: *                        .:   :*:*.*:  ...:..:       
 
MMCD            --EFERIQG-----------------------------------------MRRAVYDSE- 241 
Ehd3p           MNNLRQYEGSAEGKAFAQEIKTKLLTKSPSSLQIALRLVQENSRDHIESAIKRDLYTAAN 360 
                  ::.: :*                                         ::* :* :   
 
MMCD            --DYQEGMNAFLEKRKPNFVGH-------------------------------------- 261 
Ehd3p           MCMNQDSLVEFSEATKHKLIDKQRVPYPWTKKEQLFVSQLTSITSPKPSLPMSLLRNTSN 420 
                    *:.:  * *  * :::.:                                       
 
MMCD            ------------------------------------------------------------ 
Ehd3p           VTWTQYPYHSKYQLPTEQEIAAYIEKRTNDDTGAKVTEREVLNHFANVIPSRRGKLGIQS 480 
                                                                             
 
MMCD            -------------------- 
Ehd3p           LCKIVCERKCEEVNDGLRWK 500 
 
!
!
!
!
!
!
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Supplemented Material and Methods 
 
TABLE M1. Escherichia coli, Saccharomyces cerevisiae and Agrobacterium tumefaciens strains used 
in this study. 
 

Strain Genotype Reference 
E. coli 
MACH1-T1R 

F– Φ80lacZΔM15 ΔlacX74 hsdR(rK–, mK+) ΔrecA1398 
endA1 tonA 

Invitrogen,  
Life Technologies 

E. coli 
ccdB survival 
2 TIR 

F- mcrA∆(mrr-hsdRMS- mcrBC) Φ80lacZ∆M15∆lacX 74 
recA1 ara∆139∆(ara- leu)7697galU galK rpsL (StrR) endA1 
nupG fhu2::IS2 

Invitrogen,  
Life Technologies 

S. cerevisiae 
BY4741 Mat a his3Δ leu2Δ met15Δ ura3Δ Euroscarf 

S. cerevisiae 
BY4742 Mat α his3Δ leu2Δ lys2Δ ura3Δ Euroscarf 

S. cerevisiae 
sym1Δ Mat a his3Δ leu2Δ met15Δ ura3Δ YLR251w::kanMX4 Euroscarf 

S. cerevisiae 
sym2Δ Mat α his3Δ leu2Δ lys2Δ ura3Δ YOR292c::kanMX4 Euroscarf 

S. cerevisiae 
cit2Δ Mat a his3Δ leu2Δ met15Δ ura3Δ YCR005c::kanMX4 Euroscarf 

S. cerevisiae 
cit3Δ Mat a his3Δ leu2Δ met15Δ ura3Δ YPR001w::kanMX4 Euroscarf 

S. cerevisiae 
icl2Δ Mat a his3Δ leu2Δ met15Δ ura3Δ YPR006c::kanMX4 Euroscarf 

S. cerevisiae 
cit2Δ sym1Δ 

Mat a his3Δ leu2Δ met15Δ ura3Δ YCR005c::kanMX4 
YLR251w::hygMX4 This study 

S. cerevisiae 
cit3Δ sym1Δ 

Mat a his3Δ leu2Δ met15Δ ura3Δ YPR001w::kanMX4 
YLR251w::hygMX4 This study 

S. cerevisiae 
icl2Δ sym1Δ 

Mat a his3Δ leu2Δ met15Δ ura3Δ YPR006c::kanMX4 
YLR251w::hygMX4 This study 

S. cerevisiae 
ehd3Δ Mat a his3Δ leu2Δ met15Δ ura3Δ YDR036c::kanMX4 Euroscarf 

S. cerevisiae 
xdj1Δ Mat a his3Δ leu2Δ met15Δ ura3Δ YLR090w::kanMX4 Euroscarf 

S. cerevisiae 
gsy1Δ gsy2Δ Mat α leu2 Δ trp1Δ ura3Δ gsy1::kanMX6 gsy2::natMX4 Baskaran et al., 2011 

A. tumefaciens 
GV3101 
pMP90 

C58 RifR, pMP90 (pTic58 ∆T-DNA, GentR) T-DNA transfer 

 
TABLE M2. Oligonucleotides used in this study. 
 

Name Sequence (5’!!3’) Target [Purpose] 
Cloning 

UCP2F F AAGCTTACCATGGCGGATTTCAA UCP2 (At5g58970) CDS w/o STOP 
[C-terminal fusion to His-tag] UCP2R R GGATCCATCGTACAAGACTTGTCTT 

JW103 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGA
GATAGAACCATGAAGTTATTGCATTTATATGAAGCG SYM1 (YLR251W) CDS w/STOP 

[N-terminal fusion to YFP] (GW) JW104 R GGGGACCACTTTGTACAAGAAAGCTGGGTCTTATTCG
ACCACGGGTGG 

JW109 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGA
GATAGAACCATGCCTCTTCAACTTTTTGGC SYM2 (YOR292C) CDS w/o STOP 

[C-terminal fusion to YFP] (GW) JW110 R GGGGACCACTTTGTACAAGAAAGCTGGGTCTTTAGAC
GCATTTCTCATCGAA 

Genotyping (according to euroscarf instructions) 
P78 R CTGCAGCGAGGAGCCGTAAT Kan_A 
P79 F TGATTTTGATGACGAGCGTAAT Kan_B 
JW48 F TGGTCTTTTCTCTCCGATGG SYM1 YLR251W_A 
JW49 R ATTAGACCAGTGGTACTGAGGTCTG SYM1 YLR251W_B 
JW50 F AGAGCAATGGTGGCCTACAC SYM1 YLR251W_C 
JW51 R CGGTAGCTGAAGAACAACAGG SYM1 YLR251W_D 
JW114 F AACCGGTGTAACACCCATACA SYM2 YOR292C_A 
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JW115 R TCTATAATGACTGGTAAATTTCCATAGG SYM2 YOR292C_B 
JW116 F TACAAGTTCTTGAATTTCTTTTACACTGA SYM2 YOR292C_C 
JW117 R GCCATCGATAAAAGGTTGGT SYM2 YOR292C_D 

Deletion 

SYM1F F tcttttgttattactataggaaagatagaattgatattaaaacagCGTACGC
TGCAGGTCGAC SYM1 (YLR251W) gene replacement 

SYM1R R tcttttgttattactataggaaagatagaattgatattaaaacagCGTACGC
TGCAGGTCGAC 

Abbreviations: F: forward (sense) primer; GW: Gateway; R: reverse (antisense) primer; 
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Abstract 
Peroxisomal fatty acid β-oxidation and glyoxylate cycle activity are important to 

convert storage oil to respiratory substrates and gluconeogenetic C-units for 

germination and seedling growth. During extended darkness β-oxidation and 

branched-chain amino acid (BCAA) catabolism are important to fuel plant respiratory 

metabolism, whereas in developmental senescence β-oxidation contributes to 

mobilize carbon reserves to seed sinks. Knowledge about transport across the 

peroxisomal membrane in these pathways is scarce. Here, we report on a putative 

transport function of the Arabidopsis thaliana Peroxisomal Membrane Protein of 22 

kDa (PMP22) by analysis of loss-of-function mutants during seedling establishment, 

developmental senescence and abiotic stress conditions. pmp22 mutants displayed 

inefficient storage oil mobilization and compromised adaptions to darkness-induced 

starvation, temperature variation and oxidative stress. Growth of pmp22 mutants was 

sensitive to the presence of BCAA and associated catabolites (e.g. isobutyrate, 

propionate, and acrylate). In hypocotyls of pmp22 mutants we observed peroxisome 

aggregates, which are suggested to represent non-functional, highly oxidized 

peroxisomes. Heterologous expression of PMP22 suppressed the growth phenotype 

of a yeast mutant defective in a metabolite channel. Due to similarities to BCAA 

catabolic mutants we discuss PMP22 function in export of the end product of 

peroxisomal BCAA conversion, 3-hydroxypropionate. 
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Introduction 
Our knowledge of transport proteins residing in the peroxisomal membrane is scarce 

compared to the diverse range of metabolite translocators reported for plastidic and 

mitochondrial membranes (Linka and Weber, 2010; Linka and Esser, 2012; Linka 

and Theodoulou, 2013). 

Plant peroxisomes are essential organelles and harbor pathways of central C 

metabolism. Most prominent roles are storage oil mobilization by fatty acid β-

oxidation and glyoxylate cycle activity during early seedling establishment and 

glycolate detoxification in the photorespiratory C2 cycle of photosynthetic leaves (Hu 

et al., 2012). In seedlings fatty acids are released from oil-body stored triacylglycerol 

(TAG), imported into peroxisomes and oxidized to acetyl-CoA units by β-oxidation. 

The glyoxylate cycle converts acetyl-CoA units to enable synthesis of carbohydrates 

or mitochondrial respiration. Therefore, malate synthase and citrate synthase 

produce C4 and C6 units by acetyl-CoA condensation to glyoxylate and oxaloacetate. 

Isocitrate lyase releases glyoxylate and succinate. Succinate is exported for 

consumption in the gluconeogenetic pathway or respiration (Graham, 2008). In the 

photorespiratory C2 cycle Ribulose-1,5-bisphosphate-carboxylase/oxygenase 

originated glycolate is converted to glyoxylate, which is transaminated to glycine and 

shuttled to mitochondria for decarboxylation (Reumann and Weber, 2006). 

Peroxisomes are involved in the recycling of Nitrogen from the N-source to sinks by 

an implication in purine degradation (Brychkova et al., 2008b; Werner and Witte, 

2011). In addition to high mass flux, these processes comprise intra- and 

extraperoxisomal reactions (Fig. 1). 
 

FIGURE 1. Network of Carbon 
and Nitrogen metabolic 
pathways implicated in 
transport of carboxylates or 

carboxylic-acid-CoA-esters 
across the peroxisomal 
membrane. BCAA: branched-
chain amino acid; TCA: 
tricarboxylic acid. 
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Substantial channeling of both substrates and cofactors across the peroxisomal 

membrane is needed to meet the metabolic requirements (Visser et al., 2007; 

Rottensteiner and Theodoulou, 2006; Linka and Theodoulou, 2013).  

Previously peroxisomal cofactor transport systems for ATP (Arai et al., 2008; Linka et 

al., 2008) and NAD/CoA (Bernhardt et al., 2012; Agrimi et al., 2012) were identified. 

The peroxisomal fatty acid ABC-transporter PXA1 was first identified due to 2,4-

dichlorophenoxybutyric acid (2,4-DB) resistance (Hayashi et al., 1998) and has been 

implicated in import of C2-C>22 monocarboxylic acids (Zolman et al., 2001b; Footitt et 

al., 2002; Nyathi et al., 2010; De Marcos Lousa et al., 2013). To date, other 

peroxisomal transport proteins are unknown. 

 

β-oxidation of fatty acids and branched-chain amino acid (BCAA) catabolites is 

important for alternative respiration in stressed plants (Araújo et al., 2011; Kunz et 

al., 2009; Araújo et al., 2010). Photosynthetic assimilates are limited in extended 

darkness and natural senescence conditions, therefore fatty acid and amino acid 

respiration are devoted to compensate for low carbon and energy status 

(Pracharoenwattana et al., 2005; Buchanan-Wollaston et al., 2005; Usadel et al., 

2008; Yang and Ohlrogge, 2009; Engqvist et al., 2011; 2009). The importance of β-

oxidation in mature leaves has further been demonstrated by sensitivity to extended 

darkness of pxa1  and mutants of peroxisomal 3-ketoacyl-CoA thiolase (KAT2; Kunz 

et al., 2009) and 3-hydroxyisobutyryl-CoA hydrolase (CHY1; Dong et al., 2009). 

CHY1 is needed for both fatty acid and valine catabolism (Zolman et al., 2001a). β-

oxidation enzymes and peroxisomal citrate synthase were transcriptionally induced in 

extended darkness as well as in developmental senescence (van der Graaff et al., 

2006; Breeze et al., 2011).   

 
The Arabidopsis Peroxisomal Membrane Protein of 22 kDa (PMP22) was identified 

as one of the first plant peroxisomal membrane proteins by subcellular fractionation 

(Tugal et al., 1999). Later immunofluorescence imaging (Murphy et al., 2003) and 

experimental proteomics (Eubel et al., 2008; Reumann et al., 2009) confirmed this 

finding. A putative functional orthologue of PMP22, mammalian Peroxisomal 

Membrane Protein 2 (Pxmp2), formed a water filled, porin-like channel in artificial 

lipid bilayers (Rokka et al., 2009). Pxmp2-/- peroxisomes displayed partial restriction 

of permeability to uric acid. In vitro characterization indicated Pxmp2 to be permeable 

to carboxylic acids such as pyruvate and 2-oxoglutarate (Rokka et al., 2009). Pore-
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forming activities in peroxisomal membrane fractions have also been described for 

yeast, mammals and protozoa (Van Veldhoven et al., 1987; Antonenkov et al., 2005; 

2009; Grunau et al., 2009; Gualdron-López et al., 2012). Reumann and coworkers 

(Reumann et al., 1995; 1996; 1997; 1998) described the presence of porin-like 

channels in spinach leaf peroxisomes and castor bean glyoxysomes. The postulated 

channel had a high-affinity binding site for small dicarboxylic anions and was 

proposed to facilitate flux though the photorespiratory and glyoxylate cycle. 

Mitochondrial PMP22 homologues, human MPV17 and the stress-inducible yeast 

MPV17 protein 1 (Sym1p), are involved in mtDNA maintenance. Mutations in MPV17 

cause the mitochondrial DNA depletion syndrome (MDSS), a genetically 

heterogeneous group of autosomal recessive disorders characterized by decreased 

mtDNA content, accompanied by reduction of mitochondrial respiration chain activity. 

Patients often die in infancy or early childhood. Baker’s yeast Sym1p formed a 

channel in artificial bilayers (Reinhold et al., 2012). sym1Δ was compromised in 

growth on medium with non-fermentable carbon sources under heat stress 

conditions. Overexpression of yeast endogenous membrane proteins Ymc1p or 

Odc1p suppressed the phenotype (Dallabona et al., 2010). These proteins belong to 

the Mitochondrial Carrier Family (MCF) and counter-exchange 2-oxodicarboxylates 

across the inner mitochondrial membrane and enable anaplerotic flux into the 

tricarboxylic acid (TCA) cycle (Fiermonte et al., 2001; Trotter et al., 2005). Literature 

reports point to a high probability of a role for MPV17/PMP22 proteins in 

transmembrane transport. 

Here, we describe PMP22 to genetically complement sym1Δ and propose PMP22 as 

plant peroxisomal pore-forming protein. We focus on the physiological importance of 

Arabidopsis PMP22 in seedling storage oil mobilization and alternative respiration in 

extended darkness. PMP22 was required for general peroxisome function. 

Furthermore PMP22 seemed to be required for optimal nutrient relocation in 

developmental senescence. We discuss whether PMP22 is a general diffusion pore 

for small solutes or specifically facilitates translocation of BCAA catabolites. Latter 

was indicated by similarity to chy1 and led to the hypothesis that loss of 3-

hydroxypropionate export in BCAA degradation could potentially cause pleotropic 

phenotypes. 

! !
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Results  
Identification of a novel β-oxidation transport protein 

We aimed to identify a protein that enables transport of small carboxylic acid across 

the peroxisomal membrane. To this end we screened microarray data for induced 

gene expression of membrane proteins in dark-treated and senescing leaf tissue, 

which are conditions of enhanced lipid catabolism and require export of 

peroxisomally generated dicarboxylates for cellular viability (Buchanan-Wollaston et 

al., 2005; Kunz et al., 2009; Yang and Ohlrogge, 2009; Troncoso-Ponce et al., 2013). 

We identified the Peroxisomal Membrane Protein of 22 kDa (PMP22) to exhibit the 

predicted pattern of upregulation in prolonged darkness, leaf ageing and natural 

senescence (Figure 2A).  

!
The Arabidopsis genome encodes ten marginally studied PMP22-type proteins 

BLAST analysis of the Arabidopsis proteome unraveled nine PMP22 paralogues 

(Figure 2B), hereafter referred to as PMP22-type proteins. The genes encode 

integral membrane proteins with at least four predicted transmembrane helices. With 

the exception of At1g52870 the proteins are characterized by the presence of the 57 

aa MPV17/PMP22 superfamily domain spanning the last two C-terminal 

transmembrane helices (Punta et al., 2012). Combined BLASTP and HMMER (Finn 

et al., 2011) analysis revealed the MPV17/PMP22 domain to be restricted to PMP22-

type genes in A. thaliana.  The region with the highest sequence conservation in 

PMP22-type proteins aligns with the first transmembrane domain and the following 

hydrophilic part of PMP22 (Figure S1). This region harbors two conserved amino 

acids, R54 and G67, which were essential for MPV17 function (Spinazzola et al., 

2006). Neighbour-Joining phylogenetic tree reconstruction revealed pairs of high 

sequence identity: At4g33905 and At2g14860 share 71 % identical aa residues, 

PMP22 and At4g14305 have 57 % sequence identity (thus hereafter referred to as 

PMP22-like) and At4g03410 is to 50 % identical to At1g52870.  The overall identity of 

PMP22-type proteins averages 22 %.  
!
PMP22-type proteins localize to plastids, mitochondria and peroxisomes 

Experimental proteomics suggested At2g42770 and At5g19750 to localize to the 

chloroplast envelope and At3g24570 to reside in mitochondrial membranes (Ferro et 

al., 2003; Froehlich et al., 2003; Zybailov et al., 2008; Klodmann et al., 2011). 

Subcellular localization predictions by sequence comparison suggested At1g52870 
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and At4g03410 to reside in plastidic membranes and At2g14860, At4g33905, 

At5g43140 are expected to localize to mitochondrial membranes (Schwacke et al., 

2003; Tanz et al., 2013).  

Subcellular localization of PMP22-like (At4g14305) was addressed by transient 

expression of N- and C-terminal EYFP fusion proteins in tobacco and analyzed by in 

vivo fluorescence microscopy. The signals colocalized with the fluorescence of the 

CFP-PTS1 peroxisome marker (Figure 2C).  

We revealed extraperoxisomal localization for mitochondria predicted At2g14860, 

At3g24570 and At5g43140 when the C-terminus was masked by EYFP fusion. 

At2g14860, At5g43140 signals displayed the mitochondrial fluorescence pattern of 

At3g24570, with a punctuate pattern of oval particles (ca. 1 µm in diameter, 

considerably smaller than peroxisomes) dispersed in the cell (Figure S2). 

 
FIGURE 2.  Analysis of PMP22 transcripts in response to dark and ageing, Phylogenetic 
reconstruction of PMP22-type proteins and colocalization of PMP22 and PMP22-like EYFP fusion 
proteins and CFP-PTS1 in tobacco epidermis cells. 
(A) Plot of mean PMP22 expression. PMP22 was induced upon shift to darkness, natural senescence 
and leaf ageing. Data for darkness and natural senescence was derived from van der Graaff et al. 
(2006) and rosette leaf ageing data was taken from Schmid et al. (2005). DAS: days after sewing.  
(B) Unrooted Neighbour Joining phylogenetic tree of A. thaliana PMP22-type family proteins including 
information on subcellular localization. Node labels represent Bootstrap values.  
(C) Confocal microscopic images of PMP22-YFP and PMP22-like-YFP localization taken from 
epidermis cells of 4-week-old tobacco leaves co-expressing the C-terminal YFP fusion protein and the 
peroxisomal marker CFP-PTS1. Scale bar: 10 µm. Chl: Chlorophyll autofluorescence 
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Reciprocal BLAST analysis indicated the conservation of an organelle specific 

isoform in chlorophyte and streptophyte lineages (Figure S3). To date there is no 

report ascribing a molecular function neither to the MPV17/PMP22 domain nor any of 

the PMP22-type genes in A. thaliana. Recently, At2g42770 was proposed as a 

putative photorespiratory transporter by co-expression analysis (Bordych et al., 

2013). Amino acid and cofactor metabolism co-regulation is shared within the 

PMP22-type family (Figure S3C).  

Pathway network based searches with ATTED-II (Obayashi et al., 2011) identified 

PMP22 expression to correlate with BCAA degradation, glyoxylate and dicarboxylate 

metabolism, fatty acid β-oxidation, α-linolenic metabolism, pyridine nucleotide cycling 

and sulfite oxidation.  
!
PMP22 interacts with PMP22-like 

To elucidate the role of two peroxisomal PMP22-type proteins in planta, we first 

profiled the tissue-specific expression of both genes (Figure 3A). PMP22 and 

PMP22-like transcript were detectable in roots, seeds, seedlings, leaves, and 

flowers, but, compared to PMP22, reduced by up to three orders of magnitude. Both 

PMP22 and PMP22-like were transcriptionally induced 15- and 5-fold in senescing 

leaf tissue, when compared to vegetative rosette leaves.  

 

Given the spatiotemporal co-existence of PMP22 and PMP22-like, we examined the 

physical interaction potential by in vivo bimolecular fluorescence complementation 

(Citovsky et al., 2006). Therefore intrinsically non-fluorescent split YFP protein 

sequences were translationally fused to the coding sequences of the candidate 

genes. nYFP and cYFP fusion-protein pairs were transiently coexpressed in 

Nicotiana tabacum along with the peroxisomal CFP-PTS1 marker. YFP fluorescence 

analysis showed that PMP22 and PMP22-like associate in planta as homo- and 

hetero-oligomers in the peroxisomal membrane, independent of a N- or C-terminal 

location of the split YFP entity (Figure 3B). Expression of nYFP or cYFP from the 

empty vector did not result in fluorescence complementation, though PMP22 

membrane topology suggested the bait halves at the termini of PMP22 and PMP22-

like to face cytosol (A. Meyer, unpublished). 
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FIGURE 3.  Analysis of tissue-specific abundance of PMP22 and PMP22-like transcripts, suppression 
of the sym1Δ growth phenotype by heterologous expression of At3g24570 and mtTP-PMP22 and 
bimolecular fluorescence complementation by interaction of PMP22 and PMP22-like in vivo 
(A) Plot of mean normalized expression (+SE; n=3) of PMP22 and PMP22-like in different tissues. 
PMP22 and PMP22-like were constitutively expressed but reached highest levels in in ageing leaves. 
PMP22-like is a low expressed gene and had highest expression in senescence.  
(B) Microscopic images of bimolecular fluorescence complementation of split YFP pairs fused to C- 
and N-termini of PMP22 and PMP22-like. YFP fluorescence indicated hetero- and homo-
oligomerisation of the proteins in vivo. Confocal microscopic images were taken from epidermis cells 
of 4-week-old tobacco leaves co-expressing the indicated split YFP fusion proteins and the 
peroxisomal marker CFP-PTS1. Scale bar: 10 µm. BiFC: bimolecular fluorescence (YFP) 
complementation 
(C) (left) Plot of mean sym1Δ growth rate (+SD; n=4) upon introduction of the empty vector, SYM1, 
At3g24570, PMP22 or mTP-PMP22 as estimated by fitting growth in Yeast extract/Bacto-peptone/2 % 
(v/v) ethanol to the Gompertz-growth equation (Zwietering et al., 1990). (right) Photograph of sym1Δ 
cells grown at 30°C/37°C on Yeast extract/Bacto-peptone/ 2 % (v/v) ethanol upon transgenic 
introduction of the empty expression vector, SYM1, At3g24570, PMP22 or mTP-PMP22. Cells were 
grown in YPD, serially diluted and spotted. Mitochondria re-targeted PMP22 genetically suppressed 
the heat sensitive sym1Δ phenotype on ethanol containing medium, as shown by the calculated 
growth rate at restrictive growth (left) and the dilution patch assay. Cells transformed with the empty 
vector (pDR195) were used as control. His: Hexahistidine-tag; HA: Hemagglutinin-tag; mTP: 
mitochondrial targeting peptide; pDR195: empty expression vector (Control); YP: Yeast extract-Bacto-
peptone 
 
!
PMP22 suppresses the phenotype of yeast with a defect in a pore-forming 
protein 
Two MPV17/PMP22 domain proteins were reported to form ion channels upon 

incorporation in artificial lipid bilayers: the peroxisomal Pxmp2 in mammals (Rokka et 

al., 2009) and baker’s yeast mitochondrial Sym1p (Reinhold et al., 2012). We 

assessed if pore-forming activity is an intrinsic feature of the PMP22 protein or 

requires association to PMP22-like. Pure fractions of recombinant PMP22-His were 

sufficient to detect channel-forming activity in vitro (Figure S4/S5). Furthermore, we 

aimed to restore sym1Δ growth by heterologous expression of PMP22. sym1Δ 

growth was shown to be compromised at 37°C with ethanol as sole carbon source 
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(Trott and Morano, 2004). Expression of the At3g24570 gene product (mitochondrial 

PMP22-type protein) suppressed this growth phenotype. PMP22 expression did not 

restore wild-type growth. Expression of the A. thaliana succinate-fumarate carrier 

(AtMSFC1; Catoni et al., 2003) mitochondrial targeting peptide translationally fused 

to PMP22 resulted in suppression of the sym1Δ phenotype (Figure 3C). Notably, the 

suppression was successful in absence of hetero-oligomerization with PMP22-like. 

This suggests PMP22 to form a pore in membranes as homo-oligomer and an 

involvement in metabolite channeling across the peroxisomal membrane.  

Conventional in vitro Liposome uptake studies (Linka et al., 2008; Bernhardt et al., 

2012) with import promoting substrate gradients across PMP22-proteoliposome 

membranes did not result in detectable uptake of labeled anions (Figure S7). Growth 

of an E. coli malate uptake mutant (Lo et al., 1972; Lee et al., 2008;) was not 

restored by inducing expression of PMP22 (Figure S8). 

 
Characterization of Arabidopsis pmp22 mutants  

To investigate the role of PMP22 and PMP22-like in planta we established 

homozygous A. thaliana T-DNA insertion lines: pmp22-1 (SALK_205443), pmp22-

like-1 (GABI-380B12) and pmp22-like-2 (SALK_052461; Figure 4A). Sequencing of 

the plant T-DNA border flanking regions revealed none of the integration sites to hit 

exons. In RT-PCR analysis pmp22-like-1 had no detectable full-length transcript 

(Figure 4B). pmp22-like-2 and pmp22-1 were knockdown lines with 10 % and 30 % 

residual transcript (Figure 4C). 

Simultaneously we used an RNAi approach to repress the expression of PMP22 or 

PMP22-like. We retrieved artificial miRNA sequences from the Web microRNA 

Designer 3 (WMD3; Ossowski et al., 2008; Schwab et al., 2006) and transgenically 

introduced constitutive repression of PMP22 or PMP22-like in Arabidopsis under 

control of the cauliflower mosaic virus 35S promoter. Screening of independent 

transgenic lines (T2) by quantitative RT-PCR detected up to ten-fold reduction of 

PMP22 or PMP22-like in rosette leaves, correlating with the presence of the 

respective miRNA (Figure 4C). Segregation analysis led to the identification of 

several homozygous lines.  

In early plant growth we did not observe phenotypic growth differences of either 

pmp22 or pmp22-like lines compared to wild types (Figure 5). Mature pmp22-2, 
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pmp22-6 and pmp22-8 displayed a reduced rosette diameter, smaller leaves and 

symptoms of premature senescence of oldest rosette leaves (Figure 4D). 

 
FIGURE 4.  T-DNA insertion/RNAi mutants of PMP22(-like) have reduced or absent transcript.  
(A) Gene structures of PMP22 and PMP22-like. (Open) boxes indicate (un-)translated regions. 
Triangles represent insertion sites of T-DNA lines for pmp22-1 (5’UTR) and pmp22-like-1 and pmp22-
like-2 (3rd Intron). The gene structure is based on information obtained from the TAIR database (http:// 
www.arabidopsis.org).  
(B) RT-PCR analysis of PMP22-like transcripts. pmp22-like-1 had no detectable full length transcript in 
six-week-old rosette leaves, whereas pmp22-like-2 still showed amplification of the full length 
transcript. NTC: non-template control 
(C) Plot of mean normalized expression (+SE; n=9) of PMP22 and PMP22-like in 6-week-old rosette 
leaves in RNAi and T-DNA mutants of pmp22 and pmp22-like. Lowest transcript of PMP22 was 
detected in pmp22-8: a miRNA line with ca. 10% residual transcript. The amount of cDNA template in 
each RT-PCR reaction was normalized to the signal from the ACT7. MNE: mean normalized 
expression  
(D) Photograph of 9-week-old pmp22 plants. 
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reillumination 
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response to environmental changes (Oxborough, 2004). In chy1-3 and pxa1-2 plants 

Col-0 pmp22-8 pmp22-9 pmp22-1 

C  D 

A 

0.1 kb 

pmp22-1 (SALK_205443) 

At4g04470 (PMP22) 

At4g14305 (PMP22-like) 

pmp22-like-1 (GABI-380B12) 

B 

NTC pmp22-like-1 Control 
ACT7 

PMP22-like full length 

PMP22-like 3’UTR 

RT-PCR 
pmp22-like-2 

Col-
0 l

ea
f

pm
p2

2-
1

pm
p2

2-
4

pm
p2

2-
8

pm
p2

2-
9

Col-
0 l

ea
f

SALK
_0

52
46

1

pm
p2

2-
lik

e-
5

pm
p2

2-
lik

e -
7

pm
p2

2-
lik

e1
3

0

50

100

150 PMP22 PMP22-like

M
N
E



 IV.2 Manuscript 2 
!
76 

PSII electron transport is sensitive to 50 h extended darkness (Figure 5, Figure S9; 

Dong et al., 2009; Kunz et al., 2009). We monitored PSII electron transport in four-

week-old pmp22 and pmp22-like plants after periods of prolonged darkness by 

Chlorophyll a fluorescence yield. First, we screened PSII activity in ten pmp22 

amiRNA lines exposed to 50 h darkness (Figure 5).  

 

 
FIGURE 5.  Morphology and PSII electron transport of Col-0, pmp22, pmp22-like and pxa1-2 in 
extended darkness and reillumination. 
(A) Photograph and false color images representing maximum quantum yield (QYmax) of Col-0, 
pmp22-8, pmp22-9 and pxa1-2 after the indicated duration dark exposure and 50 h darkness followed 
by 24 h reillumination. 
(B) Mean of maximum quantum yield (+SE; n = 5) of 10-d-old Col-0, pmp22, pmp22-like and pxa1-2 
subjected to 1 h, 50 h of darkness and 24 h reillumination after 50 h darkness. Differences between 
the mean of biological replicates were marked as statistically significant (t-test) with the Col-0 control 
by (*), (**) or (***) at respective significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
 

Three miRNA lines (pmp22-2, pmp22-6 and pmp22-8) showed significantly reduced 

maximum quantum yields in extended night compared to the wild type (Figure S10). 
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reduction after extending the dark period to 50 h. Such a drastic effect has not been 

observed for other miRNA lines such as pmp22-9. Screening of wild type and 

pmp22-like lines did not reveal such an effect (Figure S10).  

The reduction in chlorophyll contents in extended darkness confirmed the detected 

stress status for pmp22 lines (Figure S11). Extending the dark period to six days 

further revealed sensitivity of pmp22-3, pmp22-5 and pmp22-like-1 to extended 

darkness (Figure S10B). To summarize, reduced PSII activities confirm the 

hypothesized role of PMP22 in darkness stressed plants. 

 

Exploration of the GENEVESTIGATOR database (Zimmermann et al., 2004) 

revealed that PMP22 gene expression is upregulated upon cold stress, heat shock, 

low oxygen, drought, iron deficiency and nitrate starvation conditions. With respect to 

this finding we investigated PSII integrity in heat and cold stress conditions. We 

detected drastic reductions of maximum quantum yield for both abiotic stresses 

(Figure S12A). Furthermore, the heat shock resulted in large necrotic lesions 

dispersed across all rosette leaves of pmp22-1 and pmp22-8 plants (Figure S12B). 

These results accentuate the need of PMP22 function in dynamic environments in 

response to abiotic stress stimuli. 

!
!
Absence of PMP22 leads to a defect in storage oil mobilization 

Similar to PMP22, PXA1 is needed in the abiotic stress response of mature plants, 

but PXA1 is also indispensable for seedling growth (Zolman et al., 2001b). Next, we 

analyzed if PMP22 and PMP22-like support storage oil mobilization similar to PXA1. 

β-oxidation converts dichlorphenoxybutyric acid (2,4-DB) to the synthetic auxin 2,4-

dichlorophenoxyacetic acid (2,4-D), which inhibits root elongation (Estelle and 

Somerville, 1987) and renders root elongation of β-oxidation mutants 2,4-DB-

resistant (Hayashi et al., 1998). Hence, seedling primary root growth inhibition upon 

2,4-DB exposure mirrors β-oxidation rates. As shown in Figure 6A/B, the pmp22 root 

growth was less sensitive to 2,4-DB than the wild type. All mutant lines grew like the 

wild type or showed an even stronger response to the 2,4-D herbicide. pmp22-like 

lines did not exhibit 2,4-DB resistance (Figure 6C). Therefore, we dismiss PMP22-

like from a hypothetical function in seedling establishment and further focus on the 

role of the seemingly more important PMP22 isoform. For subsequent experiments, 

we employed mainly the pmp22-8 mutant, which displayed typical phenotypes.  
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FIGURE 6.  Mutants deficient in PMP22 are compromised in storage oil mobilization.  
(A)/(B)/(C) Representative photograph and mean root lengths (+SE; n > 30) of 7-d-old wild type, 
pmp22-1, pmp22-8, pmp22-9 and pmp22-like-1 grown in short-day conditions on half strength MS 
medium (Mock) or the same medium supplemented with 2,4-dichlorophenoxybutyric acid (2,4-DB) or 
2,4-dichlorophenoxyaceteic acid (2,4-D) 
(D)/(E) Photograph and mean hypocotyl lengths (+SE; n >30; left) of 7-d-old dark-grown wild type, 
pmp22-1, pmp22-8 and pmp22-9 grown on half strength MS medium or the same medium 
supplemented with sucrose. 
(F) Seed-oil specific eicosenoic acid content was measured in seeds and seedlings established in the 
absence of sucrose.  
Differences between the mean (SE) of three biological replicates were marked as statistically 
significant (t-test) with the SYM1 control by (*), (**) or (***) at respective significance levels of (P < 
0.05), (P < 0.01) or (P < 0.001). 

Postgerminative growth of many β-oxidation mutants was shown to be “sucrose 

dependent”, because wild-type growth was reached upon provision of exogenous 

sucrose. We tested the requirement of exogenous sucrose in pmp22 mutants by 

growing seedlings in the light or dark (Figure 6).  pmp22  seedlings did not exhibit a 

sucrose-dependent root elongation: 7-day-old seedlings vertically grown on agar 

plates without sucrose under short-day conditions were indistinguishable from the 

wild type. In contrast, hypocotyl elongation in the dark depended on sucrose, as only 

in presence of sucrose pmp22 hypocotyls reached wild-type length.  

We further analyzed the role of PMP22 in storage oil mobilization and measured the 

fatty acid contents in seeds and seedlings. Eicosenoic acid (C20:1) was determined 

to monitor TAG breakdown (Lemieux et al., 1990). In wild type seedlings, the level of 

eicosenoic acid dropped by 90 % five days after imbibition. In five-day-old pmp22 

seedlings, the eicosenoic acid level was only reduced by approximately 50 % (Figure 
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6F). This observation indicates pmp22 mutants to be able to mobilize storage oil, but 

reduction of PMP22 delays this process. 

 

FIGURE 7. Absence of PMP22 causes retention of oil bodies.  
Representative fluorescence images of 5-d-old dark grown hypocotyls of wild type, pmp22-1, pmp22-8 
and pmp22-9 on half-strength MS agar plates (left) or medium with 1 % (w/v) sucrose (right) stained 
with Nile Red. Scale bar: 20 µm. DIC: Differential Interference Contrast  
!
Eicosenoic acid is stored in TAG lipids that are stored in oil-bodies. We stained 5-

day-old etiolated seedlings with the neutral lipid dye Nile Red (Greenspan et al., 

1985). Fluorescence imaging revealed prolonged oil body retention in the hypocotyls 

of all analyzed pmp22 lines (Figure 7). To conclude, the reduced rate of peroxisomal 

β-oxidation in pmp22 seedlings inhibits lipolysis during early seedling growth. 

PMP22 is involved in acetate recycling during early seedling growth  

Peroxisomes are implicated in the conversion of exogenous acetate provided during 

seedling growth. This occurs independently of β-oxidation core-components (Turner 

et al., 2005). PXA1 was suggested to facilitate acetate import (Hooks et al., 2007). 

Intraperoxisomal acetate will be activated to acetyl-CoA and subsequently glyoxylate 

cycle enzymes conjugate acetyl-CoA to glyoxylate or oxaloacetate to release malate 

or citrate (Allen et al., 2011).  

Fluoroacetate (FAc) activation generates toxic fluoroacetyl-CoA, which undergoes 

transformation to the energy metabolism inhibitors fluoromalate or fluorocitrate 

(Proudfoot et al., 2006). Acyl-activating enzyme 7 mutants (aae7) and pxa1-2 have 

been shown to be resistant to FAc treatment (Turner et al., 2005; Hooks et al., 2007). 

Here, we report on enhanced FAc resistance in root growth in pmp22 and chy1-3 

(Figure 8), most likely due to reduced FAc conversion. This allows for the conclusion 
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that activity of PXA1, AAE7, malate synthase, or citrate synthase or export of fluoro-

carboxylic acids is compromised.  

 

 
FIGURE 8. Fluoroacetate (FAc) resistance of pmp22 and chy1-3. 
(A) Photograph and mean root lengths (+SE; n > 30; lower panel) of seven-day-old wild type, pmp22-
1, pmp22-8, and pmp22-9 grown in short-day conditions on half strength MS medium (Mock) or the 
same medium supplemented with fluoroacetate (FAc). 
(B) Photograph and mean root lengths (+SE; n > 30; lower panel) of 7-d-old wild type and chy1-3 
grown in short-day conditions on half strength MS medium (1 % (w/v) sucrose (Mock) or the same 
medium supplemented with fluoroacetate (FAc). 
Differences between the mean (+SE) of each treatment were marked as statistically significant (t-test) 
with the Col-0 control by (*), (**) or (***) at respective significance levels of (P < 0.05), (P < 0.01) or (P 
< 0.001). Scale bar: 5 mm. 
 

Peroxisomes aggregate in pmp22 hypocotyls 

It may be assumed that the defects in storage oil mobilization and fluoroacetate 

conversion are caused by a general dysfunctional peroxisome. Highly oxidized 

peroxisomes with inactive catalase and of general low catalytic capacity were shown 

to form aggregates prior to autophagic degradation (Shibata et al., 2013). This has 

also been reported for hypocotyls (Kim et al., 2013). Staining of pmp22 peroxisomes 

with the fluorescent dye BODIPY but also TEM imaging revealed altered peroxisome 

morphology. Peroxisomes were not dispersed within the cell in pmp22 hypocotyls but 

formed clusters (Figure 9A/B). Such an aggregation was not observed for the Col-0 
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control. This suggests peroxisomes to be damaged in the pmp22 mutant. pmp22 

seedlings were sensitive to exogenous hydrogen peroxide (Figure 9C), when 

catalase was inhibited by 3-amino-triazole (Havir, 1992). The evidence points to a 

decrease in the high affinity reactive oxygen species (ROS) detoxification system of 

peroxisome membrane bound ascorbate peroxidase and monodehydroascorbate 

reductase (Del Río et al., 2002) Furthermore, reduced glycolate oxidase activity was 

measured in pmp22-8 (Figure S13). 

!
FIGURE 9.  Aberrant peroxisome morphology in pmp22 hypocotyls and hydrogen peroxide sensitive 
root growth. 
(A) Microscopic image of BODIPY stained peroxisomes in 5-day-old Col-0, pmp22-8, and pmp22-9 
hypocotyls grown on half strength MS medium. Scale bar: 10 µM.  
(B) Transmission Electron microscopic observation of peroxisomes in 5-day-old Col-0, pmp22-8, and 
pmp22-9 hypocotyls grown on half strength MS medium. Asterisks mark peroxisomes. Scale bar: 1 
µM. 
(C) Root lengths (+SE; n > 15) of 14-d-old pmp22-1, pmp22-8, pmp22-9 relative to wild type, grown in 
short-day conditions on half strength MS medium supplemented with hydrogen peroxide (H2O2). 
Differences between the mean (SE) were marked as statistically significant (t-test) with the SYM1 
control by (*), (**) or (***) at respective significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
 

pmp22 root elongation is sensitive to BCAA presence 

To further test activity of pmp22 peroxisomes we transferred seedlings five days after 

radicle emergence to media supplemented with high levels of peroxisomal β-

oxidation substrates. We analyzed primary root length elongation as indicator for 
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plants were observed on: BCAA (isoleucine, leucine, valine), BCAA catabolites (3-

hydroxyisocaproic acid, 4-methylvaleric acid, isobutyric acid, propionic acid, acrylic 

acid), α-linolenic acid and the chlorophyll catabolite phytol (Figure 10, Figure S14-

S16). Reduced growth was also noted in presence of glycolate. In all aforementioned 

conditions pmp22 seedlings remained small and pale green or bleached and died. 
!
!
 
Peroxisomes are needed for nitrogen mobilization, due to action in purine-ring 

catabolism. Uric acid is converted to allantoin, a reaction that releases hydrogen 

peroxide in the peroxisome matrix (Parish, 1972; Harrison-Lowe and Olsen, 2006). 

Allantoin is then extraperoxisomally cleaved into ammonium and glyoxylate. 

Subsequently, glyoxylate enters the peroxisomal photorespiratory cycle. Provision of 

uric acid as sole N-source reduces pmp22 growth in comparison to the wild type. 

This is an indication for either reduced peroxisomal enzymatic activity or reduced 

channeling of substrates across the peroxisomal membrane. 

 

Notably, a few substrates of peroxisomal conversion did not lead to growth 

restrictions: glyoxylate, glycine, serine, lysine, malate and pimelic acid did not alter 

root length elongation (Reumann and Weber, 2006; Eisenhut et al., 2013; Engqvist et 

al., 2009; Magliano et al., 2011; Maruyama et al., 2012; Tanabe et al., 2011). 

Strongest sensitivity was detected upon exposure to BCAA catabolites, however not 

to 3-hydroxypropionate, the end product of peroxisomal BCAA conversion. 
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FIGURE 10.  Reduction of PMP22 led to compromised growth on propionate, isobutyrate, glycolate, 
valine, leucine, isoleucine and uric acid as sole N-source.  
(A) Photographs of 17-day-old Col-0, pmp22-1, pmp22-8 and pmp22-9 transferred (five days after 
radicle emergence) to half strength MS medium supplemented with 250 µM propionic acid, 2.5 mM 
glycolic acid, 7. 5 mM isoleucine, 1 mM leucine , 4 mM valine or without supplement (Control). Scale 
bar: 10 mm. 
(B) Mean root lengths (+SE; n > 15) of 17-day-old Col-0, pmp22-1, pmp22-8 and pmp22-9 grown in 
short-day conditions transferred (5 days after radicle emergence) to half strength MS medium 
supplemented with the indicated amount of carboxylic or amino acid. Differences between the mean 
(+SE) of three biological replicates were marked as statistically significant (t-test) with the Col-0 control 
by (*), (**) or (***) at respective significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
 

Peroxisomal BCAA degradation requires activity of the 3-hydroxybutyryl-CoA 

hydrolase CHY1 (Zolman et al., 2001a) and our analyses revealed chy1 as sensitive 

to fluoroacetate and reillumination after prolonged darkness as pmp22 (Figure S9). 
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Metabolite analysis reveals disturbed alternative respiration in stressed pmp22 

plants 

BCAA catabolism partially comprises peroxisomal β-oxidation and is known to be 

important for energy metabolism in prolonged darkness (Dong et al., 2009; 

Kochevenko et al., 2012; Araújo et al., 2011). pmp22 growth restriction to exogenous 

supply of BCAA and sensitivity to darkness indicated a role of PMP22 in BCAA 

catabolism. We profiled amino acids and carboxylic acids in dark stressed plants and 

compared pmp22 mutants to wild type and pxa1-2. PXA1 has been implicated with 

the import of acetate (Hooks et al., 2007) and there is a strong possibility that PXA1 

facilitates import of BCAA catabolites such as isobutyryl-CoA and propionyl-CoA (our 

own unpublished data). A principal component analysis (PCA) of amino acid levels 

revealed pmp22 metabolite variations to be different from the Col-0 control and in the 

same range as that of pxa1-2 in extended darkness conditions (Figure 11). This 

confirmed the results of disrupted seedling storage oil mobilization and points 

towards a role of PMP22 in β-oxidation or acetyl-CoA conversion. There is no severe 

difference in amino acids levels for the weaker pmp22 alleles (pmp22-1, pmp22-9) 

compared to the wild type in non-stress conditions, whereas a clear difference is 

apparent in the variations for the strong repressor line pmp22-8.  

At the end of the regular night we did not detect significant changes in amino acid 

levels of wild type, pxa1-2 and pmp22 (e.g. aspartate; Figure 12). 50 h of darkness 

led to higher abundance of aspartate in pxa1-2 and pmp22 lines, whereas aspartate 

pools seemed largely depleted in nine days of darkness in comparison to the wild 

type. Identical patterns were observed for branched-chain and aromatic amino acids, 

which have been proposed to support mitochondrial respiration in dark stress 

(Engqvist et al., 2009; 2011; Araújo et al., 2010). Nine-week-old pmp22-8 leaves 

displayed higher levels of BCAA and glycolate than the wild type. This was in line 

with the observation o premature senescence, as these molecules were reported for 

increase in senescing leave tissue (Figure S17; Watanabe et al., 2013).  

With respect to carboxylic acids, we noted significantly higher 2-oxoglutarate levels in 

extended darkness accompanied by low glutamate levels in pxa1-2 and pmp22, 

which suggests respiratory dysfunction or deficiency in nitrogen remobilization by 

transamination to glutamate. In nine days of darkness leaf 2-oxoglutarate and 

glutamate levels of pmp22-8 and pxa1-2 were lower than in the wild type. The same 

held true for succinate levels in extended darkness. We must expect altered 
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respiratory metabolism in pmp22 mutants and less ATP production. In a previous 

study pxa1-2 displayed a lower ATP/ADP ratio than the wild type in prolonged 

darkness longer than 24 h (Kunz et al., 2009). Consistent with reduced glucose 

levels in pmp22 it can be concluded that PMP22 is involved in provision of C-units 

anaplerotic to the TCA cycle. 
 

!
FIGURE 11. 2D-PCA score plot of amino acid levels. The plots were applied for the amino acids 
detected in Arabdidopsis extract. 
(A) End of the regular night amino acid data in a 2D-PCA score plot of Col-0, pmp22-1, pmp22-8, 
pmp22-9 and pxa1-2. Amino acids were measured by HPLC-DAD.  
(B) Extended darkness (50 h) (1), carbon starvation in 9 d darkness (2) and extended darkness (50 h) 
plus 24 h reillumination (3) amino acid data in a 2D-PCA score plot of Col-0, pmp22-1, pmp22-8, 
pmp22-9 and pxa1-2. Amino acids were measured by GC-MS.  
PCA was conducted by the MultiExperiment Viewer (Saeed et al., 2003). Biological replicates are 
encircled. PCA: Principal Component Analysis 
 
pmp22 seeds were filled with less nutrients 

In a simulated natural day with increasing light intensity the photosynthetic 

performance of three-week-old pmp22 plants was decreased, as evident in Figure 

S18 the photochemical quantum yield was reduced by up to 25 %. We hypothesized 

that this reduced photosynthetic capacity and the observed premature senescence 

were detrimental to biomass production and seed filling. To this end we analyzed 

seed quantity and quality.  
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!

FIGURE 12. Means of amino acids 
and carboxylic acid contents (+SE) 
of Col-0, pmp22-8, pmp22-9, and 
pxa1-2 at the end of the regulator 
night, 50 h darkness and nine days 
darkness. Leaf extracts of 4-week-
old plants were subjected to GC-MS 
or HPLC-DAD analysis for 
metabolite quantification. The data 
is shown in an arbitrary unit 
normalized to mg dry weight. 
Chlorophylla/b contents were used to 
normalize biological replicates. 
Differences between the mean of 
three biological replicates were 
marked as statistically significant (t-
test) with the Col-0 control by (*), 
(**) or (***) at respective 
significance levels of (P < 0.05), (P 
< 0.01) or (P < 0.001). EON: end of 
night. 
!
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 FIGURE 13.  Impact of PMP22 reduction on silique size, seed quantity and seed filling.  
(A) Mean silique lengths (+SE; n > 150) of 10-w-old wild type, pmp22-1, pmp22-8 and pmp22-9 
detemined 14 day after flowering. 
(B) Mean seed yield per plant (+SE; n = 15) of wild type, pmp22-1, pmp22-8 and pmp22-9. 
(C) Mean seed  weight (+SE, n  >3500) of wild type, pmp22-1, pmp22-8 and pmp22-9. 
(D) Mean seed size (+SE, n > 5000) of wild type, pmp22-1, pmp22-8 and pmp22-9. 
(E)/(F) Mean of fatty acid and protein content per seed (+SE, n = 4) of wild type, pmp22-1, pmp22-8 
and pmp22-9. 
(G) Mean of seed protein amino acids (+SE; n=3) of wild type, pmp22-1, pmp22-8 and pmp22-9 
quantified by LC-MS 
(H)-(L) Mean of aspartic acid, threonine, isoleucine, leucine and valine (+SE; n=3) of wild type, 
pmp22-1, pmp22-8 and pmp22-9 quantified by LC-MS. 
Differences between the mean (SE) of at least three biological replicates were marked as statistically 
significant (t-test) with the Col-0 control by (*), (**) or (***) at respective significance levels of (P < 
0.05), (P < 0.01) or (P < 0.001). 
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Reduced reproductive success has already been reported for pxa1 and the kat2-1 

allele of the core β-oxidation enzyme 3-ketoacyl-CoA-thiolase (Footitt et al., 2007a; 

2007b). The pxa1 alleles cts-1 and cts-2, but also kat2-1 displayed shorter siliques, 

which we also observed for pmp22. In case of pxa1 silique size reduction was linked 

to reduced fertility, because pollen tube germination and growth depends on energy 

provision by β-oxidation. In case of pmp22 shorter siliques size resulted in reduced 

seed biomass yield per plant (Figure 13A-C). Fatty acids levels were largely the 

same per seed but seeds displayed less protein, which corresponded to a reduced 

seed size (Figure 13D/E). Seed amino acids were significantly reduced for pmp22-8 

and pmp22-1 and especially BCAA were reduced by more than half of the wild-type 

level, which indicates PMP22 to be needed for optimal nitrogen mobilization 

(Figure13F-L). 

!
Germination potential is not reduced by reduction in PMP22 

To exclude the possibility that the observed hypocotyl elongation and storage oil-

mobilization defect in the dark is a consequence of a developmental defect caused 

by lowered seed quality prior to and during seed germination, we compared the 

germination of pmp22 seeds with that of the wild type. As detailed in Figure 14, 

germination rates were in the range of the wild type and the development of 

seedlings to emergence of true leaves was not delayed. 

 

!
!
FIGURE 14.  PMP22 germination potential and postgerminative developmental categories correspond 
to the wild type. Mean percentage (+SE; n > 400) of Col-0, pmp22-1, pmp22-8, and pmp22-9 
seeds/seedlings in the indicated developmental category per plate.   
!
!
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Discussion 
This study aimed to expand the knowledge of peroxisomal transport proteins. We 

identified PMP22 as a candidate to be involved in peroxisomal carboxylic acid 

transport and characterized the role of PMP22 in planta. We could show that PMP22 

activity provides protection from premature senescence and accumulation of harmful 

compounds or physiological states during extended darkness. Non-stressed, 3-week-

old pmp22 plants had mildly reduced PSII electron transport (Figure S18), whereas 

mature plants manifested premature senescence symptoms. In abiotic stress 

conditions PMP22 was required in both seedlings and adult plants for fatty acid β-

oxidation, glyoxylate cycle activity, photorespiratory glycolate oxidation, purine 

catabolism, BCAA respiration and optimal efficiency of membrane bound ROS 

detoxification systems (Figure 5-12). A general defect in peroxisome function was 

further confirmed by visualization of peroxisome aggregates in pmp22 mutants. 

Peroxisome clusters are suggested to represent highly oxidized organelles (Shibata 

et al., 2013; Kim et al., 2013). pmp22 growth was particularly sensitive to the 

presence of BCAA catabolites and to a minor extent to glycolic acid, uric acid as sole 

nitrogen source and fatty acids. Both intracellular alternative respiration in extended 

darkness and whole plant C/N relocation from source (leaves) to (seed) sinks in 

developmental senescence were disturbed (Figure 13). The latter was demonstrated 

by reduced protein contents in the seeds. Also pmp22 plants produced seeds filled 

with less BCAA. 

Yeast complementation suggests PMP22 to form a porin-like channel 

Reciprocal BLAST analysis unraveled two isoforms of Arabidopsis peroxisomal 

PMP22-type proteins in plant proteomes. Bimolecular fluorescence complementation 

indicated the capacity of these proteins to physically interact (Figure 3B), while 

sym1Δ phenotype suppression showed that hetero-oligomerisation is not prerequisite 

for functionality (Figure 3C). PMP22 might enable transport of metabolites through a 

porin-like channel. 
The mouse peroxisomal channel Pxmp2 forms a homotrimeric complex and the pore 

size allows for permeation of small anionic metabolites, such as glycolate, pyruvate 

and 2-oxoglutarate, when used as electrolyte solution in planar lipid bilayer 

experiments (Rokka et al., 2009). We subjected PMP22 to electrophysiological 

characterization using the artificial lipid-bilayer incorporation technique (Bartsch et 

al., 2013; Harsman et al., 2011). PMP22-His was isolated in high purity and 
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incorporated in lipid bilayers did result in two measureable channel activities (Figure 

S6). Incubation of the bilayer with the reconstitution detergent did not result in these 

channel activities, but did render the lipid bilayer highly prone to disruption. Chloride 

ion transport activity could be detected for both channel activities. Reports conducted 

by S. Reumann (Reumann et al., 1998) describe plant peroxisomal channels 

(spinach and castor bean) with permeability coefficient ratios indicating 20-25 fold 

preference of anion over cation transport. According to the data generated by 

Reumann et al. (1998) plants constitute an exception for the permeability properties 

in the eukaryotic kingdom for possessing a highly anion selective peroxisomal 

channel. PMP22 conductance matches the data reported for yeast, protozoa and 

mammals, describing unspecific pore-forming activity, majorly preferring cations in ex 

vivo assays. PMP22 did not exhibit typical voltage-dependent anion channel gating 

properties: the current at different holding potentials did not undergo transitions from 

high conducting open states to low current conducting states (Homblé et al., 2012). 

The transport of dicarboxylates through peroxisomal porin-like channel has been 

suggested for S. cerevisiae. Here, channel activity similar to that of Pxmp2 has been 

described (Antonenkov et al., 2009; Grunau et al., 2009). In vitro liposome assays 

and E. coli complementation studies did not suggest dicarboxylate translocation for 

PMP22, probably because the experimental set-up was inappropriate to monitor the 

PMP22 transport or due to a lack of protein modifications that are required for 

functionality. To conclude, electrophysiological analysis and suppression of the 

sym1Δ phenotype point to a high probability of PMP22 to form a metabolite channel.!
!
Loss of PMP22 function in planta influences photosynthesis in non-stress 

conditions 

We obtained transgenic pmp22 lines of diverse physiological readout. The reduction 

of the PMP22 amount sufficed to analyze potential functions, which indicates 

absence of analogous or redundant proteins. pmp22 mutations resulted in premature 

senescence (Figure 4; Figure S17). Interestingly pmp22-9 showed reduced 

peroxisomal activity in seedling-based assays. Treatment of adult pmp22-9 plants 

with up to 50 h darkness followed by reillumination never caused severe damage, 

which might reflect the incomplete suppression of this gene in mature plants. 

Furthermore, we detected this line to resemble the wild type in seed traits, which 

further confirms a reduced repression with onset of age. The T-DNA insertion mutant 

pmp22-1 frequently displayed darkness induced lethality, when kept in the dark for 
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50 h and also showed marked reduction of seed amino acid content. The measured 

reduced rate of photosynthesis of several lines might due to reduced 

photorespiratory metabolism, as evidenced by reduced glycolate oxidation activity 

(Figure S13). Furthermore, pmp22 plants had a reduced potential in ROS scavenging 

and it may be reasonable to suppose that PMP22 function is needed in the response 

to a diverse range of environmental stress. 

 
PMP22 is required for storage oil mobilization due to implication in β-oxidation 

and glyoxylate cycle 

pmp22 seedlings retained oil bodies but also showed more TAG derived eicosenoic 

acid (Figure 6/7). This phenotype is shared with other β-oxidation mutants and 

reflects defective lipolysis and reduced β-oxidation. Acyl-CoAs have been suggested 

to regulate lipolysis (Germain et al., 2001; Graham et al., 2002; Graham, 2008) 

pointing to a regulatory role of β-oxidation to lipolysis. 

The pmp22 plants are partially resistant to 2,4-DB root growth inhibition suggesting 

reduced conversion of the inactive precursor to the active auxin by β-oxidation. The 

degree of resistance is lower than that observed in known β-oxidation mutants, 

including pxa1 (Hayashi et al., 1998; Zolman et al., 2000; 2001b). PXA1 seems to be 

involved in the import of 2,4-DB, but an export system for 2,4-D was not found 

(Strader and Bartel, 2011; Hu et al., 2012).  Cell expansion in hypocotyls is driven by 

endogenous auxin, produced by peroxisomal β-oxidation of indole-butyric acid 

(Strader et al., 2010). The fact that pmp22 hypocotyl elongation depends on 

exogenous sucrose rules out that a disturbed auxin metabolism leads to the defect in 

pmp22 hypocotyl elongation. 

Auxin levels increase with onset of senescence and extraperoxisomal indole acetic 

acid (IAA) biosynthetic genes are upregulated during age-dependent leaf 

senescence (van der Graaff et al., 2006) and IAA represses some senescence 

associated genes (Noh and Amasino, 1999), which implies that auxin is a negative 

regulator of leaf senescence. The impact of β-oxidation generated IAA on 

senescence has not yet been addressed, but it appears that reduced rates of β-

oxidation would promote senescence, as seen for pmp22. Therefore, β-oxidation 

activity might not only delay senescence by minimizing of free fatty acid content and 

ROS induced stress (Kunz et al., 2009; Bieker et al., 2012) but potentially also by 

production of auxin. The observed premature senescence and hypocotyl elongation 
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could be explained by the requirement of PMP22 for functional β-oxidation, however 

this does not exclude the possibility that PMP22 is involved in export of IAA.  

pmp22 hypocotyl elongation resembles findings for the glyoxylate cycle malate 

synthase (MLS1) mutant. mls1 and pmp22 have no defect in germination and 

postgerminative growth in the light. Dark incubation however leads to reduced 

performance. In case of mls1 it is assumed that acetyl-CoA mobilization by citrate 

synthase is sufficient, when the photorespiratory pathway is instrumentalized for 

glyoxylate conversion (Cornah et al., 2004). Hypocotyl elongation defect and the 

resistance to FAc implicate PMP22 in preservation of activity of the glyoxylate or 

photorespiratory cycle or export of intermediates of these pathways to the cytosol. 

In pmp22 dark starvation may lead to accumulation of toxic free fatty acids, 

pheophorbide a and reactive oxygen species  

A reduced rate of lipid catabolism in extended darkness and natural senescence may 

be inferred in pmp22 due to the observed compromise in storage oil mobilization in 

pmp22 seedlings. Fatty acids serve as energy source in extended darkness (Usadel 

et al., 2008; Kunz et al., 2009) and natural senescence (Yang and Ohlrogge, 2009). 

In natural senescence and extended darkness lipase activity increases and releases 

free fatty acids (FFA; Buchanan-Wollaston et al., 2005; van der Graaff et al., 2006; 

Slocombe et al., 2009; Kunz et al., 2009). FFAs are detrimental to cells by 

mechanisms that eventually lead to energy deprivation and ROS production: FFA 

form protonophores, dissipate electrochemical gradients and interfere with activity of 

photosystems and the respiratory chain (Schönfeld and Wojtczak, 2008). We 

detected PSII damages in pmp22 after prolonged darkness. This could be caused by 

accumulation of FFA as assumed for pxa1-2 (Kunz et al. 2009). There is also 

evidence that the phototoxic chlorophyll catabolite pheophorbide a accumulates in 

pxa1 and kat2-1 (Kunz et al., 2009). The observed leaf damage and rapid photo-

bleaching following reillumination of pmp22 plants strongly resembles phenotypes of 

the pheophorbide a oxidase mutant (Pruzinská et al., 2003; Tanaka et al., 2003). 

Thus, pmp22 might be essential in darkness to support β-oxidation in preventing the 

accumulation of FFA and pheophorbide a. 

!
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PMP22 supports optimal mobilization of C/N in extended darkness and 
senescence 
Extended darkness and senescence shares the need of macromolecule degradation, 

nutrient salvage/translocation and detoxification of toxic catabolites (Lim et al., 2007). 

Production of citrate from fatty acids by combined action of β-oxidation and 

glyoxylate cycle has been postulated to support respiration (Buchanan-Wollaston et 

al., 2005; Pracharoenwattana et al., 2005; Kunz et al., 2009). In carbon starved 

pmp22 plants, reduction of TCA cycle intermediates 2-oxoglutarate and succinate 

substantiates a lack of peroxisomal produced citrate to support respiration. TCA 

pools are depleted in pmp22 and energy metabolism seems to be compromised by 

loss of Carbon supply by the fatty acid β-oxidation. Taken together the results from 

the FAc feeding and the lack of TCA intermediate availability indicate malfunctioning 

β-oxidation supported citrate synthesis. Either acetyl-CoA supply is shortened due to 

malfunctioning β-oxidation or reduced export of glyoxylate cycle compounds. 

In end of night conditions mitochondrial respiration is largely dependent on 

carbohydrate oxidation (Stitt and Zeeman, 2012). In extended darkness it has been 

shown that plant mitochondria break down alternative respiratory substrates. 

Autophagic mechanisms and proteasome activity were shown to release amino acids 

when there is a lack in carbohydrates (Bassham, 2007; Xiong et al., 2007). Lysine, 

aromatic and branched-chain amino acids donate electrons to the mitochondrial 

ubiquinone pool for oxidative phosphorylation. In pmp22 BCAA and aromatic amino 

acid pools are much lower than in the wild type, indicating enhanced proteolysis in 

the wild type or premature consumption for alternative respiration in pmp22.  

Amino acid respiration is linked to nitrogen recycling and requires cooperation of 

peroxisomes, mitochondria, chloroplasts and the cytosol (Araújo et al., 2011). Less 

activity in nitrogen mobilization was observed in pmp22 as seen by an increased 2-

oxoglutarate/glutamate ratio, reduced seed protein or amino acid content. Wild types 

displayed more glutamate, the major N transport metabolite (Potel et al., 2009).  

Another macromolecule that is degraded in senescence is DNA. Peroxisomes are 

involved in nucleic acid breakdown via the conversion of urate to (S)-allantoin and 

this requires exchange of urate and allantoin across the peroxisomal membrane is 

required (Werner and Witte, 2011). An involvement in this transport process was 

reported for Pxmp2 (Rokka et al., 2009). Enzymes involved in this pathway share 
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phenotypes with pmp22, e.g. a xanthine dehydrogenase (XDH) mutant is sensitive to 

cold and extended darkness (Brychkova et al., 2008a). In plants the activity of XDH is 

enhanced with age (Hesberg et al., 2004; Nakagawa et al., 2007) and catabolic 

products of purine, the ureides, are considered as long-distance transport nitrogen 

metabolites (Tegeder, 2014). We observed reduced growth of pmp22 with uric acid 

as sole nitrogen source and less nitrogen stored in the form of proteins and amino 

acids in pmp22 seeds. 

After peroxisomal uric acid conversion, the last steps of ureide breakdown take place 

in the ER, resulting in the formation of glyoxylate, which is thought to be converted by 

peroxisomal enzymes of the photorespiratory pathway to glycine or serine (Winkler et 

al., 1987). In bacteria aminotransferase activity couples purine degradation to amino 

acid recycling as a source of nitrogen and carbon (Ramazzina et al., 2010). Alanine-

glyoxylate aminotransferase (AGT) isoforms of Arabidopsis could adopt a 

comparable role in planta. One of three described AGT isoforms has been proven to 

be localized to peroxisomes; the other two carry at their C-terminal end canonical 

PTS1 sequences SKM> and SRI> (Liepman and Olsen, 2001; 2003). The substrate 

specificities of these enzymes have not been extensively studied.  

A putative involvement of PMP22 in uric acid import or allantoin export function would 

be in accordance with the observed premature senescence and defects in seed filling 

but also with the co-expression networks. PMP22 shows strong co-expression with 

transaminase activity, glyoxylate, dicarboxylate, and amino acid metabolism.  

Natural senescence is the final stage of plant development and has been shown to 

substantially limit plant biomass and seed yield (Gregersen et al., 2013). pmp22 

displayed premature senescence and reduced reproductive features, which is why 

we propose PMP22 to be a negative regulator of senescence. A longer duration of 

senescence has been proposed to enhance seed yield and seed filling with nutrients 

(Egli, 2011). pmp22 seeds revealed reduced contents of amino acids and lacked 

especially BCAA. We hypothesize this to be due to consumption of amino acids in 

respiration but also due defective C/N mobilization.  Interestingly the finding of 

shorter siliques was already shown for the β-oxidation mutant kat2-1 and pxa1 

(Footitt et al., 2007a; 2007b). It was shown that siliques are shortened due to a lack 

in fertility, because male gametophytes rely on β-oxidation for germination and pollen 

tube elongation. This indicates β-oxidation to govern reproductive fitness by energy 

provision. 
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Toxicity of feeding and autophagic degradation of peroxisomes 
In pmp22 high levels of amino acids led to growth inhibition, which has not been 

observed for wild types. pmp22 was sensitive to feeding of a wide variety of 

substrates that harbor the potential to peroxisomally release acrylyl-CoA. 

A similar phenotype has been reported for mutants in 3-hydroxyisobutyryl-CoA 

hydrolase CHY1 (Zolman et al., 2001a; Lange et al., 2004; Dong et al., 2009). Also 

pmp22 and chy1 share impaired storage oil mobilization and sensitivity to cold and 

dark stress. It was assumed that in chy1 toxic methylacrylyl-CoA molecules are 

sequestered in the peroxisome or leak to the cytosol. chy1 mutants exhibit reduced 

KAT activity (Lange et al., 2004), which is thought to arise from methylacrylyl-CoA 

inhibition. KAT structure analysis revealed KAT activity to be regulated by a redox 

switch (Pye et al., 2010). chy1 displays high ROS levels (Dong et al., 2009) and 

these might also account for KAT inhibition. Probably analysis of chy1 will also reveal 

highly oxidized peroxisomes in aggregates and chy1 might as well display heat 

sensitivity, as heat is known to trigger ROS formation (Larkindale et al., 2005). 

 

Comparison of pmp22 and chy1 led to development of a model of PMP22 function in 

BCAA catabolism (Figure 15).  This model would allow for explanation of the 

probably pleiotropic phenotypes that were seen. The model proposes PMP22 to 

export 3-hydroxypropinate and prevent peroxisomes from accumulation of toxic 

enoyl-CoA and supports respiration of amino acids by converting generation of 

reduction equivalents and carbon units that can enter the TCA cycle. Also this would 

require channeling of substrates across the mitochondrial membrane and suggests a 

function of mitochondrial PMP22-type proteins in this pathway. Notably, expression 

of At3g24570 led to suppression of sym1Δ and could facilitate 3-hydroxypropionate 

import into the mitochondrial matrix. 

 
Conclusion 
In contrast to mammals, where Pxmp2 knockout has a very mild phenotype plant 

metabolism is highly dependent on PMP22 function. PXA1 has been shown to import 

a wide range of metabolites, which are broken down to acetyl-CoA and propionyl-

CoA units, which are further metabolized to dicarboxylates or 3-hydroxypropionate 

(Graham, 2008). Here, we identified PMP22 to potentially contribute to export of 

short-chain carboxylic acids. Future research will reveal if PMP22 is specific for 
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export of BCAA catabolites or facilitates translocation of a wide variety of carboxylic 

acids across the peroxisomal membrane. Here, we provide evidence that PMP22 is 

needed for optimal storage oil mobilization, survival of extended darkness and 

degradation of BCAA oxidation products and optimal seed filling. 
 

 
FIGURE 15.  Hypothetical model of PMP22 function in propionyl-CoA degradation mediated by 3-
hydroxypropionate export. The acylic acid propionate or more specifically its CoA ester (propionyl-
CoA) derived from odd-chain fatty acids or isoleucine and isobutyryl-CoA derived from valine 
catabolism are metabolized to 3-hydroxypropionate (3-HPA) and 3-hydroxyisobutyrate (3-HIBA) 
respectively by peroxisomal β-oxidation. In the model intermediates are simplified (Acyl-CoA: 
propionyl-CoA/isobutyryl-CoA; Enoyl-CoA: Acrylyl-CoA and Methylacrylyl-CoA; 3-Hydroxyacyl-CoA: 3-
Hydroxypropionyl-CoA/3-Hydroxyisobutyryl-CoA; 3Hydroxyacylate: 3-HPA and 3-HIBA).  Inside 
mitochondria 3-HIBA is converted to propionyl-CoA, which reenters peroxisomes to be oxidized to 3-
HPA. The 3-HPA is converted to acetyl-CoA by mitochondrial enzymes, fueling the TCA cycle or 
converted to pyruvate. Enzymes: (A) Acyl-CoA synthetase, (B) Acyl-CoA oxidase, (C) Enoyl-CoA 
hydratase, (D) Hydroxyacyl-CoA hydrolase, (E) Hydroxyacid dehydrogenase, (F) (Methyl) malonate 
semialdehyde dehydrogenase, (G) β-Alanine aminotransferase 
 

In field conditions mutations in PMP22 are likely to be selected against, because 

glyoxylate cycle action would be vital for the successful establishment of buried 

seedlings and adaption to abiotic stress is a prerequisite to survive in a changing 

environment. It will be interesting to see if PMP22 represents a bottleneck in the 

proposed implications and if overexpression will then lead to optimized responses to 

abiotic stress responses and prevent stress-induced senescence to enhance plant 

productivity. 
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Material and Methods 
Chemicals were purchased from Sigma-Aldrich. Reagents and enzymes for 

recombinant DNA techniques were obtained from Clontech, Invitrogen, New England 

Biolabs and Promega.  

 

Cloning procedures and generation of pmp22 miRNA mutants 

For cloning sequences were retrieved from TAIR10 (www.arabidopsis.org) or SGD 

(www.yeastgenome.org). Arabidopsis genes were amplified from cDNA. S. 

cerevisiae genes were amplified from gDNA. miRNA target sites were identified by 

following the instructions on http://wmd3.weigelworld.org. 35S:amiRNA constructs 

were cloned as described by Schwab et al. (2006) with primers NL412-419 (Table 

S1). The PCR amplification product, including the specific miRNA, was cloned into 

the pHannnibal vector (Wesley et al., 2001) and the expression cassette was 

subsequently ligated into the NotI site of the T-DNA binary vector pART27 (Gleave, 

1992). DNA sequences were verified by DNA sequencing (GATC Biotech AG). 

Transformation of Arabidopsis was conducted according to the floral-dip method 

(Clough and Bent, 1998) with Agrobacterium tumefaciens GV3101 pMP90 (Koncz et 

al., 1989). Transgenic plants were selected based on kanamycin resistance (50 

µg/mL) conferred by the nptII gene present in pART27. 

 

Isolation of T-DNA insertion lines 

Arabidopsis thaliana mutants were obtained from the Nottingham Arabidopsis Stock 

Centre: SALK_205443 (pmp22-1), SALK_052461 (pmp22-like-2) and SALK_019234 

(pxa1-2) and the GABI-Kat project of the Bielefeld University: GABI_380B12 (pmp22-

like-1). chy1-3 (Zolman et al. 2001) was provided by Bethany Zolman. To identify 

homozygous T-DNA insertion lines, genomic DNA was isolated by the method of 

Edwards et al. (1991) and genotyped using gene-specific primer pairs and a primer 

pair for the T-DNA/gene junction (Table S1).  The T-DNA position was verified by 

sequencing.  

 

(quantitative) Reverse transcriptase-polymerase chain reaction 

RNA was isolated from different A. thaliana tissues after a protocol developed by 

(Chomczynski and Sacchi, 1987). RNA integrity was determined on a 1 % agarose 

gel. Prior to cDNA synthesis, RNA was treated with RNase-free RQ1-DNase 
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(Promega) as recommended by the manufacturer. The PMP22(-like) transcripts were 

examined via quantitative reverse transcription PCR (qRT-PCR). For this analysis the 

messenger RNAs (mRNAs) of the total RNA were transcribed into complementary 

DNAs (cDNAs) using the Superscript III RNase H- Reverse Transcriptase (Invitrogen, 

Life Technologies GmbH). The cDNA synthesis was performed according to the 

manufacturers’ instructions. The resulted cDNA pools were used as template for 

PCR or Real-time PCR with gene-specific primers (listed in Table S1). Transcript 

levels in Arabidopsis were determined by qRT-PCR with the MESA-SYBR-Green II 

Kit without ROX (Eurogentec Germany GmbH) according to the manuals instructions, 

run with the Standard SYBR-Green protocol of the StepOnePlus™ Real-Time PCR 

System (Applied Biosystems, Life technologies Corporation). The BLACK 

oligonucleotides published by Czechowski et al. (2005) were used as reference 

primer pair. 

 

Plant cultivation 

Seeds were surface sterilized, stratified for 4-7 days at 4°C and germinated on 0.8 % 

(w/v) agar-solidified half-strength MS medium (Duchefa) (with 1 % (w/v) sucrose, if 

indicated). Plants were incubated in a 16-h-light/8-h- dark cycle (22/18°C) in growth 

chambers (100 µmol m-2 s-1 light intensity).  

For the analysis of seedling growth, plants were grown on half-strength MS agar 

plates supplemented with or without sucrose in constant darkness or in short-day 

conditions (8-h light/16-h dark cycles). After the indicated period, seedlings were 

photographed or scanned and roots or hypocotyls were measured using IMAGEJ 

(http://rsbweb.nih.gov/ij). Plate additives were added from solutions adjusted to pH 

5.6. For extended darkness treatments, 25-30 day old plants were subjected to 

prolonged night conditions at the start of the regular night for the time indicated. To 

determine seed parameters plants were grown randomized and the position of plant 

trays was systematically rotated to minimize light effects. 

 

Yeast complementation studies 
The sym1Δ knockout mutant deficient in the Stress inducible yeast MPV17 protein 1 

(Sym1p) was purchased from euroscarf Frankfurt (Acc no. Y05160; Table S2). For 

complementation studies, the ORFs of At5g24570 and At4g04770 were integrated 

into pAG426 (Alberti et al., 2007, Addgene) or a modified pDR195 (Rentsch et al., 
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1995) containing the Arabidopsis MSFC1 (At5g01340) mitochondrial targeting 

peptide CDS (Table S1) after in between promoter and multiple cloning site was 

fused to PMP22 by ligation of a synthetic adapter. In addition, the coding sequence 

of SYM1 was PCR-amplified from genomic DNA of the lab yeast strain INVSc1 

(Invitrogen) and a pAG423 yeast expression construct was obtained.  

Yeast was cultivated using standard YPD media and transformed with the expression 

constructs using the lithium acetate method (Schiestl and Gietz, 1989). The 

transformants were selected on synthetic complete minimal medium lacking uracil 

(SC-Ura). For yeast complementation studies, the transformed knockout mutants 

were analyzed on SC-Ura agar plates using lauric acid as the sole carbon source 

(Palmieri et al., 2001). 

Localization studies by transient tobacco transformation 

PMP22(-like) coding sequences were cloned into pUB series vectors (Grefen et al., 

2010). Transient expression for localization studies in Nicotiana benthamiana and 

Nicotiana tabacum was done as described in Breuers et al. (2012). Three days after 

co-infiltration epidermal cells were analyzed with a Laser scanning microscope Zeiss 

510 Meta or Olympus Fluoview1000. 

 

Oil-body staining 

Lipid bodies of 4-day-old etiolated seedlings were stained with Nile Red, as 

previously described by Linka et al. (2008) and images were recorded with a 

Olympus Fluoview1000 Laser scanning microscope. 

 

BODIPY visualization of peroxisomes 

Peroxisomes were stained and visualized in five-day-old seedlings with the BODIPY 

fluorescent dye as described by Landrum et al. (2010). 

 
TEM Imaging 

Ultrastructure of organelles in hypocotyl cells of 5-day-old hypocotyls by TEM 

analysis was done as described in Aung and Hu (2011). 

 

PAM fluometry 

In vivo chlorophyll a fluorescence assays were performed using the FluorCam FC 

800-C (Photon Systems Instruments). 25-30 day-old dark-treated plants were taken 
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directly out of the growth cabinet and used for fluorescence measurements. To 

investigate defects in the photosynthetic apparatus standard settings of the 

manufacturer’s software were used. 

 
Fatty acid profiling  

Fatty acids were analyzed following conversion to methyl esters after Browse et al. 

(1986). Fatty acid methyl esters were analyzed by gas chromatography on a DB23 

column (30 m × 0.25 mm × 0.2 mm; J&W Scientific) and detected by flame ionization. 

Fatty acid content is expressed relative to the internal standard C17:0. The samples 

were analyzed with three independent biological replicates of each five pooled 

seeds/seedlings. Plants were stratified for five days and transferred to an 8-h/16-h 

light/dark cycle at 100%µE%m−2%s−1 at 22°C/18°C. Plant material was harvested in the 

middle of the light period. 

 

Leaf metabolite analysis 

Preparation of samples for metabolic analysis was performed as described in Fiehn 

(2006). Samples were harvested by shock freezing rosette leaves in liquid nitrogen. 

Leaves were ground in liquid nitrogen, freeze dried and 5 mg of leaf powder was 

used for extraction with 1.5 ml of pre-chilled (–20°C) mixture of H2O/methanol/CHCl3 

(1:2.5:1) containing 50 µM ribitol. Following incubation under gentle agitation for 6 

min at 4°C on a rotating device, samples were centrifuged for 2 min at 20,000 g. 50 

µL of the supernatant were dried and used for further analysis by gas 

chromatography/electron-impact time-of-flight mass spectrometry, as previously 

described (Lee and Fiehn, 2008). Extracts were additionally subjected to amino acid 

analysis by high-performance liquid chromatography (ZORBAX Rapid Resolution HT 

Eclipse Plus C18, 2.1 x 50 mm, 1.8 µm column) coupled to a diode array detector 

(DAD). Metabolite content is expressed relative to the internal standard ribitol. 

Chlorophyll was quantified from methanol extract according to Lichtenthaler and 

Wellburn (1983) and used for normalization of biological replicates. All samples were 

analyzed with three independent biological replicates.  

 

Seed amino acid quantification  

Seed amino acids were analyzed as described in Gu et al. (2012). 

 



 IV.2 Manuscript 2 
!
101 

Protein quantification 

Seed protein was isolated by grinding in extraction buffer (10 % (v/v) glycerol, 1 % 

(v/v) β-mercaptoethanol, 100 mM Tris, 1 mM phenylmethanesulfonylfluoride,  0.1 % 

(v/v) Troton-X-100). After centrifugation the seed protein supernatant was purified 

and quantified with the Compat-Able BCA protein Assay Kit (Thermo-Scientific). 

 

Bioinformatic and statistical analyses 

Phylogenetic trees were constructed with the MEGA5 software (Tamura et al., 2011). 

PCA score plots were generated with the Multiple Experiment Viewer (Saeed et al., 

2003). Statistical analyses and Gompertz-growth rate fit were performed with 

GraphPad Prism 5.0. Quantitative analysis results are presented as means +SE from 

repeated experiments as indicated in the figure legends. Pairwise Student’s t test 

was used to analyze statistical significance. 

 

Supplemented data 

Fig. S1 ClustalW2 multiple sequence alignment of Arabidopsis thaliana PMP22-

type family proteins 

Fig. S2 Extraperoxisomal localization of mitochondria predicted PMP22-type 

family proteins encoded by At3g25570, At5g43140 and At2g14860 

Fig. S3 Analysis of PMP22-type sequence conservation in selected plant 

proteomes.  

Fig. S4 Co-regulation categories of Arabidopsis PMP22-type genes PMP22 

(At4g04470), At2g42770, At5g19750 and At5g43140 

Fig. S5 Purification and structure analysis by CD-spectroscopy of recombinant 

PMP22-His in DDM micelles and PMP22-His proteoliposome flotation 

assay 

Fig. S6 Electrophysiological characterization of planar lipid bilayer incorporated 

PMP22-His 

Fig. S7 In vitro PMP22-His proteoliposome transport assays with radiolabeled 2-

oxoglutarate, malate and sulfate. 

Fig. S8 E. coli CBT315 growth phenotype suppression assay by heterologous 

expression of PMP22 

Fig. S9 Analysis of chy1-3 in prolonged darkness and upon reillumination 

Fig. S10 Photosystem II electron transport monitored by chlorophyll fluorescence 
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in Col-0, pmp22 and pmp22-like after dark treatment. 

Fig. S11 Chlorophyll contents in Col-0, pmp22-1, pmp22-8, pmp22-9 and pxa1-2 

after exposure to darkness. 
Fig. S12 Photosystem II electron transport monitored by chlorophyll fluorescence 

and leaf morphology in Col-0, pmp22-1, pmp22-8, pmp22-9 and pxa1-2 

after changes in the temperature. 
Fig. S13 Glycolate oxidase activity (+SE; n=3) in seedlings of Col-0, pmp22-1 and 

pmp22-8 

Fig. S14 Mean root length (+SE) of Col-0, pmp22-8 and pmp22-9 after exposure 

to Glycine, lactic acid, malic acid, glyoxylic acid, pimelic acid, 3-

hydroxyisocaproic acid, 4-methylvaleric acid and lysine. 

Fig. S15 Growth of Col-0, pmp22-1, pmp22-8 and pmp22-9 on half strength MS 

medium with acrylic acid. 

Fig. S16 Growth of Col-0, pmp22-1, pmp22-8 and pmp22-9 on half strength MS 

medium with Phytol 

Fig. S17 Levels of isoleucine, leucine, valine, glycolic acid and uric acid in natural 

senescent leaves of Col-0 and pmp22-8 
Fig. S18 Photosynthetic capacity of Col-0, pmp22-1, pmp22-2 and pmp22-8 

monitored by chlorophyll fluorescence (photochemical quantum yield, 

Phi2) with light intensity of a simulated natural day (highest light intensity 

by midday) 

Supplemented Material 
Table S1 Oligonucleotides used in this study 

Table S2 Escherichia coli, Agrobacterium tumefaciens and Saccharomyces 

cerevisiae strains used in this study 

Supplemented Methods 
Supplemented References 
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Supplemental Results 
!
PMP22           ------------------------------------------------------------ 
PMP22-like      ------------------------------------------------------------ 
At2g14860       ---------------------------------------------------MSRALFRNV 9 
At3g24570       ------------------------------------------------------------ 
At4g33905       ---------------------------------------------------MTGALFRNA 9 
At5g43140       --------------------------------------------------MNIVGLSKRF 10 
At2g42770       ------------------------------------------------------------ 
At5g19750       -------------------------------------------------------MLNSI 5 
At1g52870       MAAASLHTSISPRSFLPLSKPSLKPHRSQILLRNKQRNCVSCALIRDEIDLIPVQSRDRT 60 
At4g03410       MAAL----CCCPTTIIVSGKVSSRIKTAGPLPR-----------------INPFKNQKRL 39 
 
 
PMP22           ------------------------------------------------------------ 
PMP22-like      ------------------------------------------------------------ 
At2g14860       AVDTARLIRRNAAASTDQYGKTG---------VAQSRP-------------------YFR 41 
At3g24570       ------------------------------------------------------------ 
At4g33905       ASDAARIFRLQRATMTNPFGKLDPLPIGGNIQRLQSRP-------------------FYR 50 
At5g43140       FSDRRSLHGINNALLKTVFTGRKPILG----FSGRSIH-------------------ELR 47 
At2g42770       ---------MDALGGCGGAGGFWGWNGFDQRRKKKSSG-------------------DRG 32 
At5g19750       TLTRKPPLPFNSVGFSGNHSSSFGRRTITEGSSSKALSFGYKNVGSLKCGRSNWPGRSGT 65 
At1g52870       DHEEGSVVVMSTETAVDGNESVVVGFSAATSEGQLSLEGFPSSSSSGADLGDEKRRENEE 120 
At4g03410       ITERRNLIVKS---IIEDREAIDVKNDNFKAEEELSED------------------KVED 78 
                                                                             
 
PMP22           ----------------------MGSSPPKKTTLQ-----------------RYLSQLQQH 21 
PMP22-like      ------------------------MSDLAKDAWR-----------------KYLIQLQAH 19 
At2g14860       SRQLLERAKETGVSPSPSLGFSSSSSPSRIGFVG-----------------WYLGMVKSH 84 
At3g24570       MLKLWRWYQRCLTVHPVKTQVISSGFLWGFGDVT----------------AQYITHSTAK 44 
At4g33905       TPQFLGKAKETGVSGFCSSSSSSSSTVSTAGFIG-----------------WYLGMVKSR 93 
At5g43140       KTGNFVIPRVFSVSRNLTTKASSSSS-KQPAFLR-----------------WYLRKLESH 89 
At2g42770       KKRNSGSSDSVDVSRDAGGYRFPLKQAVTAGALT-------------------FTGDTIA 73 
At5g19750       AFGHLVRVSAVPGGNSGGSGGLGGSGGGGGGSGGGGGDGSDGKGKKWSLLSWYQALLSNS 125 
At1g52870       MEKMIDRTINATIVLAAGSYAITKLLTIDHDYWHGWTLFEILRYAPQHNWIAYEEALKQN 180 
At4g03410       TDRLMSRGINAAIVLAAGTVAVTKLLTIDHDYWQGWTLYEILRYAPEHNWFAYEQILKTN 138 
 
 
PMP22           PLRTKAITAGVLSGVSDVVSQKLS--GIQKIQLRRVLLKVIFAGGFLGPAGHFFHTYLDK 79 
PMP22-like      PLRTKAITAGVLAGCSDAIAQKIS--GVKRIQFRRLLLLMLYGFAYGGPFGHFFHKLMDT 77 
At2g14860       PVVTKSVTSSLIYIAADLSSQTIAKTSSESYDLVRTARMGGYGLFVLGPTLHYWFNFMSR 144 
At3g24570       RRLLRLTETNKDADADAEIKVKWKQDAEFKVNWKRVAITSMFGFGFVGPVGHFWYEGLDK 104 
At4g33905       PVLTKSVTSSLIYIAADLSSQTIPQASVDSYDLVRTARMGGYGLLILGPTLHYWFNLMSS 153 
At5g43140       PFMTKSITTSVIYMAADLTSQMITMEPTGSFDLIRTARMASFGLIFLGPSQHLWFSYLSK 149 
At2g42770       QLSGRWKKRTALKQSSSELDEGELWNIFSEHDWIRALRMSSYGFLLYGPGSYAWYQFLDH 133 
At5g19750       PVLTKAVTAALLNLVGDLICQLTIN-KTSSLDKKRTLTFTFLGLGLVGPTLHFWYLYLSK 184 
At1g52870       PVLAKMVISGVVYSVGDWIAQCYEGKPLFEIDRARTLRSGLVGFTLHGSLSHFYYQFCEE 240 
At4g03410       PVLAKMAISGIVYSLGDWIAQCYEGKPLFEFDRTRVLRSGLVGFTLHGSLSHYYYQFCEA 198 
                    :                          :  *       .    *.  : :.   .  
 
PMP22           FFKG-----KKDTQTVAKKVILEQLTLSPLNHLLFMIYYGVVIERTPWTLVRERIKKTYP 134 
PMP22-like      IFKG-----KKGNSTVAKKVLLEQLTSSPWNNFLFMSYYGLVVEGRPWKLVKHKLGKDYP 132 
At2g14860       LFP------KQDLITTFKKMAMGQTIYGPIMTVIFFSLN-ASLQGERGSVILARLKRDLL 197 
At3g24570       FIKLKLRYVPKSTRFVAAKVAMDGLIFGPVDLLVFFTYM-GFATGKNTAEVKEGLKRDFL 163 
At4g33905       LFP------KRDLITTFKKMAMGQTVYGPAMNVVFFSLN-AALQGENGSEIVARLKRDLL 206 
At5g43140       ILP------KRDVLTTFKKIMMGQVLFGPVSNTVFYSYN-AALQGENSEEIVARLKRDLL 202 
At2g42770       SLP------KPTATNLVLKVLLNQVILGPSVIAVIFAWN--NLWLGKLSELGNKYQKDAL 185 
At5g19750       VVT------ASGLSGAVIRLLLDQFVFAPIFVGVFLSAV-VTLEGKP-SNVIPKLQQEWT 236 
At1g52870       LFP------FQDWWVVPVKVAFDQTVWSAIWNSIYFTVL-GFLRFESPISIFKELKATFL 293 
At4g03410       LFP------FQEWWVVPAKVAFDQTVWSAIWNSIYFTVL-GLLRFQSPADIFSEIKTTFL 251 
                 .                :: :     ..    :                :          
 
PMP22           TVQLTAWTFFPVVGWINYKYVPLHFRVILHSLVAFFWGIFLTLRARSMTLALAKAK---- 190 
PMP22-like      TIQLTAWKFWPIVGWVNYQYVPLQFRVLFSSFVASCWSIFLNLKARSPVIKN-------- 184 
At2g14860       PALFNGVMYWPLCDFITFRFFPVHLQPLVSNSFSYVWTIYMTYMANREKPVAIST----- 252 
At3g24570       PALALEGGAWPLLQIANFRYVPVQYQLLYVNIFCLVDSAFLSWVEQQKDAAWKQWFTSSF 223 
At4g33905       PTMLNGVMYWPLCDFITFKFCPVYLQPLVSNSFSYLWTIYITYMASRATPTAIEI----- 261 
At5g43140       PTLKNGLMYWPVCDFVTFKYVPVHLQPLMNSSCAYIWTIYLTYMANQTKADS-------- 254 
At2g42770       PTLLYGFRFWVPVSILNFWVVPLQARVAFMSMGSVFWNFYLSSTMSK------------- 232 
At5g19750       GAMIANWQLWIPFQFLNFRFVPQNYQVLASNVVALAWNVILSFAHKEVVAK--------- 287 
At1g52870       PMLTVG----SFGHLLI------------------------------------------- 306 
At4g03410       PMLTAGWKLWPLAHLVTYGVIPVDQRLLWVDCIELIWVTILSTYSNEKAEAQASEETNSS 311 
 
 
PMP22           ------------ 
PMP22-like      ------------ 
At2g14860       ------------ 
At3g24570       QPLKERGGQGGV 235 
At4g33905       ------------ 
At5g43140       ------------ 
At2g42770       ------------ 
At5g19750       ------------ 
At1g52870       ------------ 
At4g03410       SHSSED------ 317 

FIGURE S1. Pairwise 
ClustalW2 multiple 
sequence alignment 
of A. thaliana PMP22-
type family proteins. 
Predicted membrane 
spanning regions 
were underlined (Tm 
consens, Schwacke et 
al. 2003). Asterisks 
mark highly conserved 
amino acid positions. 
!

!
!
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FIGURE S2. Microscopy images showing extraperoxisomal localization of YFP fused mitochondria 
predicted PMP22-type family proteins encoded by At3g25570, At5g43140 and At2g14860. YFP fusion 
proteins display punctate fluorescence signals (C-terminus masked by EYFP) that did not colocalize 
with the peroxisome CFP-PTS1 marker (Linka et al. 2008). Confocal images were taken from 
epidermis cells of 4-week-old tobacco leaves co-expressing the peroxisomal marker and target gene-
EYFP fusion proteins. Scale bar: 5 µm. 

 
FIGURE S3. Analysis of PMP22-type sequence conservation in selected plant proteomes. 
(A) Reciprocal BLASTP analysis of PMP22-type family protein in proteomes of sequenced plants and 
algae downloaded from the PLAZA website (http://bioinformatics.psb.ugent.be/plaza/; Proost et al. 
2009). Primary sequence similarity of positive reciprocal best blast hits is represented by a colored 
field, which follows the indicated code.  
(B) Neighbour joining tree of the two best BLASTP hits of PMP22 and PMP22-like in Physcomitrella 
patens, Selaginella moellendorfii, Oryza sativa, Brachypodium distachyon, Zea mays, Ricinus 
communis, Carica papaya, Theobroma cacao, Glycine max and Arabidopsis lyrata. PMP22 and 
PMP22-like clades are marked by dashed circles. Node labels represent bootstrap values. 
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FIGURE S4. Co-regulation categories of Arabidopsis PMP22-type genes PMP22 (At4g04470), 
At2g42770, At5g19750 and At5g43140. Data was downloaded from the AthCoR@CSB.DB database 
(Steinhauser et al., 2004). OPPP: oxidative pentose-phosphate pathway; TCA: tricarboxylic acid 
 
 
 
 
 
FIGURE S5 (next page). Purification and structure analysis by CD-spectroscopy of recombinant 
PMP22-His in DDM micelles and PMP22-His proteoliposome flotation assay. 
(A) Workflow of purification and setup of planar lipid bilayer measurements. Detergent treatment 
solubilizes membrane proteins from native membranes and enables affinity chromatographic isolation 
of proteins. Purified proteins are reconstituted in small unilamellar vesicles by dialysis, dilution, size-
exclusion chromatography or bead addition to minimize interference of detergent in planar lipid bilayer 
experiments. Proteoliposomes are added to a lipid-bilayer separated measurement chamber and 
fused to the artificial lipid-bilayer. Electrophysiogical properties can be determined upon fusion of the 
liposomes to the bilayer membrane.  
(B) Coomassie stained SDS-PAGE analysis of PMP22-His FPLC purification from DDM solubilized S. 
cerevisiae FGY217 membranes (load).  Non-specifically bound protein was washed from the Ni-NTA 
matrix with up to 100 mM imidazole (wash).  PMP22-His eluted at high purity from the columns with a 
concentration of 250 mM imidazole in the buffer (elution). Hexahistdine-tag specific antiserum 
confirmed the predominant protein in the eluate to be full length PMP22-His. PMP22-His degradation 
were not observed. 
(C) Far-UV circular dichroism (CD) spectrum of PMP22-His in DDM micelles (in 10 mM Tris-NaOH 
(pH 8), 500 mM (NH4)2SO4, 0.1 % (w/v) DDM). The background spectrum of the buffer was 
subtracted. 
(D) CD spectrum analysis revealed a predominantly α-helical conformation of PMP22-His in DDM 
micelles.  
(E) Nycodenz gradient flotation analysis to verify successful incorporation of PMP22-His into 
proteoliposomes by Calbiosorb detergent removal. Calbiosorb detergent removal originated (PMP22-
His Proteo-)Liposomes were mixed with 80% Nycodenz and a step gradient with decreasing 
Nycodenz concentration was prepared on top. Upon centrifugation a turbid ring was observed at the 
interphase between 0 and 10% Nycodenz. Proteins in the fractions were precipated and subjected to 
immunoblot analysis, showing that the addition of Calbiosorbs leads to detection of PMP22-His in the 
liposome fraction. As negative control detergent solubilized protein and mixed Triton-X-100 
phosphatidylcholine micelles were incubated in the absence of Calbiosorbs: upon density gradient 
centrifugation PMP22-His was not found in the upper fraction. 
!
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FIGURE S6. Electrophysiological characterization of planar lipid bilayer incorporated PMP22-His. 
(A) Image of the septum (approximately 100 µm) in a polytetrafluorethylene foil of an Ionovation 
compact lipid bilayer measurement chamber in an aqueous environment. 
(B) Images of the process of lipid bilayer formation in the Ionovation compact system. Organic solvent 
dissolved lipid was applied to the septum with a Hamilton syringe. Subsequent lifting and lowering of 
the buffer level led to reduction of the annulus surrounding the bilayer. A bilayer suitable for 
electrophysiological analysis had a capacitance above 30 pF.  
(C)/(E) Current vs. voltage plots of single insertion events after addition of PMP22-His 
proteoliposomes. PMP22-His incubation led to two measureable channel activities (left panel and right 
panel). The reversal potential (UREV) of the activity is indicated above the plot.  
(D)/(F) Recordings of the above-described insertion events at 0 and 10 mV holding potential. 
Recordings were performed at asymmetric electrolyte solution conditions (250 mM KCl in cis and 20 
mM KCl in trans). 
(G) Description of the insertions events upon addition of PMP22-His proteoliposomes to the lipid 
bilayer. PA/PC ratio of anion over cation permeability coefficient. 
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FIGURE S7. In vitro PMP22-His transport assays with radiolabeled 2-oxoglutarate, malate and sulfate.!
(A) Coomassie stained SDS-PAGE analysis of PMP22-His by Ni-NTA batch purification upon Brij-35 
solubilization. Wheat germ extract expressed protein (Load) was bound to Ni-NTA beads, 
unspecifically bound protein was removed by washing with 100 mM imidazole (Wash) and PMP22-His 
was eluted with 250 mM imidazole (Elution). The enriched PMP22 protein was subsequently 
integrated in liposomes by detergent dilution and freeze-thaw cycling. 
(B) Influx studies of 14C-labelled 2-Oxoglutarate in the 4 mM in the extraliposomal medium into 
PMP22-His or PXMP2 proteoliposomes. Ni-NTA was purified from Wheat germ extract expressed 
protein. As control IMAC purified wheat germ extract incubated with the empty vector was 
reconstituted as well as Wheat germ extract purified PXMP2. 
(C) 14C Malate antiport studies with 30 mM malate inside liposomes and 300 µM malate in the outside 
medium. Protein derived from desalted wheat germ extracts. 
(D) 35S sulfate antiport studies with 20 mM sulfate inside liposomes and 1 mM sulfate in the outside 
medium. Proteoliposomes were produced from yeast membrane (FGY217) isolations. 

 
 
FIGURE S8. Plot of E. coli CBT315 growth in 
M9 minimal medium with malate (2% w/v) as 
sole carbon source. The CBT315 strain is 
unable to grow in the medium. The wild-type 
strain (K12) grew, the derivative CBT315 strain 
did neither grow with the PMP22-His 
expression vector nor when transformed with 
the empty vector (EV control). PMP22-His 
expression was induced in the cells by addition 
of 1mM IPTG.  
!
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FIGURE S9. Morphology and PSII electron transport of Col-0, chy1-3 and pxa1-2 in extended 
darkness and reillumination. 
(A) Photograph and false color images representing maximum quantum yield (QYmax) of 3-week-old 
Col-0, chy1-3 and pxa1-2 after the indicated duration of darkness exposure and 50 h darkness 
followed by 24 h reillumination. 
(B) Mean of maximum quantum yield (+SE; n = 3) of three-week-old Col-0, chy1-3 and pxa1-2  
subjected to 1 h, 50 h of darkness and 10 h reillumination after 50 h darkness. Differences between 
the mean of biological replicates were marked as statistically significant (t-test) with the Col-0 control 
by (*), (**) or (***) at respective significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
(C) Photograph of 14-d-old Col-0 and chy1-3 in half strength MS medium with 1% (w/v) sucrose 
incubated for five days in the dark and reilluminated for 10 h. 
!
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FIGURE S10. Photosystem II electron transport monitored by chlorophyll fluorescence in Col-0, 
pmp22 and pmp22-like after dark treatment. 
(A) False color image representing maximum quantum yield (QYmax) of Col-0, pmp22, pmp22-like 
and pxa1-2 in response to darkness (50 h) and 24 h reillumination after 50 h darkness. 
(B) Mean of maximum quantum yield (+SE; n>15) of 10-day-old Col-0, pmp22 and pmp22-like 
subjected to 6 days of darkness. Differences between the mean (+SE; n>3) of at least three biological 
replicates were marked as statistically significant (t-test) with the Col-0 control by (*), (**) or (***) at 
respective significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
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Figure S11. Mean chlorophyll concentration (+SE; n = 3) of 3-week-old and 9-week-old (Natural 
senescence) Col-0, pmp22-1, pmp22-8, pmp22-9 and pxa1-2 after exposure to darkness. Differences 
between the mean (SE) of three biological replicates were marked as statistically significant (t-test) 
with the Col-0 control by (*), (**) or (***) at respective significance levels of (P < 0.05), (P < 0.01) or (P 
< 0.001). 
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FIGURE S12. Photosystem II electron transport monitored by chlorophyll fluorescence and leaf 
morphology in Col-0, pmp22-1, pmp22-8, pmp22-9 and pxa1-2 after changes in the temperature. 
(A) Mean of maximum quantum yield (+SE, n = 4) of Col-0, pmp22-1, pmp22-8, pmp22-9 and pxa1-2 
after heat or cold treatment. Differences between the mean (SE) of at least three biological replicates 
were marked as statistically significant (t-test) with the Col-0 control by (*), (**) or (***) at respective 
significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
(B) Photograph of leaves 24 h after application of last heat stress (1 h 48°C, 2 h RT, 3 h 48°C). 
Necrotic lesions were visible. 
 

!
FIGURE S13. Mean glycolate oxidase activity (+SE, n = 3) 
relative to the Col-0 control of pmp2-1 and pmp22-8. Protein 
was extracted from 6-d-old seedlings. Differences between the 
mean (SE) of three biological replicates were marked as 
statistically significant (t-test) with the Col-0 or 0 µM control by 
(*), (**) or (***) at respective significance levels of (P < 0.05), (P 
< 0.01) or (P < 0.001). 
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FIGURE S14. Mean root length (+SE, n > 15) of 17-d-old Col-0, pmp22-8 and pmp22-9 grown in 
short-day conditions transferred (5 days after radicle emergence) to half strength MS medium 
supplemented with the indicated amount of glycine, lactic acid, malic acid, glyoxylic acid, pimelic acid, 
3-hydroxyisocaproic acid, 4-methylvaleric acid and lysine. Differences between the mean (SE) of three 
biological replicates were marked as statistically significant (t-test) with the Col-0 control by (*), (**) or 
(***) at respective significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
 
 

!
FIGURE S15. Photographs of 14-day-old Col-0, pmp22-1, pmp22-8 and pmp22-9 grown in short day 
conditions transferred (5 days after radicle emergence) to half strength MS medium supplemented 
with the indicated amount of acrylic acid (upper panel) or seven-day-old seedling germinated on half 
strength MS medium with 50 µM acrylic acid (lower panel). Scale bar: 10 mm. 
!
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!
FIGURE S16. Photographs of 12-day-old (upper panel) and 24-day-old Col-0, pmp22-1, pmp22-8 and 
pmp22-9 transferred (5 days after radicle emergence) to half strength MS medium supplemented with 
the indicated amount of Phytol in 0.25 % ethanol. Scale bar: 10 mm. 
!
!
!

!
FIGURE S17. Mean levels (+SE; n 
=3) of isoleucine, leucine, valine, 
glycolic acid and uric acid in natural 
senescent leaves of Col-0 and 
pmp22-8. Leaf extracts of 9-week-
old plants were subjected to GC-MS 
analysis for metabolite 
quantification. The data is shown in 
an arbitrary unit normalized to mg 
dry weight. Chlorophylla/b contents 
were used to normalize biological 
replicates. Differences between the 
mean (SE) of three biological 
replicates were marked as 
statistically significant (t-test) with 
the SYM1 control by (*), (**) or (***) 
at respective significance levels of 
(P < 0.05), (P < 0.01) or (P < 0.001). 
!
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!
FIGURE S18. Photosynthetic capacity of Col-0, pmp22-1, pmp22-2 and pmp22-8 monitored by 
chlorophyll fluorescence (photochemical quantum yield, Phi2) with light intensity of a simulated natural 
day (highest light intensity by midday). 
!
! !
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Supplemented!Material!
!
 
TABLE S1. Oligonucletides used in this study. 
 

Name Sequence (5’!!3’) Target [Purpose] 
Cloning 

JW1 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAG
GAGATAGAACCATGGGATCTTCACCACCGA 

PMP22 (At4g04470) CDS (GW) 

JW2 R GGGGACCACTTTGTACAAGAAAGCTGGGTCCTTAGC
CTTTGCCAAAGCTAGTG 

PMP22 (At4g04470) CDS w/o STOP (GW) 
[C-terminal fusion to (split)YFP, His or HA tag] 

JW3 R GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACTT
AGCCTTTGCCAAAGCTAGTG 

PMP22 (At4g04470) CDS w/ STOP (GW) 
[N-terminal (split)YFP fusion, protein expression]  

NL425 F CACACAAGCTTACCATGGGATCTTCACCACCGAAG PMP22 (At4g04470) CDS 
[Inducible Yeast expression with C-terminal His-tag] NL411 R CACACGGATCCCTTAGCCTTTGCCAAAGCTAGTG 

JW39 F NNNCGCGGCCGCATGGGATCTTCACCACCGA PMP22 (At4g04470) CDS [Constitutive Yeast 
expression amplified from pIVEX1.3::PMP22-His] JW41 R NNNCCGCGGGCCGCCATATGCATCCTA 

NL408 F CACACACCATGGGATCTTCACCACCGAAG PMP22 (At4g04470) CDS w/ STOP [Wheat germ 
extract expression] NL450 R CACACGAGCTCTCACTTAGCCTTTGCCAAAGCT 

NL408 F CACACACCATGGGATCTTCACCACCGAAG PMP22 (At4g04470) CDS w/o STOP [Wheat germ 
extract expression with C-terminal His tag] NL411 R CACACGGATCCCTTAGCCTTTGCCAAAGCTAGTG 

JW44 F NNNCTCGAGATGGGATCTTCACCACCGA PMP22 (At4g04470) CDS 
[E. coli expression with C-terminal His-tag] JW71 R NNNAGATCTTTAATGATGATGATGATGATGTGCTGC

TGCCTTAGCCTTTGCCAAAGCTAGTG 

JW4 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAG
GAGATAGAACCATGGCGGATCTTGCTAAAGACGC 

Cloning of PMP22-like (At4g14305) CDS (GW) 

JW5 R GGGGACCACTTTGTACAAGAAAGCTGGGTCCGCGT
TTTTGATCACCGG 

Cloning of PMP22-like (At4g14305) CDS w/o STOP 
[C-terminal fusion to (split)YFP, His or HA tag] (GW) 

JW6 R GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACG
CGTTTTTGATCACCGG 

Cloning of PMP22-like (At4g14305) CDS w/ STOP 
[N-terminal (split)YFP fusion] (GW) 

JW7 F NNNCCATGGCACCTGCGGCGTCC Cloning of Mus musculus Pxmp2 CDS  
[Wheat germ extract expression] JW9 R NNNCCCGGGCTACTTCCCCAGAGACGCCAGGT 

JW10 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAG
GAGATAGAACCATGGTGAAGCTTTGGAGATGGTAC Cloning of At3g24570 CDS w/o STOP  

[C-terminal fusion to YFP, Yeast expression] (GW) JW11 R GGGGACCACTTTGTACAAGAAAGCTGGGTCTACTCC
GCCTTGGCCAC 

JW96 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAG
GAGATAGAACCATGAGCAGAGCATTGTTCAGG Cloning of At2g14860 w/o STOP 

[C-terminal fusion to YFP] (GW) JW97 R GGGGACCACTTTGTACAAGAAAGCTGGGTCGGTTG
AAATTGCGACTGGTT 

JW100 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAG
GAGATAGAACCATGAATATCGTTGGATTGAGCA Cloning of At5g43140 w/o STOP 

[C-terminal fusion to YFP] (GW)  JW101 R GGGGACCACTTTGTACAAGAAAGCTGGGTCGCTGT
CAGCTTTCGTCTGGT 

JW102 F GGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGA
GATAGAACCATGAAGTTATTGCATTTATATGAAGCG Cloning of SYM1 (YLR251W) w/o STOP 

[Yeast expression] (GW) JW103 R GGGGACCACTTTGTACAAGAAAGCTGGGTCTTCGAC
CACGGGTGGATAAT 

JW37 F tcgaAGCTTACCATGGCGACGAGAACGGAATCGAAGA
AGCAGATTCCGCCGGAGCTGTCGACTCTCGAG MSFC1 (At5g01340) mitochondrial targeting peptide 

adapter ligated into XhoI site of pDR195 JW38 R tcgaCTCGAGAGTCGACAGCTCCGGCGGAATCTGCTT
CTTCGATTCCGTTCTCGTCGCCATGGTAAGCT 

miRNA cloning 
NL412 F gaTAATGCGACCAGGCTGTCCAActctcttttgtattcca PMP22 (At4g04470) I miR-s 
NL413 R agTTGGACAGCCTGGTCGCATTAtcaaagagaatcaatga PMP22 (At4g04470) II miR-a 
NL414 F agTTAGACAGCCTGGACGCATTTtcacaggtcgtgatatg PMP22 (At4g04470) III miR*s 
NL415 R gaAAATGCGTCCAGGCTGTCTAActacatatatattccta PMP22 (At4g04470) IV miR*a 
NL416 F gaTACATACTGATAATTAGCCCActctcttttgtattcca PMP22-like (At4g14305) I miR-s 
NL417 R agTGGGCTAATTATCAGTATGTAtcaaagagaatcaatga PMP22-like (At4g14305) II miR-a 
NL418 F agTGAGCTAATTATCTGTATGTTtcacaggtcgtgatatg PMP22-like (At4g14305) III miR*s 
NL419 R gaAACATACAGATAATTAGCTCActacatatatattccta PMP22-like (At4g14305) IV miR*a 

Genotyping & (quantitative) RT PCR 
P46 R TGGTTCACGTAGTGGGCCATCG SALK T-DNA Left border (LBa1) 
JW31 R CCCATTTGGACGTGAATGTAGACAC GABI_KAT T-DNA Left border 
JW131 F CTCCTGTGACGGTTTTTGGT pmp22-1 SALK_205443 gene specific JW132 R ACCACCGGGAAAAACTGTGA 
JW124 F GTATGGCTTTGCTTATGGAGG pmp22-like-1 GABI380B12 gene specific JW125 R CCATGCGGTTAACTGGATAG 
NL452 F GAGAGACTGCAATGTTTCTGTGA pmp22-like-2 SALK_052641C gene specific NL453 R TTTTTCAGGCGATCACTGC 
P67 F TTCAATGTCCCTGCCATGTA At5g09810 cDNA/gDNA positive control gDNA test / 

RT-PCR P68 R TGAACAATCGATGGACCTGA 
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JW69 F GTGAAAACTGTTGGAGAGAAGCAA qPCR transcript normalization  
(“BLACK ”Czechowski et al. 2005) JW70 R TCAACTGGATACCCTTTCGCA 

JW78 F AGTTAAAGCAAATCAAACAGCTCTG PMP22 (At4g04470) 3'UTR (q)RT-PCR JW79 R CCCTCGTTTTTTATATGATGTTTGTG 
JW89 F GGAGGAAACAAGAATGGATCTC PMP22-like (At4g14305) 3'UTR (q)RT-PCR  JW90 R CGTAATTGTGAGAGACTGCAATG 
Abbreviations: F: forward (sense) primer; GW: Gateway; R: reverse (antisense) primer; 
 
 
TABLE S2. Escherichia coli, Agrobacterium tumefaciens and Saccharomyces cerevisiae strains used 
in this study. 
 

Strain Genotype Purpose Reference 
E. coli 
MACH1-T1R 

F– Φ80lacZΔM15 ΔlacX74 hsdR(rK–, 
mK+) ΔrecA1398 endA1 tonA Cloning Invitrogen Life 

Technologies 

E. coli 
ccdB survival 
2 TIR 

F- mcrA∆(mrr-hsdRMS- mcrBC) 
Φ80lacZ∆M15∆lacX 74 recA1 
ara∆139∆(ara- leu)7697galU galK 
rpsL (StrR) endA1 nupG fhu2::IS2 

Cloning (Gateway 
vector propagation) 

Invitrogen Life 
Technologies 

E. coli 
K12 Wild type Complementation 

assay (Control) 
Bachmann, 1972; 
Lee et al., 2008 

E. coli 
CBT 315 sdh-2, λ-, rpsL129(strR), dctA5, thi-1 Complementation 

assay 
Lo et al., 1972; Lee 
et al., 2008 

A. tumefaciens 
GV3101 pMP90 

C58 RifR, pMP90 (pTic58 ∆T-DNA, 
GentR) T-DNA transfer Koncz and Schell, 

1986 
S. cerevisiae 
BY4741 Mat a his3Δ leu2Δ met15Δ ura3Δ Complementation 

assay (Control) Euroscarf 

S. cerevisiae 
sym1Δ 

BY4741; Mat a his3Δ leu2Δ met15Δ 
ura3Δ YLR251w::kanMX4 

Complementation 
assay Euroscarf 

S. cerevisiae 
FGY217 MATα ura3-52 lys2Δ201 pep4Δ Protein Expression Kota et al. 2007 

!
!
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Supplemented Methods 
 
SDS-PAGE and immunoblot protein sample analysis 

Protein gel electrophoresis and Western Blot analysis was performed under standard 

conditions (Russel and Sambrook, 2001). Immunoblots incubated with the first 

antiserum were developed with anti-rabbit alkaline phosphatase conjugated 

antibodies with the BCIP/NBT Color Development substrate (Promega). Alternatively 

horseradish peroxidase conjugated antibodies were used and developed with the 

Immobilon Western Chemiluminescence Kit (Merck-Millipore) and the Fujifilm LAS-

4000 Imaging device (Fujifilm Life Science). Antibodies were purchased from 

Promega. 

 

Protein quantification 

Protein quantification was performed with the Pierce BCA protein assay kit (used for 

samples with up to 20mM imidazole, high amounts of lipid or detergent; Thermo 

Fisher Scientific Inc., Rockford, IL, USA) or the Quick Start Bradford Protein Assay 

(samples with more than 20 mM imidazole, Bio-Rad Laboratories Inc., Hercules, CA, 

USA). 

 

Wheat germ extract protein expression and purification 

Wheat germ extract cell free expression was performed with the RTS-100 Wheat 

Germ CECF Kit (5 Prime GmbH, Hamburg, Germany). Expression was performed as 

described in the manual’s instructions. Three µg of RNase free plasmid DNA was 

added to the reaction mix. PMP22 and PXMP2 were inserted into pIVEX1.3 after 

amplification with the primers listed in Table S1. For uptake studies lipid and 

detergent was added to allow functional folding of the expressed membrane protein 

(Nozawa et al., 2007). Phospholipids were supplied as TRIS (pH=7.5, HCl) buffered 

liposomes produced by sonication (f.c. 1% (w/v) Soybean-Phosphatidylcholine, 

Lipoid GmbH, Ludwigshafen, Germany) and Brij-35 (f.c. 0.04% w/v) were added to 

the wheat germ extract. 

Recombinant membrane protein was collected by ultracentrifugation (100,000 g, 4°C, 

1h), with PNI (100 mM NaH2PO4 pH=7.6, 250 mM NaCl, 20-150 mM Imidazole, 0.5 

– 0.05% w/v Brij-35) and the pellet was homogenized with a 21-Gauge needle. The 

detergent Brij-35 was then added and protein was solubilized at 4°C by magnetic 

stirring for 30 min. PNI pre-equilibrated Ni2+-NTA (QIAGEN, Hilden, Germany) was 



 IV.2 Manuscript 2 
!
128 

added and the purification was performed in batch according to the manuals 

instructions. For washing and elution Brij-35 concentration was reduced to 1x CMC. 

 

Saccharomyces cerevisiae protein expression and purification 

PMP22-His protein was heterologously produced in yeast. The coding sequence was 

amplified from A. thaliana cDNA with the primers NL425/NL411 and inserted in the 

HindIII/BamHI pYES2/NTa backbone for in-frame fusion to the hexahistidine tag. The 

protein was expressed as described in by Drew et al. (2008). Briefly, the preculture 

was diluted to an OD600 of 0.12 and aerobically grown in minimal medium with 0.01% 

(w/v) glucose. At an OD600 of 0.6 the expression was induced with galactose (f.c. 2% 

w/v) and DMSO (f.c. 2.5% v/v) was added as molecular chaperone. Cells were 

harvested after 22 h and resuspended in CRB (50 mM Tris, 1 mM EDTA, 0.6 M 

sorbitol (pH 7.6);1 g cells per 3 mL buffer). Cell disruption was performed 

sequentially with increasing pressure of 25, 30 and 35 kpsi at 4°C with the Constant 

Systems Limited (Northants, United Kingdom) one shot model heavy duty cell 

disruption device. Cell debris was pelleted by centrifugation at 10,000 g (4°C, 10 min) 

and the supernatant was used for ultracentrifugation (120,000 g, 4°C, 2 h), the 

membrane pellet was resuspended in TNI-10 (10 mM Tris, 300 mM NaCl, 10 mM 

imidazole (pH 8.0)) with a 21-Gauge needle to a homogenous suspension and 

adjusted to a protein concentration of 3.5 mg/mL. Then detergent powder was added 

(DDM f.c. 1% w/v) and the membrane protein was solubilized by magnetic stirring at 

4°C for 60 minutes. The solution was then ultracentrifuged (100,000 g, 1 h, 4°C) and 

loaded onto 1 mL Protino® - Ni2+-NTA FPLC column (Macherey-Nagel GmbH and 

Co. KG, Düren, Germany) which was pre-equilibrated with TNI-10 (+ Detergent) by 

using the ÄKTA prime plus chromatography system. The column was washed with 

20 mM – 100 mM Imidazole (f.c.) and subsequently eluted in TNI-250 (10 mM Tris, 

300 mM NaCl, 250 mM imidazole (pH 8.0)) containing detergent in the critical micelle 

concentration. Purification was conducted at 4°C. 

 

Circular dichroism analysis of PMP22-His 

Circular dichroism spectra were measured with a JASCO J-815 spectrometer (Jasco 

International, Tokyo, Japan) at 20°C using a quartz cell with 0.1 cm path length. 

PMP22-His was expressed and purified from yeast and dialyzed against 10 mM Tris-

NaOH, pH 8, 500 mM (NH4)2SO4, 0.1 % N-dodecyl beta-maltoside (DDM, GLYCON 
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Biochemicals GmbH, Luckenwalde, Germany). For the measurement, 0.5 mg/ml 

PMP22-His were used. Secondary structure prediction was performed with the 

indicated web tools. 

 

Electrophysiological measurements in planar lipid bilayers 

For electrophysiological experiments IMAC purified PMP22-6xHis was reconstituted 

in small unilamellar phosphatidylcholine (Soybean L-α-phosphatidylcholine, Lipoid 

GmbH, Ludwigshafen, Germany) liposomes. The lipid:protein ratio was adjusted to 

20:1 in MTK20 buffer (20 mM KCl, 10 mM MOPS pH=7.0 (Tris)). Lipids were 

solubilized with Triton-X-100 to mixed micelles (Carl Roth GmbH and Co. KG, 

Karlsruhe, Germany). Mixed micelles and Brij-35 solubilized PMP22-6xHis were 

combined and mixed over night at 4°C by stirring. Brij-35 and Triton-X-100 were 

removed by binding to Calbiosorbs (Calbiochem, Merck-Millipore, Schwalbach, 

Germany). This led to proteoliposome formation, visible by the whitish color of the 

solution. Proteoliposome aliquots were shock frozen in liquid nitrogen and stored in -

80°C. Incorporation of PMP22-His into proteoliposomes was confirmed by Nycodenz 

flotation (Step gradient 40% - 0%, Liposomes added to the bottommost fraction, 

Centrifugation 200,000 g, 4°C, 1h). After centrifugation the protein in the fractions 

was precipitated by trichloroacetic acid, washed with acetone, resuspended in SDS-

loading dye and analyzed by SDS-PAGE and immunoblotting.  

 

For electrophysiological characterization the proteoliposomes were subjected to 

planar lipid bilayer fusion with the Ionovation compact instrument (Inonovation 

GmbH, Osnabrück, Germany). The functional incorporation of the membrane 

proteins led to the transfer of ions across the bilayer. Ion currents were measured 

with the HEKA EPC10 USB amplifier. Liposome fusion and measurements were 

conducted as described in the manufacturer’s manual. Electrode contact to the 

solution in the measurement compartments was established with 2 % (v/v) agarose-

bridges in 2 M KCl. The bilayer lipid was applied by the painting technique and 

measurements were performed with the bilayer capacitance exceeding 30 pF.   

1-5 µL proteoliposome suspension was added to the cis chamber (250 mM KCl, 10 

mM MOPS pH=7.0 (Tris)). Ca2+-ions were added to mediate the adsorption of the 

proteoliposomes to the bilayer and the osmotic gradient across the bilayer (trans 
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chamber with 20 mM KCl, 10 mM MOPS pH=7.0 (Tris)) favors liposome swelling 

which is beneficial for fusion events. 

Intrinsic ion channel features lead to permeability differences and selectivity for 

certain ions. This ion selectivity was measured under asymmetric conditions. If the 

channel prefers an ion, an electrochemical potential across the bilayer will be build 

up, which can be reversed by applying a holding potential.  At the reversal potential 

no net flux across the pore will be observed. With a known reversal potential the 

relation of the permeability coefficients can be calculated with the Goldman-Hodgkin-

Katz-potential equation: 

 

!!
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[A]cis/trans = Anion concentration PC = Cation permeability coefficient 

[C]cis/trans = Cation concentration R = universal gas constant  

F = Faradaykonstante T = Temperature 

PA = Anion permeabilitity coefficient Urev = Reversal potential 

 

Analysis of protein transport function in an in vitro liposome system 

Transport proteins were integrated in artificial hydrophobic lipid environments for 

biochemical studies. To examine the transport properties of PXMP2 and PMP22, 

recombinant proteins were reconstituted into liposomes by using the freeze-thaw 

method (Rigaud and Levy, 2003). The reconstitution of artificial liposomes was used 

to insert proteins in lipid vesicles simulating a natural environment. For the 

reconstitution of in vitro translated proteins 8 % (w/v) phospholipid suspension of 

phosphatidylcholine was prepared; 500 µl of Ni-NTA purified or gel-filtrated protein 

sample, both produced via in vitro translation was mixed with 500 µl 8% (w/v) 

phospholipid suspension (final lipid concentration = 4% w/v). 

For the reconstitution of PMP22-His residing in yeast membranes 3% (w/v) 

phospholipid suspension was prepared; 50 - 100 µl of the resuspended yeast 

membrane pellet was reconstituted in 900 - 950 µl 3% (w/v) phospholipid suspension 

(final lipid concentration = ~ 3% w/v). 

The liposomes were prepared from acetone-washed L-α-phosphatidylcholine from 

soybean and stored at -20°C. For antiport studies internal substrate was provided to 
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drive the uptake of external substrate. Phospholipids were dissolved in the counter-

exchange substrate in buffer B (20 mM potassium gluconate, 100 mM Tricine, 30 mM 

counter exchange substrate (pH 7.5)) by sonication on ice with a micro-tip (Output 3, 

30%). As a control lipid suspension without an internal substrate was prepared in 

buffer A (50 mM potassium gluconate, 100 mM Tricine (pH 7.5)). Recombinant 

protein was added to the liposome suspension, immediately mixed by vortexing and 

frozen in liquid nitrogen (storage in -80°C). Rapid freezing led to an opening of the 

vesicles and the subsequent thawing process at RT leads to the insertion of the 

transport protein into the lipid vesicles. Proteoliposomes were pulse sonicated ten 

times to generate uniform proteoliposomes and to seal them. The residual counter 

exchange substrate, which was not incorporated into proteoliposomes, was removed 

by gelfiltration using pre-equilibrated Sephadex PD-10 column (GE Healthcare 

Munich). According to the handbook, columns were equilibrated eight times with PD-

10 buffer (40 mM potassium gluconate; 100 mM Socium gluconate; 10 mM Tricine 

(pH 7.5)). The eluates (1 ml) containing the proteoliposomes were then collected and 

stored on ice for uptake experiments. 

The transport activity was assayed by measuring the uptake of radioactive substrate 

in unlabeled substrate containing proteoliposomes (forward exchange). The uptake 

experiment itself was started when 1 mL proteoliposomes was added to the transport 

mix (40 mM potassium gluconate, 100 mM sodium gluconat, 10 mM Trcine, 4.2 mM 

Transport substrate; 5 µCi radioactive substrate (pH 7.5)) containing the labeled 

substrate. The reaction was stopped at a certain time point by the addition of the 

proteoliposomes on pre-equilibrated Dowex anion-exchange columns. The columns 

were filled with AG1-X8 Resin 100-200 mesh, acetate form (Bio-Rad Laboratories 

Inc., Hercules, CA, USA) and equilibrated seven times with 150 mM sodium acetate 

(pH 7.5). The negatively charged substrate, which was not incorporated into the 

proteoliposomes was removed by anion exchange. The liposomal flow-through, 

eluted with 1.2 mL 150 mM sodium acetate, was collected in scintillation vials filled 

with 3 mL Rotiszint eco (Carl Roth GmbH). The uptake of radiolabeled substrate was 

measured in a scintillation counter after inverting the scintillation vials three times. 

The nanomoles of substrate taken up were calculated as cpm/specific radioactivity 

(cpm, counts per minutes). The specific radioactivity is given by the ratio between 

cpm and nmoles of substrate and obtained by measuring the cpm of a transport 

medium aliquot that contains a known amount of substrate.  
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E. coli complementation 

The dicarboxylate transport mutant CBT315 (CGSC no.:5269) and its isogenic wild 

type, K12 (CGSC no.:4401) were obtained from the E. coli Genetic Resources 

Center of Yale University (http://cgsc.biology.yale.edu). A PMP22 PCR fragment 

(Primer listed in Table S1) was inserted into the XhoI/BglII opened pTAC-MAT-TAG-

2 (Sigma-Aldrich). For functional complementation tests a modified pRARE 

(Novagen) vector (Gentamycin resistance encoded in pDONR207 (Invitrogen) 

DraIII/PvuI fragment was inserted into ScaI site of pRARE) was co-transformed into 

E. coli with the empty vector or the PMP22 construct. Cells were grown on M9 

medium containing 2% (w/v) L-malic acid (pH adjusted to 6.6 with NaOH) at 37 °C. 

Expression was induced by addition of 1 mM IPTG. 

Chlorophyll quantification 

Rosette leaves were snap-frozen in liquid nitrogen, and homogenized by grinding in a 

mortar. The fresh weight was determined and the chlorophyll concentration was 

determined as described previously (Porra et al., 1989). 

Glycolate oxidase activity measurement 

100 mg six-day-old Arabidopsis seedlings were homogenized in 1mL 20 mM Tri-HCl, 

0.5 mM DTT, 5 % (w/v) Glycerol, 5% PVPP50, Roche Protease inhibitor cocktail. The 

homogenate was clarified by centrifugation. The reaction medium contained 50 µL 

extract (ca. 50 µg total protein), 50 mM Tris-HCl (pH 8.2) and 10 mM 

phenylhydrazine. The reaction was started by the addition of 1 mM sodium glycolate 

and followed spectrophotometrically at 320 nm. Activity was calculated as the 

absorption/time slope in the linear initial period. 
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Abstract 
Defects in metabolic conversion of propionic and isobutyric acid have been 

associated with severe diseases in humans. Little is known about the fate of 

propionic acid and isobutyric acid in plants. In leaf tissue these molecules are 

released during the degradation of branched-chain amino acids, phytol and odd-

chain fatty acids. Here we report evidences that these molecules are metabolized via 

peroxisomal β-oxidation. The performance of Arabidopsis thaliana mutant plants, 

defective in peroxisomal metabolite or cofactor transport crucial for functional β-

oxidation, was analyzed during dark-induced leaf stress. Under this condition, high 

levels of propionic acid and isobutyric acid are produced. We showed that the 

peroxisomal ABC transporter, catalyzing the uptake of fatty acids, was also involved 

in the import of these short monocarboxylic acids. Together with the peroxisomal 

carrier proteins supplying β-oxidation with ATP and NAD/CoA, they play a role in the 

detoxification of propionate and isobutyrate. An impaired function of peroxisomal 

transport resulted in sensitivity to extended darkness, premature senescence and 

reduced reproductive fitness. β-oxidation could be connected to amino acid 

homeostasis. Finally we propose a model of solute transport steps at the peroxisomal 

membrane for the conversion of propionic acid and isobutyric acid. 
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Introduction 
In Arabidopsis thaliana storage oil is broken down to gluconeogenetic and respiratory 

carbon units with implication of peroxisomal β-oxidation in the transition from seeds 

to seedlings. Fatty acids released from storage oil are imported as acyl-CoA esters 

into peroxisomes via the peroxisomal ABC transporter, hereafter referred to as PXA1 

(also known as AtABCD1, CTS, PED3, ACN2; reviewed in Hu et al., 2012). During 

this transport process the CoA moiety is cleaved off and the fatty acids are re-

esterified with Coenzyme A (CoA) in an ATP-dependent manner (De Marcos Lousa 

et al., 2013). A. thaliana peroxisomes possess two ATP carrier proteins (called PNC1 

and PNC2; Arai et al., 2008; Linka et al., 2008) to fuel ATP dependent reactions such 

as fatty acid activation. The NAD/CoA transporter (called PXN; Agrimi et al., 2012; 

Bernhardt et al., 2012) was implicated in supplying β-oxidation with cofactors for β-

oxidation. Mutations in these peroxisomal transport proteins cause an inhibition in β-

oxidation, resulting in A. thaliana plants restricted in seedling development. 

 

Respiration of fatty acids that are derived from lipid turnover via β-oxidation is 

required for survival of extended darkness to overcome the low carbon and energy 

status (Kunz et al., 2009; Slocombe et al., 2009). In senescing leaves β-oxidation is 

important for the mobilization of membrane lipids, which are thereby converted for 

relocation of carbon units to sink tissues (Yang and Ohlrogge, 2009; Troncoso-Ponce 

et al., 2013). β-oxidation plays a general role in fertilization. Mobilization of lipids in 

both pollen and female tissues are essential as shown for pxa1 and β-oxidation core 

enzyme 3-ketoacyl-coA thiolase mutant kat2-1 (Footitt et al., 2007a; 2007b).  

Carbohydrate oxidation primarily supports plant respiration in non-photosynthetic 

tissue, while turnover of intracellular proteins occurs at times when plant cells are 

carbon limited, for example during extended periods of darkness, leaf senescence, 

and under conditions of environmental and developmental stress (Araújo et al., 

2011). In stressed A. thaliana rosette leaves proteolysis releases amino acids that 

can be mobilized for use in other parts of the plant, but also provide alternative 

substrates for the mitochondrial electron transport chain. The branched-chain amino 

acids (BCAA), aromatic amino acids and lysine can provide electrons both directly to 

electron transfer flavoprotein (ETF) complex as well as indirectly because their 

catabolic products are fed directly into the tricarboxylic acid (TCA) cycle (Engqvist et 

al., 2009; Araújo et al., 2010; Engqvist et al., 2011). In case of BCAA breakdown, 
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isovaleryl-CoA dehydrogenase dehydrogenase provides electrons to the ubiquinol 

pool via the ETF/ETFQO complex (Araújo et al., 2010;). During the degradation of 

valine and isoleucine isobutyryl-CoA and propionyl-CoA are released in 

mitochondria. It was assumed that these short-chain fatty acids are further converted 

to 3-hydroxy-acids involving enzymes of the peroxisomal β-oxidation machinery 

(Zolman et al., 2001a; Lange et al., 2004; Lucas et al., 2007; Zolman et al., 2008). 

Propionyl-CoA can also be derived from degradation of odd-numbered fatty acids 

(Lucas et al. 2007). A link between peroxisomal β-oxidation and amino acid 

catabolism has been established by the analysis of 3-hydroxybutyryl-CoA hydrolase 

mutant chy1. This mutant is involved in valine breakdown and displays impaired β-

oxidation probably due to accumulation of the toxic valine catabolite methylacrylyl-

CoA (Zolman et al., 2001a).  

 

Since the BCAA degradation is initiated in the mitochondria, the intermediates, such 

as propionic acid and isobutyric acid, have to be shuttled to peroxisomes for further 

conversion via β-oxidation. Here, we address the role of transport proteins known to 

be associated with peroxisomal fatty acid oxidation for a requirement in BCAA 

degradation.  

 

In this work we showed that the peroxisomal ABC transporter, catalyzing the uptake 

of fatty acids, was involved in the import of these short monocarboxylic acids. 

Together with the peroxisomal carrier proteins supplying β-oxidation with ATP and 

NAD/CoA, they play a role in the detoxification of propionic acid and isobutyric acid 

under stress conditions such as extended darkness. Furthermore, we identified PNC, 

PXN and PXA1 as negative regulators of developmental senescence. The loss of 

these transport proteins resulted in less seed biomass, implicating a defect in the 

relocation of C and N from leave sources to seed sinks. 
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Results  
Feeding of BCAA and intermediate catabolites inhibits growth of β-oxidation 

transport mutants. 

The 3-hydroxyisobutyryl-CoA hydrolase CHY1 was previously described as a link 

between valine catabolism and fatty acid β-oxidation (Zolman et al. 2001a). To obtain 

further insight in the role of peroxisomal β-oxidation in BCAA degradation, we 

performed feeding experiments with leucine, isoleucine, valine and their catabolites 

including propionic acid and acrylic acid. We analyzed Arabidopsis thaliana T-DNA 

Insertion lines in the Columbia-0 (Col-0) background. To gain in vivo information 

about peroxisomal ATP translocation, we constructed a double mutant pnc1/2 (pnc1-

1: SAIL_303H02; pnc2-1: SALK014579; Linka et al., 2008; Kessel-Vigelius et al., in 

preparation) of the two ATP/AMP carriers PNC1 and PNC2. Furthermore, pxn-1 

(GABI-046D01; Bernhardt et al., 2012) and pxa1-2 (SALK_019334; Kunz et al., 

2009) were included in the performed assays. We assessed growth performance 

upon provision of high levels of BCAA or the catabolic products isobutyrate, 

propionate or acrylate. These were added during postgerminative growth to nine-day-

old seedlings. Growth assays were performed on vertically placed half strength MS-

plates containing sucrose.! We quantified growth rate of the seedling plants by 

measuring the primary root length. Primary root length was documented on the day 

of transfer and after 10 days of growth (Figure 1C). pnc1/2 and pxa1-2 mutants 

transferred to propionic acid medium did not show root elongation, indicating a 

growth inhibition by this molecule at the given concentration. Root growth of pxn-1 

and the wild type was not affected. Addition of isobutyric acid inhibited root growth in 

all plants tested within the 10-day growth period, but after three weeks rosette 

development of Col-0 and pxn-1 indicated less sensitivity to this compound for 

pnc1/2 and pxa1-2, which displayed smaller rosettes and deformed leaves (Figure 

S3) compared to the wild type. Feeding of acrylic acid led to a growth arrest in the 

wild type and mutants. However, wild type and pxn-1 displayed increased tolerance, 

because degreening of seedlings was progressing more slowly. In contrast pnc1/2 

and pxa1-2 plants where extremely impaired in growth and leaves quickly bleached 

to a white color within the 10-day period.!
The presence of BCAA negatively affected root elongation of the β-oxidation 

transporter mutants. Leucine presence for example caused reduced root elongation 

of pnc1/2 and pxa1-2 in comparison to Col-0 and pxn-1. Especially with regard to leaf 
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morphology these plants did not reach the size of the respective Col-0 control. 

Differences between the Col-0 control and pxn-1 root elongation were not detected.  

 
FIGURE 1. Exogenous supply of small carboxylic acids or branched-chain amino acids reduces 
primary root growth in peroxisomal transporter mutants. Images were taken and analyzed after 1 day 
and 11 days. Primary root growth was statistically compared for each line and condition. Plants were 
germinated on plates containing 0.5x MS medium supplied with 1% (w/v) sucrose and transferred to 
the supplemented or control plates after nine days. 
(A) Photograph of Col-0, pnc1/2, pxn-1 and pxa1-2 moved to plates containing half strength MS 
medium and an addition of either 0.25 mM propionic acid or 0.5 mM acrylic acid.  
(B) Photograph of Col-0, pnc1/2, pxn-1 and pxa1-2 moved to plates containing half strength MS 
medium and an addition of 4 mM valine, 1.2 mM leucine or 6 mM isoleucine 
(C) Mean primary root length (+SE) measured 1 day and 11 days (grey bars) after transfer to the 
feeding plates. Data presents the primary root length in mm, visualized is the mean of seven to 22 
replicates with SE. Asterisks indicate statistical differences in root length between the 20 hour and the 
11 days measurement (* P <0.05, ** P <0.01, *** P <0.001; Student’s t-test). Scale bar: 10 mm. 
 
PNC and PXA1 activity were needed to enable growth in the presence of high levels 

of BCAA, propionate and acrylate. These findings confirmed the need for 

peroxisomal β-oxidation in conversion of BCAA. BCAA catabolism was shown to be 

important in stressed plants (Araùjo et al., 2011). Mutants of the 3-hydroxyisobutyryl-

CoA hydrolase CHY1 have been shown to be impaired in extended darkness and 

cold (Dong et al., 2009), indicating an increased need for BCAA degradation during 

these stress conditions. Peroxisomal β-oxidation is important throughout the plant life 

cycle (Theodoulou et al., 2006) and consequently the transport proteins supplying β-

oxidation are also required. We asked if the β-oxidation transporter genes show 

induced expression in cellular stress conditions, that depend on alternative oxidation, 

as described for extended darkness and natural senescence (Buchanan-Wollaston et 

al., 2005; Engqvist et al., 2011; Araújo et al., 2010).  
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Transport genes are dynamically expressed 

A drastic increase of expression in developmental senescence and after shift to 

darkness was detected for PNC1, PNC2, PXA1 and PXN (Figure 2). This reflects 

knowledge that extended darkness eventually elicits a senescence similar program, 

which demands high β-oxidation rates for lipid turnover and BCAA degradation 

(Buchanan-Wollaston et al., 2005; Kunz et al., 2009; Yang and Ohlrogge 2009; 

Troncoso-Ponce et al., 2013). Peroxisomal transporter transcripts also increased in 

response to several abiotic stimuli (Figure S1), hence we proposed these to be 

required for stress tolerance.  

 
FIGURE 2. Mean normalized transcript abundance of PXA1, 
PXN, PNC1, and PNC2 in Arabidopsis thaliana rosette leaves 
in developmental senescence and after shift to darkness. 
 
(A) Mean transcript level in plant ageing. Data was taken from 
AtGenExpress (Schmid et al., 2005; Kilian et al., 2007) 
(B) Mean transcript level in rosette leaves relative to day 28 
days after sewing. Data taken from van der Graaff et al. (2006). 
(C) Mean transcript level relative to day 0 in rosette leaves after 
shift to darkness. Data taken from van der Graaff et al. (2006). 
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Transport mutants are stressed in extended darkness 

Transcriptional activation implied β-oxidation transport to be required in stressed 

plants. Therefore, we investigated if ablation of β-oxidation transport functions 

induces stress in mature rosette leaves of pnc1/2, pxa1-2, and pxn-1 plants. We 

measured chlorophyll fluorescence parameters and evaluated the flow of electrons 

through photosystem II (PSII), which expresses overall photosynthetic capacity. 

Damage to PSII is considered as one of the first indications of stress in a leaf. Hence, 

maximum quantum yield expresses to which extent PSII is damaged by applied 

environmental changes and consequently, if a plant can tolerate that stress (Maxwell 

and Johnson, 2000).  

 

Four-week-old Col-0, pnc1/2, pxa1-2, and pxn-1 plants were transferred to the dark 

for periods up to 50 h and reilluminated for 24 h or kept in the dark for nine days. 

Nine days of darkness deplete cells of carbon and require mobilization of stored 

carbon in lipid and proteins (Araùjo et al. 2010). pxa1 displayed a mild reduction in 

PSII activity after one hour of darkness (Figure 3A). The other mutants displayed 

phenotypic differences to the wild type only after shift to darkness. The loss of PSII 

electron transport depended on the duration of darkness (Figure 3A). Similar to pxa1-

2, pnc1/2 plants bleached to a bluish to brown color and quickly dehydrated upon 

reillumination after at least 32 h darkness within a few hours of light (Figure 3B).  

 

Keeping the plant in darkness for nine days resulted in increased PSII damage for 

pxn-1 compared to the wild type. The observed dark induced damage also depended 

on leaf age, because older leaves appeared to be more susceptible upon 

reillumination than younger leaves. Lethality upon reillumination was not observed for 

Col-0 or pxn-1. pxn-1 displayed significantly reduced PSII electron flow only after 

nine days of incubation in the dark. The findings of PSII damage was further 

supported by reduced chlorophyll content of pnc1/2, pxa1, and pxn-1 after nine days 

of darkness (Figure S2). In summary, restrictions in β-oxidation transport led to 

enhanced stress in extended darkness. 
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FIGURE 3. Response of 4-week-old Col-0, pnc1/2, pxn-1 and pxa1-2 plants to extended darkness. 
(A) Mean (+SE) of maximum quantum yield of rosette leaves of 4-week-old old Col-0, pnc1/2, pxn-1 
and pxa1-2 at the end of day, extended darkness (50h), reillumination for 24 h after 50 h darkness and 
incubation in the dark for nine days (Carbon starvation). Results are representative for eight 
independent experiments each performed with at least three biological replicates. Differences between 
the mean of each treatment were marked as statistically significant (t-test) with the Col-0 control by (*), 
(**) or (***) at respective significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
(B) Photographs and false-color images representing maximum quantum yield (QYmax; as indicated) 
of 4-week-old old Col-0, pnc1/2, pxn-1 and pxa1-2 at the end of day, extended darkness (50h), 
reillumination for 24 h after 50 h darkness.  
 

In extended darkness amino acid profiles are affected by loss of β-oxidation 

transporters  

Dark-induced senescence phenotypes have been described for mutants deficient in 

PXA1 (Kunz et al., 2009), ACX1/2, LACS6/7 (Yang and Ohlrogge, 2009) in respect to 

fatty acid catabolism. We addressed if compromised β-oxidation influences 

alternative respiration through alterations in BCAA and aromatic amino acid 

metabolism, as these are known to serve as alternative respiratory sources. A link 

between β-oxidation and BCAA degradation has been established for CHY1, which is 
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sensitive to extended darkness due to accumulation of the toxic intermediate 

methylacrylyl-CoA (Zolman et al., 2001a) and has been confirmed by feeding 

experiments conducted in this study. We analyzed the effect of darkness on 

peroxisomal transport mutants on metabolite level. Therefore selected sugars, 

hydrophilic carboxylic acids and amino acids were profiled by GC-MS and HPLC-

DAD.  

 

 
FIGURE 4. Principal Component Analysis (PCA) of amino acid data of 4-week-old Col-0, pnc1/2, pxn-
1 and pxa1-2 to extended darkness. 
(A) PCA score plot of proteinogenic amino acids in non-stressed plants (End of night)  
(B) PCA score plot of amino acids extract from Wild type (Col-0) plants and the peroxisomal 
transporter mutants pnc1/2, pxn-1, and pxa1-2 either exposed to 50 h of darkness (A), nine days of 
darkness (B) or 50 h of darkness followed by 24 h illumination (C) subjected to GC-MS analysis. PCA 
conducted with the MultiExperiment Viewer (Saeed et al., 2003). Biological replicates are encircled. 
 
First, we subjected amino acid contents to principal component analysis (PCA) to 

abstract the amino acid status for each mutant plant extract. In non-stress condition 

(end of regular night) PCA variations were largely the same and actual levels 

confirmed that amino acid metabolism is not significantly altered. In response to 

darkness pnc1/2 and pxa1-2 amino acid variations contrasted to Col-0 and pxn-1 

(Figure 4). Both pairs showed partially overlapping variation patterns, but grouped 

particularly in the 2D plot. Even though not all of the metabolite fingerprint pools 

differed, each mutant represented a conditions specific pattern, thus we can 

conclude that PXA1 and PNC activity is required for maintenance of amino acid 

homoeostasis in extended darkness. 
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The interconversion between glutamate and 2-oxoglutarate catalyzed by glutamate 

dehydrogenase (GDH) fuels the TCA cycle in stress conditions and is a key reaction 

in plant C and N metabolism. gdh mutants do not survive dark treatment due to 

restrictions in amino acid metabolism (Miyashita and Good, 2008). A closer look at 

metabolism in extended darkness (50 h) revealed a change in glutamate and 2-

oxoglutarate pools. pnc1/2 and pxa1-2 exhibited decreased glutamic acid pools 

compared to the wild type in extended darkness, while the same extracts displayed 

increased 2-oxoglutarate levels. In contrast to pnc1/2 and pxa1-2, Col-0 appears to 

produce glutamate by amination of 2-oxoglutarate. 2-oxoglutarate reached lowest 

levels in pnc1/2 and pxa1-2 carbon starved plants. Upon reillumination 2-

oxoglutarate levels were in the magnitude of 50 h dark-treated pnc1/2 and pxa1-2 in 

wild type and pxn-1. The TCA intermediate (iso-)citrate levels differed significantly in 

carbon starved pnc1/2 and pxa1-2 plants, exhibiting strongly reduced pool sizes, 

while here wild type and pxn-1 displayed higher levels.  

 

It may be reasonable to assume that carbon starved Col-0 and pxn-1 plants disposed 

of a C-source that was not available to pnc1/2 and pxa1-2. Amino acids can be used 

as respiratory substrates and this process was negatively affected in pnc1/2 and 

pxa1-2 plants during dark-induced carbon starvation: plants could not efficiently use 

amino acids as energy source and thus the pools of TCA cycle intermediates, like 

isocitrate and 2-oxoglutarate, were depleted.  

 

pnc1/2 and pxa1-2 showed differences in BCAA contents, which have been 

suggested to be preferably consumed to support respiratory growth in carbon 

starvation (Araújo et al., 2010). The comparison to Col-0 showed higher BCAA levels 

in reilluminated transport mutants and reduced levels in carbon starvation. Again, 

pxn-1 exhibited almost wild-type contents. In Col-0 BCAA accumulate in the leaves 

from 50 h darkness to 9d darkness, indicating that protein turnover was elevated 

under these conditions (Araújo et al., 2011). pnc1/2 and pxa1 could not use fatty 

acids or BCAA as carbon sources due to a block of β-oxidation, protein 

turnover/amino acid catabolism was decelerated in these mutants in comparison to 

Col-0, as demonstrated by lower levels of valine, leucine and isoleucine in nine days 

of darkness. The aromatic amino acid phenylalanine also showed the pattern of 

branched-chain amino acids (Figure 6).  
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FIGURE 5. Extended 
darkness influences 
respiratory metabolites as 
well as BCAA in 
peroxisomal β-oxidation 
transport mutants.  
 
(A)-(F) Mean levels of 
indicated metabolite 
content (+SE) of 4-week-
old Col-0, pnc1/2, pxn-1 
and pxa1-2 in response to 
extended darkness (50h 
darkness), reillumination 
(50h darkness + 24h light) 
and carbon starvation (9 
days darkness).Leaf 
extracts were subjected to 
GC-MS analysis for 
metabolite quantification. 
Data represent the mean of 
three biological replicates. 
Asterisks indicate statistical 
significance versus the Col-
0 control in each diagram (* 
P <0.05, ** P <0.01, *** P 
<0.001; Student’s t-test). 
The data is shown in an 
arbitrary unit normalized to 
mg dry weight. 
Chlorophylla/b contents were 
used for normalization of 
biological replicates. 
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FIGURE 6. Extended dark-
ness influences aromatic 
amino acids as well as 
carbohydrates in 
peroxisomal β-oxidation 
transport mutants.  
 
(A)-(D) Mean levels of 
indicated metabolite 
content (+SE) of 4-week-
old Col-0, pnc1/2, pxn-1 
and pxa1-2 in response to 
extended darkness (50h 
darkness), reillumination 
(50h darkness + 24h light) 
and carbon starvation (9 
days darkness). 
Leaf extracts were 
subjected to GC-MS 
analysis for metabolite 
quantification. Data 
represent the mean of 
three biological replicates. 
Asterisks indicate 
statistical significance 
versus the Col-0 control in 
each diagram (* P <0.05, 
** P <0.01, *** P <0.001; 
Student’s t-test). The data 
is shown in an arbitrary 
unit normalized to mg dry 
weight. Chlorophylla/b 
contents were used for 
normalization of biological 
replicates. 
 

 

 

 

Carbohydrates contents (e.g. glucose or sucrose) were depleted in all lines after 50 
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carbon starved under these conditions, but pnc1/2 showed lowest levels of glucose 

and sucrose. In reilluminated leaves glucose and sucrose levels were unexpectedly 

not only increased in the wild type and pxn-1, but in all lines, suggesting restoration 

of photoautotrophic metabolism and synthesis of glucose and sucrose from 

photosynthetic CO2 fixation.  

Unexpectedly pnc1/2 displayed a higher content of glycerol in carbon starvation. 

Glycerol and fatty acids are released during lipolysis. The released fatty acids 
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in pnc1/2 and pxa1 could be explained by a decreased flux via the TCA cycle, since 

also intermediates of the TCA cycle were depleted. 

 
Reduced β-oxidation transport leads to altered nutrient relocation in the final 
stage of leaf development 
This altered mobilization of amino acids and carboxylic acids as respiratory 

substrates in carbon-starved β-oxidation transport mutants raised the question, 

whether this affects nutrient remobilization and relocation in developmental 

senescence. We grew plants in a chamber with 50-60% relative humidity and plants 

were watered regularly. In these growth conditions premature leaf ageing was 

observed for pnc1/2 and pxn-1 by degreening of oldest leaves (Figure S4). This was 

also reflected in chlorophyll contents measured for mature green leaves (Figure S4). 

In comparison to the wild type, profiling of late senescence marker SAG12 

(Balazadeh et al., 2008) revealed higher variation in the β-oxidation transporter 

mutants in quantitative Real-Time PCR analysis (Figure 7A). Col-0 showed SAG12 

expression below that of the normalization control (0.0055 ±0.0018), in contrast to 

pnc1/2 (28.98 ±27.15), pxn-1 (8.791 ±7.527) and pxa1-2 (6,135 ±3,471). This 

accelerated leaf senescence indicated that peroxisomal β-oxidation transporters 

negatively regulate senescence, probably by preventing the induction by metabolic 

stress (Wingler and Roitsch, 2008; Abbasi et al., 2009). 

 
This finding led to the hypothesis that a β-oxidation defect befalls the next 

generation, because altered energy availability might lead to reduced nutrient 

relocation and reduced seed quality. We observed a reduced silique size of 12-week-

old plants (Figure 7B), which had already been reported for the core-component β-

oxidation 3-Ketoacyl-CoA thiolase (kat2-1; Footitt et al., 2007a; 2007b). Authors 

suspected compromised β-oxidation to be cause of the defect due to impaired pollen 

tube elongation, leading to a reduced seed number per plant. In contrast our 

analyses showed seeds of all three mutants to be smaller in size (Figure 7D). Seed 

weight was reduced for the nucleotide carrier mutants, whereas not for pxa1-2, but 

the same trend was apparent. We quantified seed protein content to test for the 

hypothesized inability of C and N mobilization and relocation to seeds sinks. The 

analysis revealed that the seeds are equipped with significantly less protein and 

might mirror next to a defect in fatty acid breakdown the incompetence in BCAA 

metabolism. 



 IV.3 Manuscript 3 
!
148 

 
FIGURE 7. Senescence and reproductive fitness features of Col-0, pnc1/2, pxn-1 and pxa1-2.  
(A) Mean normalized expression (+SE) of the senescence marker gene SAG12 analyzed by qRT-
PCR. Plant material was taken from 10-week-old rosette leaves. 
(B) Mean silique size (+SE; n >40)  in mm measured for 12 week old plants. 
(C) Mean of seed yield mean (+SE; n= 12) per plant in mg.  
(D) Mean of seed weight (+SE; n = 6). >500 Seeds were counted automatically using the ImageJ 
distribution Fiji (Schindelin et al., 2012) and weighed. 
(E) Mean seed size (+SE; n >500) relative to Col-0. 2500-6500 seeds were measured with ImageJ.  
(F) Mean protein content (+SE; n = 4) per seed. Proteins were isolated from 4 samples per line 
containing 500-1300 seeds. The protein amount was determined using a bicinchoninic acid (BCA) 
assay. Data shows the protein amount per seed in µg as mean with SE.  
Differences between the mean of each mutant versus the wild type in each diagram are marked as 
statistically significant (t-test) by (*), (**) or (***) at respective significance levels of (P < 0.05), (P < 
0.01) or (P < 0.001).  
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Discussion 
Our work addressed the importance of β-oxidation transporter beyond fatty acid 

catabolism. We described the role of peroxisomal transport in carbon starvation with 

respect to amino acid turnover and propionic acid metabolism. Our findings enabled 

us to integrate PXA1, PNC and PXN in the pathway of branched-chain amino acid 

(BCAA) degradation. This is the first report with a focus on BCAA catabolism related 

to transport across the peroxisomal membrane. We demonstrated that an impaired 

substrate and cofactor supply of β-oxidation disturbed the intracellular carbon 

mobilization, resulting in cellular stress. As a consequence developmental 

senescence and nutrient relocation was disrupted on an organism level and passed 

on the next generation by reduced seed quality and quantity.  

 

Abiotic stress induced expression of β-oxidation transporters  

The increased transcript of β-oxidation transporters in response to abiotic stress 

revealed the transporters to be important in a dynamic environment (Figure 2). A few 

previous reports highlighted the importance of peroxisomes in oxidative, heat, cold, 

dark, and salt stress (Shi et al., 2001; Cornah et al., 2004; Ma et al., 2006; Dong et 

al., 2009; Kunz et al., 2009; Taylor et al., 2009; Mitsuya et al., 2011). Our results 

confirmed that peroxisomes are needed for thermotolerance as monitored by PSII 

electron transport in heat stress conditions (Figure S5). We assume peroxisomes 

and peroxisomal transport to indirectly confer thermotolerance by preventing FFA 

accumulation and preventing ROS imbalance and oxidation of cellular 

macromolecules (Falcone et al., 2004; Queval et al., 2007; Mhamdi et al., 2012) 

 

β-oxidation is needed to survive extended darkness 

In extended darkness energy equivalents have to be generated independently of 

photosynthesis. Carbon-starved plants are bound to grow or sustain metabolic 

processes heterotrophically and trigger the degradation of cellular macromolecules, 

such as membrane lipids and proteins. This process releases free fatty acids and 

amino acids, which can both be used as respiratory substrates to generate energy in 

the form of ATP (Araújo et al., 2011). pxa1-2 mutants were depicted as incapable to 

degrade membrane lipids and displayed a lowered ATP/ADP ratio after >24 hours of 

darkness (Kunz et al., 2009). The importance of β-oxidation proteins, e. g. KAT2, 

CHY1, but also the peroxisomal citrate synthase in mature plants subjected to 
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darkness has been previously addressed (Castillo and León, 2008; Dong et al., 2009; 

Kunz et al., 2009). Our study expands this knowledge and presents the impact of the 

two remaining transport proteins: the ATP transporter PNC (encoded by PNC1 and 

PNC2; Arai et al., 2008; Linka et al., 2008) and the NAD/CoA carrier PXN (Agrimi et 

al., 2012; Bernhardt et al. 2012).  

Exposure of the transport mutants to extended darkness led to decreased maximum 

quantum yield of PSII (Figure 3). While pnc1/2 and pxa1-2 showed a strong reduction 

already after 50 hours of darkness, pxn-1 was distinguishable from wild types only 

after nine days of darkness. This reflected findings on the role of PXN in seedlings, 

because pxn-1 displayed a delay rather than a block in fatty acid breakdown. Unlike 

pxa1-2 and pnc1/2, pxn-1 was able to grow wild-type-like and seedling growth was 

not “sucrose-dependent” (Zolman et al., 2001b; Linka et al., 2008; Kessel-Vigelius et 

al., unpublished). pxn-1 only showed a mild resistance to root growth inhibition by 

2,4-DB compared to pxa1-2 or chy1 (Bernhardt et al., 2012).  

 

Malfunctional β-oxidation entails the risk of an increase in free fatty acid and 

pheophorbide a levels 

The effect of extended darkness was described for pxa1-2 on accumulation of 

pheophorbide a (PhA) and FFA (Kunz et al., 2009). In pxa1-2 the chloroplast 

membrane is damaged by the chlorophyll catabolite PhA. PhA is phototoxic, which 

explains the rapid bleaching of pnc1/2 and pxa1-2 leaves upon reillumination 

(Tanaka et al., 2003; Pruzinská et al., 2003); Figure 3B). Pheophorbide a oxygenase 

(PaO) catalyzes the oxidation of PhA. Plants lacking PaO show the same rapid 

bleaching of leaves, when transferred to light after darkness induced chlorophyll 

degradation (Tanaka et al., 2003).  

The same effect of FFA accumulation seems to appear during heat stress, where 

adjustments of membrane lipid composition necessitates increased fatty acid 

turnover (Falcone et al., 2004; Larkindale et al., 2005). The FFA increase was 

thought to lead to membrane damage due to membrane permeabilization (Schönfeld 

and Wojtczak, 2008). This could also be the cause of PSII electron transport 

reduction in pxa1-2 and pnc1/2. pxn-1 proposedly does not accumulate fatty acids 

and therefore did not show the drastic photobleaching phenotype. Heat stress led to 

increased damage in membrane bound photosystems in pnc1/2, pxa1-2 and pxn-1 

probably due to ROS formation (Kipp and Boyle, 2013); enhanced ROS production 
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might also explain the necrotic lesions observed for pnc1/2, pxa1-2 and pxn-1 plants 

after exposure to high temperature (Figure S5B). In conditions of high ROS 

peroxisomal catalase is inactivated (Williams, 1928; Kono and Fridovich, 1982) and a 

membrane bound complex of ascorbate peroxidase (APX) and 

monodehydroascorbate reductase accounts for prevention of peroxisomal ROS 

leakage: APX reduces H2O2 to water using ascorbate as electron donor, oxidizing it 

to monodehydroascorbate (MDA). MDA regeneration comes along with NADH 

oxidation in the process (Del Río et al., 2006). This ROS detoxification pathway might 

explain the observed reduced quantum yield obtained for the NAD(H) transporter 

mutant pxn-1 in the basal heat stress assay, where pnc1/2 plants demonstrate wild-

type behavior (Figure S5A). Furthermore, heat denaturated proteins need to be 

degraded, leading to enhanced amino acid concentrations (Araújo et al., 2011). 

BCAA degradation gives rise to propionyl-CoA and isobutyryl-CoA, which require 

conversion to prevent toxic effects. Propionyl-CoA has been described as a potent 

inhibitor of many CoA dependent enzymes (Schwab et al., 2006). 

 

Peroxisomes are implicated in amino acid metabolism 

Our data suggests that β-oxidation activity affects amino acid pools (Figure 4/5) as 

previously described for the peroxisomal β-oxidation enzyme 3-hydroxyisobutyryl-

CoA hydrolase CHY1 (Zolman et al., 2001). Mutants lacking CHY1 were 

hypersensitive to extended darkness as well as cold (Dong et al., 2009). β-oxidation 

is involved in the breakdown of BCAA (Lucas et al., 2007; Dong et al., 2009). The 

degradation is initiated in the mitochondrion and accompanied by the reduction of the 

ubiquinone pool and releases isobutyryl-CoA, propionyl-CoA, and probably 

methylacrylyl-CoA (Däschner et al., 2001). The importance of BCAA breakdown 

during extended darkness is also shown by the sensitivity of mutants for 

mitochondrial BCAA catabolic enzyme isovaleryl-CoA dehydrogenase (IVD1; Araújo 

et al., 2010). IVD1 has strongest activity towards the leucine catabolite isovaleryl-

CoA, five times less activity towards the valine catabolite isobutyryl-CoA (Däschner 

et al., 2001). This implies that not only propionyl-CoA but also isobutyryl-CoA needs 

to enter peroxisomes for β-oxidation and leave it as 3-hydroxy acids. This was 

confirmed by analysis of chy1 (Lucas et al., 2007). In mitochondria the 3-hydroxy 

acids were proposed to be converted to acetyl-CoA to fuel the TCA cycle (Lucas et 

al., 2007). In extended darkness we observed more 2-oxoglutarate and less 
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glutamate in pxa1-2 and pnc1/2, which is indicative for reduced available nitrogen. 

The result of this could be an explanation for the reduced protein content in the 

seeds. The 2-oxoglutarate and glutamate levels declined after 9 days of darkness 

(Figure 5) and are likely to be respired in the TCA cycle. In carbon starvation we also 

noted less (iso-)citric acid, which suggested reduced flux through the TCA cycle. A 

potential cause could be reduced supply of fatty acids and amino acids for respiration 

(9 days darkness). The wild type and pxn-1 had increased BCAA pools in nine days 

darkness, which was not observed for pnc1/2 and pxa1-2 (Figure 5D-F). Proteolysis 

could serve as BCAA source (Araùjo et al., 2011). Reilluminated pnc1/2 and pxa1-2 

plants were heavily impaired and did not mobilize amino acids into protein synthesis 

as wild types and pxn-1 did in this conditions (Figure 5D-F,6D). Our data shows less 

available sucrose and glucose in pxa1-2 and pnc1/2, which reflected a general 

carbon depletion due to loss of β-oxidation. A defect in fatty acid catabolism and 

depleted TCA pool might lead to the increased glycerol levels detected (Figure 6).  

Future research will need to address if there is a feedback inhibition in BCAA 

degradation due to a buildup of propionyl-CoA or isobutyryl-CoA and if this influences 

proteolysis as the source of amino acids. Another interesting point will be to analyze 

if loss of β-oxidation induces proteolysis as a source of energy. 
 

Feeding of carboxylic acids to β-oxidation transport mutants results in growth 

inhibiton 

Exogenous supply of propionic acid, acrylic acid (Figure 1) or isobutyric acid (Figure 

S3) led to a severe growth inhibition for pnc1/2 and pxa1-2, indicating the importance 

of peroxisomal β-oxidation for degradation of small carboxylic acids. We redefined 

the model proposed by Lucas et al. (2007) describing the catabolism of propionic and 

isobutyric acid (Figure 8). We propose propionyl-CoA  and isobutyryl-CoA as novel 

substrates of the peroxisomal ABC transporter PXA1 (De Marcos Lousa et al., 2013). 

The fact that the wild type appears to be less sensitive to the catabolites suggests 

that acrylate was mainly detoxified by peroxisomal implication. The strong defect of 

pnc1/2 plants in the degradation of these compounds reflects the necessity of 

intraperoxisomal ATP, as a cosubstrate of short chain carboxylic CoA synthesis 

(Figure 1). PXN is indirectly linked to these processes by provision of NADH for H2O2 

detoxification. PXN also provides NAD for β-oxidation. The fact that pxn-1 did not 

differ from the wild type in the feeding experiments indicated sufficient ROS 
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degradation, either by peroxisomal catalase and/or the peroxisomal glutathione-

ascorbate cycle with NADH supply by the malate/oxaloacetate shuttle (Reumann et 

al., 1996; Figure 1).  

Seedling growth of pnc1/2 and pxa1-2 mutants was affected in the presence of 

exogenous leucine, although leucine catabolism is thought to be restricted to 

mitochondria, where leucine is metabolized to acetyl-CoA and acetoacetate 

(Däschner et al., 2001). The last step is catalyzed by a hydroxymethylglutaryl-CoA 

lyase, which was reported to be dually localized to mitochondria and peroxisomes 

and links leucine degradation to peroxisomal metabolism (Reumann et al., 2004). 

The leucine feeding results could also be explained by interference of high BCAA 

concentration with amino acid biosynthetic pathways and interconversion of BCAA. 

  

FIGURE 9. Redefined model of propionyl- and isobutyryl-CoA metabolism.  
The acylic acid propionate or more specifically its CoA ester (propionyl-CoA) derived from odd-chain 
fatty acids or isoleucine and isobutyryl-CoA derived from valine catabolism are metabolized to 3-
hydroxypropionate (3-HPA) and 3-hydroxyisobutyrate (3-HIBA) respectively by peroxisomal β-
oxidation. In the model intermediates are simplified (Acyl-CoA: propionyl-CoA/isobutyryl-CoA; Enoyl-
CoA: Acrylyl-CoA and Methylacrylyl-CoA; 3-Hydroxyacyl-CoA: 3-Hydroxypropionyl-CoA/3-
Hydroxyisobutyryl-CoA; 3Hydroxyacylate: 3-HPA and 3-HIBA).  Inside mitochondria 3-HIBA is 
converted to propionyl-CoA, which reenters peroxisomes to be oxidized to 3-HPA. The 3-HPA is 
converted to acetyl-CoA by mitochondrial enzymes, fueling the TCA cycle or converted to pyruvate. 
Enzymes: (A) Acyl-CoA synthetase, (B) Acyl-CoA oxidase, (C) Enoyl-CoA hydratase, (D) Hydroxyacyl-
CoA hydrolase, (E) Hydroxyacid dehydrogenase, (F) (Methyl) malonate semialdehyde 
dehydrogenase, (G) β-Alanine aminotransferase, (H) Glutathione-Ascorbate cycle H2O2 
detoxification. 
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β-oxidation contributes to optimal seed filling 

That β-oxidation has an effect on development was already demonstrated by the 

aim1 phenotype (Richmond and Bleecker, 1999). In our analysis of pnc1/2, pxa1-2, 

and pxn-1 developmental senescence was accelerated compared to Col-0, as 

observed by earlier expression of the late senescence marker transcript SAG12 

(Figure 7A) and due to earlier chlorophyll breakdown (Figure S4). PXA1, PXN and 

PNC might therefore be negative regulators of leaf senescence. A wide variety of 

abiotic but also biotic stresses are known to induce senescence (Wingler and Roitsch 

2008; Abbasi et al., 2009). Also hydrogen peroxide promote senescence and is part 

of the complex regulatory network of senescence (Bieker et al., 2012). Malfunctioning 

β-oxidation was already shown to be a source of ROS (Dong et al., 2009). 

 

Extended natural senescence can lead to increased plant productivity (Egli et al., 

2011). Therefore, we assumed that premature senescence negatively impacts seed 

yield per plant and seed quality. β-oxidation was previously shown to be important for 

fertility and wild-type silique size (Footitt et al., 2007a; 2007b). We observed the 

same reduction in silique size for pxa1-2, pnc1/2 and pxn-1. This was probably due 

to compromised pollen tube elongation, which relies on β-oxidation activity. But not 

only overall seed biomass per plant was reduced, because we also observed a 

reduction in seed size, seed weight, and seed protein content. It was shown that fatty 

acids are degraded during natural leaf senescence (Yang and Ohlrogge, 2009) and 

the carbon is transported to seed-sinks to serve seed filling. In senescence organic 

nitrogen is relocated to reproductive tissue by phloem mediated long distance 

transport of e.g. glutamate to seed sink tissue (Zhang et al., 2011). Glutamate is 

synthesized by 2-oxoglutarate amination. Potentially all amino acids serve as N-

donors. In dark treated leaf tissue catabolic pathways of isoleucine and valine have 

been shown to support ATP production, but the role as N-donor was previously not 

addressed. Glutamate, aspartate and ureides, but not BCAA have been proposed to 

be long distance N-transport substrates. BCAA degradation is required to recover 

nitrogen into the glutamate pools and consequently seed sinks. 

 
Conclusion  
β-oxidation is more deeply integrated in plant primary metabolism in vegetative and 

reproductive tissue than previously anticipated. Especially in stress-conditions we 
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could show that amino acid and fatty acid respiration were coordinated. β-oxidation 

seems to contribute to optimal photosynthesis not only by fatty acid degradation but 

also detoxification of amino acid catabolites. Especially in field conditions with 

occasional high light, drought, heat or cold stress, we would expect decreased β-

oxidation flux, by reduced transport activity, to have a drastic effect on biomass 

production.  
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Material and Methods 
Chemicals were purchased from Sigma-Aldrich. Reagents and enzymes for 

recombinant DNA techniques were obtained from New England Biolabs and 

Promega.  

 

Isolation of T-DNA Insertion lines 

pnc1-1 (SAIL_303H02),  pnc2-1 (SALK014579) and pxa1-2 (SALK_019334) 

Arabidopsis thaliana mutants were obtained from the Nottingham Arabidopsis Stock 

Centre. We constructed the pnc1/2 mutant by crossing of pnc1-1 and pnc2-1 

(Kessel-Vigelius et al., unpublished). pxn-1 was obtained from the GABI-Kat project 

of the Bielefeld University (GABI-046D01; Bernhardt et al., 2012). 

 
Plant cultivation 
Seeds were surface sterilized, stratified for 4-7 days at 4°C and germinated on 0.8% 

(w/v) agar-solidified half-strength MS medium (Duchefa) (with 1% (w/v) sucrose, if 

indicated). Plants were incubated in a 16-h-light/8-h- dark cycle (22/18°C) in growth 

chambers (100 µmol m-2 s-1 light intensity).  

For the analysis of seedling growth, plants were grown on half-strength MS agar 

plates supplemented with or without sucrose in constant darkness or in short-day 

conditions (8-h light/16-h dark cycles). After the indicated period, seedlings were 

photographed or scanned and roots or hypocotyls were measured using IMAGEJ 

(http://rsbweb.nih.gov/ij). Plate additives were added from solutions adjusted to pH 

5.6. For extended darkness treatments, 25-30 day old plants were subjected to 

prolonged night conditions at the start of the regular night for the time indicated. To 

determine seed parameters plants were grown randomized and the position of plant 

trays was systematically rotated to minimize light effects. 

PAM fluometry 

In vivo chlorophyll a fluorescence assays were performed using the FluorCam FC 

800-C (Photon Systems Instruments). 25-30 day-old dark-treated plants were taken 

directly out of the growth cabinet and used for fluorescence measurements. To 

investigate defects in the photosynthetic apparatus standard settings of the 

manufacturer’s software were used. 
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Leaf metabolite analysis 

Preparation of samples for metabolic analysis was performed as described in Fiehn 

(2006). Samples were harvested by shock freezing rosette leaves in liquid nitrogen. 

Leaves were ground in liquid nitrogen, freeze dried and 5 mg of leaf powder was 

used for extraction with 1.5ml of pre-chilled (–20°C) mixture of H2O/methanol/CHCl3 

(1:2.5:1) containing 50 µM ribitol. Following incubation under gentle agitation for 6 

min at 4°C on a rotating device, samples were centrifuged for 2 min at 20.000 g.  

50 µL of the supernatant was dried and used for further analysis by gas 

chromatography/electron-impact time-of-flight mass spectrometry, as previously 

described (Lee and Fiehn, 2008). Metabolite content is expressed relative to the 

internal standard ribitol. Extracts were additionally subjected to amino acid analysis 

by high-performance liquid chromatography (ZORBAX Rapid Resolution HT Eclipse 

Plus C18, 2.1 x 50 mm, 1.8 µm column) coupled to a diode array detector (DAD). 

Chlorophyll was quantified from methanol extract according (Lichtenthaler and 

Wellburn, 1983) and used for normalization of the three independent biological 

replicates. 

 

Total seed protein quantification 

Total protein content of Col-0, pnc1/2, pxn-1, and pxa1-2 seeds was measured in six 

replicates. 10 – 25 mg (500 – 1300) seeds were homogenized with 1 ml extraction 

buffer (10% w/v Glycerol, 0.8 mM DTT, 1 mM PMSF 0.5% w/v, 100 mM Tris; pH: 8) 

using steel beads and a bead mill. The aqueous phase was purified 3 times by 

centrifugation (table centrifuge, 20.000 g). Protein concentrations were measured in 

4 technical replicates using Pierce BCA Protein Assay Kit (Thermo Scientific). 

 

Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) 

RNA was isolated from 10-week-old A. thaliana rosette leaves after a protocol 

developed by (Chomczynski and Sacchi, 1987). RNA integrity was determined on a 

1% Agarose gel. Prior to cDNA synthesis, RNA was treated with RNase-free RQ1-

DNase (Promega) as recommended by the manufacturer. The Arabidopsis thaliana 

senescence associated gene 12 (SAG12; At5g45890) transcript was examined via 

quantitative reverse transcription PCR (qRT-PCR). For this analysis the messenger 

RNAs (mRNAs) of the total RNA were transcribed into complementary DNAs 

(cDNAs) using the Superscript III RNase H- Reverse Transcriptase (Invitrogen, Life 
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Technologies). The cDNA synthesis was performed according to the manufacturers’ 

instructions. The resulted cDNA pools were used as template for Real-time PCR with 

A. thaliana SAG12 specific oligonucleotides JW149 (TGCGGTAAATCAGTTTGCTG) 

and JW150 (ACGGCGACATTTTAGTTTGG). Transcript levels in A. thaliana were 

determined by quantitative RT-PCR with the MESA-SYBR-Green II Kit without ROX 

(Eurogentec Germany GmbH) according to the manuals instructions, run with the 

Standard SYBR-Green protocol of the StepOnePlus™ Real-Time PCR System 

(Applied Biosystems). The BLACK Oligonucleotides published by Czechowski et al. 

(2005) were used as reference primer pair. 

 

Bioinformatic and statistical analysis 

Pearson correlation analysis and PCA score plots were performed with the Multiple 

Experiment Viewer (Saeed et al., 2003). Statistical analyses were performed with 

GraphPad Prism 5.0. Quantitative analysis results are presented as means +SE from 

repeated experiments as indicated in the figure legends. Pairwise Student’s t test 

was used to analyze statistical significance. 

 

Supplemented data 

 

  

Fig. S1 Mean normalized transcript abundance of PNC1, PXA1 and PXN in 

Arabidopsis thaliana rosette leaves in abiotic stress conditions 

Fig. S2 Mean of chlorophyll concentration (+SE; n=3) of 4-week-old old Col-0, 

pnc1/2, pxn-1 and pxa1-2 at the end of day, extended darkness (50 h), 

reillumination for 24 h after 50 h darkness and incubation in the dark for 

nine days (carbon starvation). 

Fig. S3 Effect of exogenous isobutyric acid supply on Col-0, pnc1/2, pxa1-2 and 

pxn-1 growth. 

Fig. S4 pnc1/2 and pxn-1 display accelerated leaf senescence 

Fig. S5 Heat stress treatment of 4-week-old Col-0, pnc1/2, pxn-1 and pxa1-2 
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Supplemented Results 
 

 
 
FIGURE S1. Mean normalized transcript abundance of PXA1, PNC1, PNC2, and PXN in Arabidopsis 
thaliana rosette leaves in the indicated abiotic stress conditions. Data derived from Kilian et al. (2007). 
 
 
 

 
FIGURE S2. Mean of chlorophyll concentration (+SE; n=3) of 4-week-old old Col-0, pnc1/2, pxn-1 and 
pxa1-2 at the end of day, extended darkness (50 h), reillumination for 24 h after 50 h darkness and 
incubation in the dark for nine days (Carbon starvation). Differences between the mean of biological 
replicates of each measurement were marked as statistically significant (t-test) with the Col-0 control 
by (*), (**) or (***) at respective significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
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FIGURE S3. Effect of exogenous isobutyric acid supply on growth of Col-0, pnc1/2, pxa1-2 and pxn-1. 
(A) Photograph of 30-d old seedling grown on 350 µM isobutyric acid.  Seeds were germinated on 
0.5x MS medium supplied with 1% (w/v) sucrose and transferred to the supplemented paltes. Scale 
bar: 10 mm.  
(B) Mean primary root length (+SE) measured 1 day and 14 days (grey bars) after transfer to the 
feeding plates. Data presents the primary root length in mm, visualized is the mean of seven to 16 
replicates with SE. There was no statistical difference for P <0.05 detected (Student’s t-test). 
 
  

 
FIGURE S4. pnc1/2 and pxn-1 display accelerated leaf senescence. 
(A). In green aged rosette leaves chlorophyll contents of pnc1/2 and pxn-1  are reduced in comparison 
to the wild-type.  
(B). Differences between the mean of at least three biological replicates (SE) of each measurement 
were marked as statistically significant (t-test) with the Col-0 control by (*), (**) or (***) at respective 
significance levels of (P < 0.05), (P < 0.01) or (P < 0.001). 
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FIGURE S5. Heat stress treatment of 4-week-old Col-0, pnc1/2, pxn-1 and pxa1-2. 
(A) Mean of maximum quantum yield (+SE; n=3) of 4-week-old Col-0, pnc1/2, pxn-1 and pxa1-2 after 
exposure to 1 hour darkness (21°C), 1 h heat shock (48°C) and 2 h recovery at 21°C and 3 h heat 
shock (48°C). Differences between the mean (+SE) of each treatment were marked as statistically 
significant (t-test) with the Col-0 control by (*), (**) or (***) at respective significance levels of (P < 
0.05), (P < 0.01) or (P < 0.001). FAc: Fluoroacetic acid. Scale bar: 10 mm.  
(B) Photograph of heat stressed leaves 24 h after the treatment. Necrotic lesions are more abundant 
for pxa1-2, pnc1/2 and pxn-1.  
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V. Concluding remarks and outlook 
This thesis set out to address physiological implications of MPV17/PMP22 proteins in 

in the mitochondrial and peroxisomal membranes of Saccharomyces cerevisiae 

(Manuscript 1) and Arabidopsis thaliana (Manuscript 2). Experimental evidence 

points to a role of mitochondrial Sym1p (Trott and Morano, 2004; Spinazzola et al., 

2006; Dallabona et al., 2010) and peroxisomal PMP22 (Tugal et al., 1999; Murphy et 

al., 2003) to form aqueous-pores in lipid bilayers that enable selective diffusion of 

small solutes. Channel forming activity was previously described for Sym1p 

(Reinhold et al., 2012) and the mammalian MPV17/PMP22-type protein peroxisomal 

membrane protein 2 (Pxmp2; Rokka et al., 2009), but also for plant peroxisome 

membrane fractions (Reumann et al., 1995; 1996; 1997). Heterologous expression of 

mitochondria-targeted PMP22 suppressed the growth phenotype of the sym1Δ yeast 

mutant, indicating Sym1p and PMP22 to have analogous functions. Future research 

will need to determine if these proteins are general diffusion pores or if the 

translocation is restricted to certain molecular species, such as 3-hydroxypropionate. 

 

Studies of sym1Δ revealed Sym1p to be important for the availability of TCA cycle 

intermediates at restrictive growth conditions as well as a role of Sym1p in preventing 

the accumulation of metabolites originating from mitochondrial pyruvate. Feeding of 

TCA and glyoxylate cycle intermediates restored wild-type growth at 37°C. 

Previously, it was assumed that S. cerevisiae cannot grow on propionate as sole 

carbon source (Graybill et al., 2007). However, we showed that propionate-sustained 

growth was possible at 37°C and depended on 2-methylcitrate-cycle activity to use 

propionate and methylmalonate as sole carbon source. Yeast metabolism was 

revealed to be more flexible than previously anticipated. Mutant analysis showed that 

the growth on propionate and methylmalonate was facilitated through Sym1p. 

Genetic evidence confirmed the necessity of SYM1 in the 2-methylcitrate cycle and 

revealed that the 2-methylcitrate cycle is needed for methylmalonate degradation.  

Dysfunctional TCA cycle and mtDNA depletion in sym1Δ pointed towards the 

possibility that Sym1p is needed to maintain Succinyl-CoA synthetase function 

(Chinnery, 2007). In humans the mutation of Succinyl-CoA synthetase leads to 

similar clinical symptoms as Mpv17- (Viscomi et al., 2008; Ostergaard, 2008; Kölker 

and Okun, 2005; Fenton and Gravel, 2001; Suomalainen and Isohanni, 2010). 

Mutations in mitochondrial genes display numerous clinical phenotypes and in the 
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past yeast was used successfully to model human mitochondrial disease (Baile and 

Claypool, 2013). To this end sym1Δ should to be further investigated to fully 

understand Mpv17 function. Future research could target Succinyl-CoA synthetase 

activity in sym1Δ and elucidate the bottleneck in sym1Δ mitochondrial function by 

measurement of flux through the TCA cycle and anaplerotic reactions after feeding of 

labeled substrates. In this study XDJ1 and EHD3 gene products were proposed to be 

involved in methylmalonyl-CoA conversions and corresponding activities should be 

verified by in vitro enzyme activity measurements.  

SYM2 was identified due to structural and regulatory similarities to SYM1. Similar to 

Sym1p, Sym2p was needed to support growth on ethanol at 37°C. To elucidate 

SYM2 function in glyoxylate cycle intermediate shuttling a cat2Δ sym2Δ could be 

generated to potentially reveal an oleic acid growth defect. Another interesting point 

would also be to further analyze the function of CIT2. This gene is involved in 

glyoxylate cycle and propionyl-CoA metabolism (Graybill et al., 2007) and has 

recently been reported to be indispensable for thermotolerance (Gibney et al., 2013).  

 

The plant peroxisomal protein of 22 kDa (PMP22) was shown to be important for 

general peroxisome function, as indicated by formation of peroxisome clusters in 

pmp22 hypocotyls. This was previously described for highly oxidized peroxisomes 

(Shibata et al., 2013). We established pmp22 T-DNA and miRNA mutants that had 

compromised growth of seedling hypocotyls by a block of fatty acid β-oxidation and 

glyoxylate cycle activity. PMP22 was needed for conversion of storage oil into 

respiratory substrates and gluconeogenetic Carbon units, which became visible in 

pmp22 mutants by chlorophyll degradation after extended darkness and in natural 

senescence. Growth of pmp22 mutants was sensitive to the presence of branched-

chain amino acids (BCAA) and associated catabolites (isobutyrate, propionate and 

acrylate). Phenotypic similarities to a peroxisomal mutant in valine catabolism led to 

the discussion that PMP22 catalyzes the export of 3-Hydroxypropionate, the end 

product of peroxisomal BCAA conversion. 

Our study unraveled the presence of ten PMP22-type genes in A. thaliana and future 

research ought address the roles of the plastidic and mitochondrial proteins to fully 

understand the biology of plastids and mitochondria. This study provides evidence 

that At3g24570 is a metabolite channel by suppression of the sym1Δ phenotype and 

could be involved in propionate export from the mitochondrion.  
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Similar roles as for PMP22 in extended darkness were revealed for PXA1 previously 

(Kunz et al., 2009). We showed that also the activity of PXN and PNC is needed for 

resistance to extended darkness (Manuscript 3). PXA1 and PNC1 are needed 

propionate and isobutyryate metabolism. Defects in metabolic conversion of 

isobutyryl-CoA and propionyl-CoA have been associated with severe diseases in 

humans and are well characterized. In plants these molecules are released in the 

degradation of BCAA, phytol and odd-chain fatty acids. BCAA degradation has 

recently attracted attention: in stressed plants BCAA have been shown to reduce the 

mitochondrial ubiquinone pool and support respiration (Araujo et al., 2010). However, 

the fate of the mitochondrial generated propionyl-CoA or defects in propionyl-CoA 

metabolism were neglected. Here we reported by analysis of β-oxidation mutants, 

that peroxisomes are essential to degrade propionate. PXA1 was implicated in the 

import of the short monocarboxylic acids. Future research should analyze a possible 

feedback inhibition of initial mitochondrial reaction of BCAA breakdown by propionate 

or propionyl-CoA as this could partially account for reduced N-mobilization to seeds 

in the β-oxidation mutants.  

Leaf senescence and seed filling are synchronized processes (Pottier et al., 2014). 

pmp22, pnc1/2, pxa1 and pxn-1 A. thaliana mutants had reduced seed yield and 

seeds were filled with less nutrients. The plants might be disturbed on whole plant 

nutrient relocation efficiency. Natural senescence is the final stage of plant 

development and has been shown to substantially limit plant biomass and seed yield 

(Gregersen et al., 2013). Our work implies that peroxisomal β-oxidation could be 

used as a target of engineering to ameliorate natural senescence and increase plant 

productivity. 
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For more than two decades Agrobacterium mediated
stable genetic transformation of plant cells is a routine
laboratory method to generate transgenic plants. The
natural capability of Agrobacterium tumefaciens to in
fect plants is thereby exploited for transferring foreign
genes into plant cells. During stable transformation
engineered DNA fragments are integrated into the
plant genome and can be passed on to the next genera
tions. The host specificity of Agrobacteria to plant spe
cies is limited and the genetic mechanisms underlying
host specificity are complex. Besides Arabidopsis thali
ana, Agrobacterium tumefaciens is also capable of suc
cessfully transforming a large variety of other plant
species, such as maize or rice.

Using Agrobacteria to transform Arabidopsis is
straightforward, requiring only standard laboratory
equipment. Transformation by floral dip is easy and
can be performed by non specialists. Due to its small
size, short generation time, high seed production and
easy handling, Arabidopsis, which has emerged as
model organism for plant biology research, is frequent
ly chosen to generate transgenic plants.

This review focuses on the generation of transgenic
Arabidopsis plants by Agrobacteria using the floral dip
method. Besides a simplified protocol for the Agrobac
terium mediated transformation, we here describe
common Agrobacterium strains and suitable binary T
DNA vectors. Further, we focus on plant selection to
finally isolate homozygous transgenic mutant lines.
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Table 1:
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Vector Application category BSM PSM Ref

Vector series for restriction enzyme cloning

Gateway compatible vector series
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Table 2: Genetic markers and selective agents for plant transformation 

Gene, Enzyme, Source PSM Conc Ref

aac3, a marcescensSerrati

aadA higella sp.

bar, eptomyces hygroskopicusStr

dhfr, , M. musculus

hp , E. coh li

nptII E. coli

sulI E. coli
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Figure 1: Selection of transgenic plants

22  
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Figure 2: Key steps of Agrobacterium mediated plant trans
formation procedure
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BOX Plant transformation method

Step 1 Cloning

Step 2 Plant growth

Step 3 Competent Agrobacteria

Step 4 Agrobacteria transformation using the freeze thawmethod

Step 5 Plant status optimal for transformation

Step 6 Agrobacteria culture for dipping

vir

Step 7 Preparation of plants
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Step 8 Dipping – Plant transformation

Step 9 Plant handling after transformation

 
 

 
 
 
Step 10 Collection of seeds

 
 

Figure 3: Floral dip procedure
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Step 11 Seed surface sterilization

 Chlorine gas method

 Ethanol liquid method

Step 12 Selection of primary transformants

. 

Step 13 gDNA isolation using sucrose buffer

Step 14 Segregation analysis
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a b s t r a c t

Plant metabolic engineering is a promising tool for biotechnological applications. Major goals include
enhancing plant � tness for an increased product yield and improving or introducing novel pathways to
synthesize industrially relevant products. Plant peroxisomes are favorable targets for metabolic engi�
neering, because they are involved in diverse functions, including primary and secondary metabolism,
development, abiotic stress response, and pathogen defense. This review discusses targets for manipu�
lating endogenous peroxisomal pathways, such as fatty acid �� oxidation, or introducing novel pathways,
such as the synthesis of biodegradable polymers. Furthermore, strategies to bypass peroxisomal path�
ways for improved energy ef� ciency and detoxi� cation of environmental pollutants are discussed. In
sum, we highlight the biotechnological potential of plant peroxisomes and indicate future perspectives
to exploit peroxisomes as biofactories.
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1. Introduction

Plants have evolved the ability to produce a wide range of
molecules. Many of these compounds are of biotechnological
importance, as they serve as food, colorants, � avors, fragrances,
traditional medicines, pharmaceuticals, cosmetics, and renewable
fuels [1]. Their chemical synthesis is often dif� cult and expensive,
thus genetic engineering is an alternative approach to optimize the
production of desired metabolites in plants.

In plants, biochemical pathways are compartmentalized and
individual steps of a particular pathway are distributed over

0168� 9452/$ � see front matter ©�2013�The�Authors.�Published�by�Elsevier�Ireland�Ltd.�All�rights�reserved.
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different compartments. In this context, peroxisomes, which are
subcellular organelles 1 �m in diameter [2], represent as organelles
at a metabolic crossroads [3,4], because they participate in one
or more steps in many signi� cant metabolic reactions, including
primary carbon metabolism (e.g. beta� oxidation of fatty acids
and photorespiration), secondary metabolism (e.g. production of
glucosinolates), development (e.g. synthesis of plant hormones),
abiotic stress response, and pathogen defense [4].

Thus, peroxisomes are an attractive target for metabolic
engineering, to increase yield and quality of plant products. Manip�
ulation of peroxisomal scavenging systems for reactive oxygen
species (ROS) might enhance plant � tness under environmental
stress conditions [5]. Besides altering peroxisomal functions, novel
pathways can be implemented in peroxisomes, enabling the syn�
thesis of desired metabolites or degradation of toxic molecules. The
following characteristics illustrate why peroxisomes are well suited
for biotechnological purposes:

(i) Peroxisomes are surrounded by a single lipid bilayer mem�
brane [4]. Novel reactions can be compartmentalized within
peroxisomes. A peroxisomal compartmentation is favorable
because end products or intermediates can be toxic for the cell.
As peroxisomes are equipped with ef� cient ROS� detoxifying
systems [6], ROS� producing reactions can be introduced in per�
oxisomes without deleterious effects.

(ii) Peroxisomes allow an ef� cient targeting of heterologous pro�
teins, since protein� targeting signals for the peroxisome are
well established. Soluble, nuclear� encoded proteins are tar�
geted to peroxisomes by two different targeting signals, which
direct soluble proteins to peroxisomes. Most proteins use the
Type 1 Peroxisomal Targeting Signal (PTS1) to enter peroxi�
somes, which consists of three amino acids at the carboxyl
terminus (SKL, or a conserved variant) [7,8]. The Type 2 Per�
oxisomal Targeting Signal (PTS2) is a conserved nonapeptide
(9 amino acids), which is attached to the amino terminus of
peroxisomal proteins [9]. Fusion of either signal peptide to
a heterologous protein results in direct targeting to peroxi�
somes. Thus, the enzymatic content of peroxisomes can be
easily modi� ed. In contrast to plastids and mitochondria, the
peroxisomal protein import machinery is able to import fully
folded proteins and stable protein complexes in a receptor�
independent fashion [4]. The import of heterologous protein
complexes into peroxisomes depends on a mechanism called
piggybacking, where a protein without a peroxisomal targeting
signal uses a PTS� carrying protein as shuttle [10,11]. Therefore,
coupling of a shuttle protein to other proteins might enable
the targeting of even larger protein complexes to peroxisomes
without modifying the import receptor machinery.

(iii) Peroxisomes are highly dynamic organelles, which are able
to adjust size and number [12]. They multiply by � ssion and
proliferation [4]. Latter is induced by various environmental,
developmental and metabolic cues and is controlled by the
PEROXIN11 protein family and several transcription factors
[13,14]. A rapid increase in peroxisome number allows an accu�
mulation of substances produced in peroxisomes [2].

In recent years, major progress has been made in genomics
and proteomics, revealing the diversity of peroxisomal metabolism
[4,15]. However, mechanisms to exploit plant peroxisomes for
optimizing metabolism or modifying metabolic � uxes toward com�
pounds of interest are not well studied. Here, we present recent
pioneering approaches to produce plant peroxisome biofactories.
Moreover, we indicate putative targets and possible strategies
that in the future could be exploited to engineer peroxisomes for
biotechnological purposes.

2. Improving seed oil yield and quality

One of the major goals of agricultural biotechnology is to
increase the content and/or improve the value of oils in oilseed
plants, including sun� ower, soybean, palm, oilseed rape, and maize
crops [16]. Oilseed crops are not only important for human nutri�
tion [17], but can also be used for a variety of chemical applications.

Plants are able to produce a wide range of different fatty acids,
whereas the number of fatty acids shared between plant species is
relatively low. All conventional crops contain palmitic acid, stearic
acid, oleic acid, linoleic acid, and linolenic acid. These are termed
� usual� fatty acids. Fatty acids, which in their chemical structures
differ from usual fatty acids, are referred to as � unusual� fatty acids.
Unusual fatty acids, exhibiting hydroxylations or acetylations, are
of major industrial interest, as they provide raw materials for the
generation of biopolymers or fuels [18].

Vegetable oils, for example, serve as a sustainable replace�
ment of petroleum� based chemicals [16]. One appealing method
to produce high� value oils is the genetic engineering of plants
accumulating ricinoleic acid, which serves as precursor for
economically� viable products, such as ink, lubricants, varnishes,
emulsi� ers, nylon, or biodiesel [18,19].

The bottleneck for increased oilseed content and the produc�
tion of �designer oils� is the channeling of fatty acids into storage
oil. Inef� cient integration arises either by enhanced biosynthesis
of native fatty acids or by the low af� nity of acyltransferases to
unusual fatty acids [20,21]. As a consequence, accumulated fatty
acids are degraded via peroxisomal beta� oxidation, which simulta�
neously operates during lipid synthesis (Fig. 1).

Inactivating peroxisomal beta� oxidation enzymes by using spe�
ci� c promoters only active during seed � lling could minimize such
futile cycling. Another strategy is to produce the desired oil in a
speci� c plant tissue with low beta� oxidation activity (e.g. leaves).
Leaf� speci� c oil production might be favorable if the accumulation
of industrial� valuable oil in seeds affected germination or seedling
establishment [22].

3. Plant peroxisomes confer stress tolerance

Various abiotic and biotic stress conditions, such as salinity,
heat, cold, drought, and pathogen infection induce oxidative stress
in plants. This results in overproduction of ROS in chloroplasts,
mitochondria, and peroxisomes, with highly oxidative metabolism
[23,24]. Plants are unable to escape exposure to environmental
stresses, thus they have developed a complex antioxidant defense
system to control ROS levels and protect cells from oxidative injury
[6]. Here, we present several strategies to improve stress tolerance
in plants through modi� ed peroxisomal metabolism circumventing
oxidative stress and thereby increasing � tness [25].

3.1. Increasing the peroxisome population

Plant peroxisomes multiply under stress conditions. In plants
the PEROXIN11 family, which consist of � ve isoforms (a� e), controls
proliferation of peroxisomes. When overexpressed, the number
of peroxisomes increases. Conversely, reducing the expression of
PEX11 genes results in decreased peroxisome abundance [26].
The expression of PEX11b is controlled through a phytochrome
A� dependent pathway, involving the far� red light photoreceptor
phyA and the bZIP transcription factor HY5 homolog [13,27].

Additionally, peroxisomal proliferation is induced by environ�
mental stimuli and various stresses, such as high light intensities,
H2O2, ozone, xenobiotics, cadmium, salt, pathogens, and senes�
cence. However, little is known about the principal molecular
mechanisms [28� 33]. Stress� induced peroxisome proliferation



 VI.2 Manuscript 5 187 

 

234 S.K. Kessel� Vigelius et al. / Plant Science 210 (2013) 232–240

Fig. 1. Fatty acids synthesis and catabolism take place simultaneously in plant cells. In chloroplasts fatty acids (FAs) are generated from acyl� CoA and pyruvate via the fatty
acid synthesis complex and are then released into the cytosol. FAs are either catabolized via peroxisomal �� oxidation or incorporated into triacylglycerols via the Kennedy
pathway in the ER. CoA, coenzyme A; FAS, fatty acid synthesis complex; ACS, acyl CoA synthetase; ER, endoplasmic reticulum; TAG, triacylglycerol.

may re� ect the ability to cope with oxidative damage. Conse�
quently, controlling the peroxisomal population is a promising
strategy to enhance stress tolerance in plants.

Introduction of a peroxisome proliferator� activated receptor
from Xenopus laevis in tobacco plants leads to increased peroxi�
some number in transgenic tobacco plants [34]. Expression of this
regulatory complex increases peroxisome number in transgenic
tobacco plants, as it was previously reported for animal tissues [35].
The activity of peroxisomal enzymes involved in ROS� scavenging
is increased, leading to potentially improved resistance to oxida�
tive stress [36]. The induced peroxisome proliferation disrupts the
plant�s redox state, leading to modi� ed salicylic acid levels and
altered expression patterns of jasmonic acid and ethylene biosyn�
thesis genes. These changes positively affect pathogen resistance
[36].

In an independent approach, an enlarged peroxisome popula�
tion was produced by up� regulation of the Arabidopsis peroxisome
biogenesis gene PEX11, the regulator of peroxisome proliferation
[13]. However, increasing the peroxisome number did not result
in elevated salt tolerance in Arabidopsis seedlings and older plants
[37]. Future studies need to elucidate if manipulating peroxisome
biogenesis can be a strategy to alter stress tolerance. However,
understanding regulation and all possible side� effects is crucial
when increasing the peroxisomal population.

3.2. Improving peroxisomal ROS� scavenging systems

Under non� stress conditions ROS produced by peroxisomal
metabolism are scavenged by the simultaneous action of the per�
oxisomal antioxidant systems catalase, ascorbate peroxidase and
the ascorbate� glutathione cycle [38]. However, under oxidative
stress conditions peroxisomal ROS generation is enhanced and ROS
scavenging is insuf� cient [38]. The ability to cope with an increased
ROS production is correlated with upregulation of peroxisomal

antioxidant systems in natural stress� tolerant plant species [39,40].
One goal for engineering plants with wide� ranging stress resistance
would be improving the peroxisomal ROS scavenging machinery
(i.e. modulate the gene expression and enzymatic activity).

Catalase as a prominent H2O2 scavenger is an important tar�
get. It is highly abundant in plant peroxisomes but has a low
substrate af� nity [41]. Modulation of its catalytic activity might
be a starting� point to overcome this drawback, leading to more
ef� cient ROS detoxi� cation in plant peroxisomes. Because bac�
terial catalases offer higher H2O2 af� nity, several studies have
ectopically expressed the Escherichia coli catalase in plant species
such as tobacco, tomato, and rice [42� 44]. The resulting trans�
genic plants displayed an increased protection against oxidative
stress. The same outcome was achieved by overexpression of
the peroxisomal ascorbate peroxidase (APX), which acts in tan�
dem with catalase to degrade H2O2 [45,46]. Alternatively, an
enhanced ascorbate� glutathione cycle in the peroxisomal matrix
could reduce plant stress [38]. To accomplish this task various
modi� cations are required simultaneously: (i) enlarging the perox�
isomal glutathione and ascorbate pool by stimulating biosynthesis
and uptake into peroxisomes, (ii) increasing the NADPH levels in
peroxisomes by over� expressing the peroxisomal NAD kinase for
NADPH production [47], and (iii) constitutive peroxisomal target�
ing of glutathione reductase, which carries a weak peroxisomal
targeting signal and is located in the cytosol and peroxisomes
[48]. Previous studies have successfully induced the biosynthesis
of glutathione and ascorbate, resulting in higher glutathione and
ascorbate levels in the cytosol [49,50]. To increase peroxisomal
import of glutathione and ascorbate, speci� c peroxisomal trans�
port proteins remain to be identi� ed. To date, modifying the redox
state of peroxisomal ascorbate and glutathione pools is feasible
[47,48]. Enhancing glutathione and ascorbate uptake remains to be
achieved in future, since corresponding peroxisomal transporters
have not been identi� ed thus far.
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3.3. Improved pest and pathogen resistance

Plants suffer from infections caused by fungi, bacteria, viruses
and nematodes. Peroxisomes play a substantial role in disease resis�
tance and are targets for genetic improvement to confer pathogen
tolerance in plants [4].

The phytohormone jasmonic acid (JA) is a lipid� derived
signaling molecule that induces plant defense mechanisms [51].
Its production is triggered in response to tissue injury (wounding)
caused by herbivore attack. The last steps of JA biosynthesis occur
in peroxisomes [51]. The JA precursor 12� oxo� phytodienoic acid
(OPDA) is imported into peroxisomes and is subsequently reduced
to OPC8:0 (3� oxo� 2� (2′[Z]� pentenyl)� cyclopentan� 1� octanoic acid),
In three rounds of peroxisomal beta� oxidation activated OPC8:0
is converted to JA [52]. Overexpression of the transcription factor
WRKY30 in rice resulted in a constitutive expression of plastidic JA
biosynthesis genes. This was associated with increased endogenous
JA accumulation and enhanced tolerance against fungal pathogens
[53]. As JA biosynthetic enzymes locate to companion cells and
sieve elements of the vascular bundle [54], it might be bene� �
cial to not only improve biosynthesis, but extend JA production to
other tissues to prime plants against herbivore attack. This involves
exploiting a natural peroxisomal function.

Plant peroxisomes contribute to extracellular defense mech�
anisms against fungi by preventing colonization. Upon fungal
invasion peroxisomes migrate toward the site of invasion [55].
Under these conditions the myrosinase PEN2, which is bound to
the peroxisomal membrane, hydrolyzes indolic glucosinolates to
antifungal defense compounds protecting plants against fungal
entry [56]. Furthermore, certain benzylglucosinolates play a role in
pathogen defense and are found in developing seeds and germinat�
ing seedlings [57]. These active defense molecules are synthesized
in the cytosol by transferring a benzoyl moiety from benzoyl� CoA
to a hydroxylated aliphatic glucosinolate, though the precursor
benzoyl� CoA is primarily produced from cinnamic acid via peroxi�
somal beta� oxidation [58� 60].

Engineering levels of these defense compounds might enhance
plant immunity against pathogens. This can be achieved by tar�
geting either biosynthetic or regulatory genes of glucosinolate
biosynthesis [58,61]. Glucosinolates are naturally found in cru�
cifers, including oilseed rape and Arabidopsis, but their production
could be successfully implemented in non� cruciferous plants, such
as tobacco [62]. However, cruciferous crop seeds with high glucosi�
nolate content are unwanted as primary food source for animals or
humans, because these metabolites have a bitter taste [63]. An agri�
cultural challenge for the future is to eliminate glucosinolates from
edible parts of crops, but retain their synthesis in source tissues for
protection against pathogen attack. Speci� c expression and sup�
pression of peroxisomal modules involved in benzylglucosinolate
production might be a promising approach to solve this problem.

3.4. Peroxisomal small heat shock proteins for enhanced stress
tolerance

Small heat� shock proteins are induced in response to vari�
ous stresses. They act as molecular chaperones preventing the
aggregation of nascent and stress� accumulated misfolded pro�
teins [64,65]. Two peroxisome� located small heat� shock proteins
called AtAcd31.2 and AtHsp15.7 were identi� ed in Arabidopsis
[66]. AtAcd31.2 is constitutively expressed, whereas AtHsp15.7
expression is strongly induced by heat and oxidative stress [66],
suggesting that peroxisomal small heat� shock proteins play a role
in protecting proteins under both physiological and stress condi�
tions [67]. The overexpression of small heat� shock proteins might
be a useful strategy to produce plants with enhanced tolerance
against different stresses. Previous studies have demonstrated

that substantial tolerance to salt, drought and high light can be
achieved by over� expressing cytosolic or plastidic heat� shock pro�
teins [67� 69].

4. Modulating auxin synthesis in peroxisomes

Peroxisomes are involved in biogenesis of the auxin indole� 3�
acetic acid. Indole� 3� butyric acid is metabolized to the active form
indole� 3� acetic acid by removing two side� chain methylene units
in a process similar to fatty acid beta� oxidation [70,71]. It has
been shown that indole� 3� butyric acid� derived auxin in� uences
cell expansion in certain cell types, resulting in elongated root hairs
and enlarged cotyledons [72]. Elongation of root hairs by stimu�
lating auxin production is a promising approach to enlarge root
surface area and thereby enhance water and nutrient uptake [73].
Whether this goal can be accomplished without major drawbacks
on plant development remains to be shown.

5. Implementation of arti� cial metabolic pathways to gain
novel peroxisomal functions

Besides optimizing peroxisomal metabolism, metabolic engi�
neering can achieve novel peroxisomal functions. The goal is to
introduce arti� cial pathways into plant peroxisomes for either pro�
ducing novel substances or improving ef� ciency of peroxisomal
pathways degrading toxic compounds.

5.1. Production of biodegradable polymers in plant peroxisomes

Plant peroxisomes are attractive factories for biodegrad�
able polymers, such as polyhydroxyalkanoates (PHA). Renewable
bioplastics are sustainable and have the potential to replace con�
ventional mineral oil� based plastics [74].

PHAs are a group of polyesters, which are naturally formed
and deposited as inclusion bodies in many bacterial genera. They
are not produced in eukaryotes [75]. PHAs can incorporate more
than one hundred different hydroxyacids, mainly varying in func�
tional groups of side chains and chain length [76]. Thus, physical
properties of PHA range from glues to brittle plastics, depending
on the composition [77]. The biosynthesis pathway of the most
common type of PHAs, the homopolymer poly� 3� hydroxybutyrate
(PHB), was discovered � rst in Ralstonia eutropha, where it serves
as a carbon sink [78,79]. Its synthesis pathway has been success�
fully introduced into different microorganisms, which naturally do
not produce these polymers [80]. To increase substrate availabil�
ity for PHA biosynthesis, overproduction of the starting substrate
acetyl� CoA was induced, which led to an improved PHA production
in these organisms [81].

However, PHA production in microorganisms is not economical
because of expensive bacterial feedstock, such as glucose [82]. To
address economic inef� ciency, plants producing high amounts of
PHA were designed. Plants are well suited, as water, light, CO2, and
a few minerals suf� ce to produce high amounts of biomass. More�
over, plants are unable to degrade PHAs and thus can accumulate
these polymers in high amounts. For successful PHA production in
plants three prerequisites are needed: (i) the bacterial three� gene
pathway consisting of a 3� ketothiolase (phaA), an acetoacetyl� CoA
reductase (phaB) and a PHA synthase (phaC), (ii) a large acetyl� CoA
pool, and (iii) reducing power [83].

PHA production was � rst achieved in the cytosol of Arabidopsis
and tobacco, because only two additional enzymes had to be
introduced, phaB and phaC, as plants endogenously possess a
cytosolic form of phaA as part of the mevalonate pathway (Fig. 2A).
The production of PHA led to a strong reduction of plant growth,
resulting from depletion of cytoplasmic acetyl� CoA, inhibiting
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Fig. 2. (A) PHB synthesis in Ralstonia eutropha. Bacterial pathway of PHB production in R. eutropha. phaA, 3� ketothiolase; phaB, acetoacetyl� CoA reductase; phaC, PHA synthase.
(B) PHA synthesis in plants can be implemented into the beta� oxidation cycle. Intermediates of the beta� oxidation can be used for PHA synthesis. Either an epimerase, a
hydratase, or a reductase is necessary to convert cycle intermediates into substrates for phaC. The beta� oxidation core reactions are depicted in blue. KT, 3� ketothiolase; ACD,
acyl� CoA dehydrogenase; ECH, enoyl� CoA hydratase I; HCD, S� 3 hydroxyacyl� CoA dehydrogenase.

isoprenoid and � avonoid biosynthesis [75,84]. To achieve higher
PHA levels, with less deleterious effects, production was targeted
to chloroplasts of numerous plant species. PHA yield was predicted
to increase, as plastids have a high � ux of acetyl� CoA, which
is required for fatty acid biosynthesis. In transgenic plant lines
accumulating high amounts of PHA in their chloroplasts, growth
was reduced, plants were chlorotic, and sometimes fertility was
impacted. The reasons for the strong phenotype have not been
clearly determined [85� 87].

To minimize plant growth defects, PHA synthesis was targeted
to plant peroxisomes (Fig. 2B) exploiting peroxisomal carbon � ux
through beta� oxidation for synthesis [88� 91]. A peroxisomal tar�
geting signal was fused to the bacterial phaA, phaB, and phaC genes.
Peroxisomes of PHA� producing plants are signi� cantly enlarged.
This re� ects that these organelles have the capability to increase
their size to accommodate large volumes of PHA granules [91].
Studies with the C4� grass sugarcane, a high biomass crop, showed
that peroxisomal PHA biosynthesis signi� cantly contributes to PHA
production levels of commercial interest in crop plants, without
interfering with plant growth [91].

5.2. Peroxisomal bypass pathways to reduce photorespiration

A central function of plant peroxisomes is their contribution
to photorespiration (Fig. 3) [4]. This light� dependent pathway
is linked to photosynthesis by the dual function of plastidic
RubisCO. Low carbon dioxide concentrations favor the oxygen�
ase reaction of RubisCO leading to an accumulation of toxic
2� phosphoglycolate [92]. This compound is ef� ciently degraded
via the photorespiratory C2 cycle, converting 2� phosphoglycolate
to 3� phosphoglycerate, which re� enters the Calvin� Benson cycle.
CO2 and ammonia (NH3) are released. Substantial energy costs
are required for re� assimilation (Fig. 3) [92]. The goal is to opti�
mize plant metabolism and to increase biomass production by
minimizing energy losses in photorespiration. As photorespiration
is required in all photosynthetic organisms, it cannot be elimi�
nated completely, but bypassed [93]. So far, three reactions have
been tested in plants circumventing energy loss from photores�
piration [94]. A reduction of the RubisCO oxygenase reaction was
attempted by increasing CO2 levels inside chloroplasts, utilizing

carbon derived from 2� phosphogycolate (Fig. 3, blue pathway)
[95]. Secondly, an alternative plastidic conversion route for 2�
phosphoglycolate has been reported (Fig. 3, red pathway) [96].
Both approaches bypassing the mitochondrial CO2 release led to
an increase in biomass production under ambient CO2 conditions
[95,96].

To avoid mitochondrial NH3 production a short� circuit path�
way of the photorespiratory nitrogen cycle was implemented into
peroxisomes [97]. Glyoxylate carboligase (GCL) and hydroxypyru�
vate isomerase (HYI) from E. coli were introduced into peroxisomes
of transgenic tobacco leaves resulting in a peroxisomal conver�
sion of glyoxylate to hydroxypyruvate (Fig. 3, green pathway).
Unfortunately, this bypass did not show the bene� ts expected
for biomass production [97]. Instead, leaves of transgenic tobacco
displayed chlorotic lesions under ambient CO2 levels. Detailed anal�
yses revealed that the GCL/HYI pathway introduced was not fully
operating, due to silencing of the bacterial hydroxypyruvate isom�
erase gene [97]. Thus, the functionality of this proposed pathway
remains to be demonstrated. The use of RNA� silencing tobacco
mutants might overcome this obstacle [98]. It might enable further
analyses studying peroxisomes as tools to bypass photorespiration
[97].

5.3. Peroxisomal degradation pathways for pollutants

Genetically modi� ed plants can help to reduce environmental
pollution by degradation of long� persisting chemical compounds
in contaminated soil or ground water. The implementation of
catabolic pathways from various bacterial and fungal organisms
into plants allows detoxi� cation of certain organic pollutants [99].

For example, tobacco plants have been developed which
degrade the halogenated aliphatic compound 1,2� dichloroethane,
a carcinogenic chemical of high stability. In these plants, two
enzymes from Xanthobacter autotrophicus were expressed that
catabolize 1,2� dichloroethane to glycolate in combination with
endogenous enzymes [100]. High accumulation of the resulted end
product glycolate is toxic for the plant cell and needs to be directly
metabolized. In particular for the root tissue, it might be to ectopi�
cally introduce the photorespiratory enzyme glycolate oxidase in
root cells for the conversion of glycolate to glyoxylate.
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Fig. 3. The loss of ammonia during photorespiration can be bypassed. Ammonia and CO2 are released in mitochondria during the conversion of glycine to serine. Ammo�
nia can be re� assimilated in chloroplasts. The ammonia� consuming reactions can be bypassed by a photorespiratory short� circuit in peroxisomes (shown in green) by
introducing two bacterial enzymes GCL and HYI. The plastidic bypasses introduced by Maier et al. [95] and Kebeish et al. [96] are presented in blue and red, respectively.
RuBP, ribulose� 1,5� bisphosphate; PGA, phosphoglycerate; Glu, glutamate; Gln, glutamine; 2� OG, 2� oxoglutarate; ATP, adenosine triphosphate; ADP, adenosine diphosphate;
NAD(H), nicotinamide adenine dinucleotide; TSA, tartronic semialdehyde; GCL, glyoxylate carbolyase; HYI, hydroxypyruvate isomerase.

Sulfur dioxide is a major air pollutant emitted by industrial
processes. SO2 adversely affects growth and development of crop
species, causing chlorosis, necrosis and long� term yield reduction
[101� 103]. It enters plant tissues as gas, where it is transformed to
sul� te. Excess amounts of sul� te are toxic to the plant cell. Peroxi�
somal catalase activity is sensitive to sul� te, resulting in high H2O2
levels upon sul� te stress [104]. The key enzyme to protect plants
against sul� te toxicity is the peroxisomal sul� te oxidase, catalyzing
the oxidation of sul� te to sulfate. To improve sul� te detoxi� cation,
the peroxisomal sul� te oxidase from maize was overexpressed in
plants [105,106]. Transgenic lines exhibiting elevated sul� te oxi�
dase levels confer enhanced tolerance to excess sul� te, which is
indicated by lower H2O2 and higher catalase levels. Hence, the
overexpression of sul� te oxidase may protect peroxisomal catalase
from inhibition by sul� te [106].

6. Concluding remarks

Besides recent progress in the � eld of peroxisome engineering,
the emerging potential of plant peroxisomes for green biotech�
nology is described in this review. Strategies are presented which
either (i) manipulate peroxisomal pathways to alter oilseed quan�
tity and quality, or (ii) improve tolerance toward abiotic and biotic
stresses. Further, approaches are shown which involve (iii) imple�
menting new pathways in peroxisomes, such as the production of
biodegradable polymers, (iv) bypassing peroxisomal pathways for
a better energy� cost ef� ciency, and (v) detoxifying pollutants from
contaminated soil, water and air.

However, several limitations have to be considered when mod�
ifying or introducing pathways to peroxisomes. If � uxes through
endogenous peroxisomal pathways are changed, overall cellular
metabolism and substrate homeostasis could be negatively in� u�
enced. For example, changes in peroxisomal contributions to auxin
synthesis or photorespiration were reported to create substantial
reductions in � tness [107,108]. In order to estimate the biotechno�
logical potential of plant peroxisomes, it is necessary to understand
how peroxisomal metabolism is regulated and coordinated.

When implementing novel pathways, the pH optimum inside
peroxisomes needs to be considered, because newly introduced
enzymes with a strict cofactor� and pH� dependency might be
impaired. The pH of plant peroxisomes has not yet been deter�
mined. Reports for other eukaryotic organisms, including yeast and
mammals, indicated contradictory results the peroxisomal matrix
is either acidic or alkaline [109� 112]. In addition, cofactors need to

be available in peroxisomes, when implementing certain enzymatic
reactions. Peroxisomes are capable of importing fully folded pro�
teins, which have already bound their cofactor in the cytosol [113].
For ATP, NAD and CoA transporters have been identi� ed import�
ing these cofactors into peroxisomes [114� 116]. Further, the level
of peroxide radicals could interfere with enzyme activities, since
peroxisomes exhibit an oxidative metabolism producing ROS.

Successful engineering of plant peroxisomal metabolism
requires insights into the complete protein inventory. To date,
proteome analyses identi� ed more than 100 peroxisomal pro�
teins in plants. However, further enzymes are necessary to ful� ll
proposed or described metabolic functions [117]. In this con�
text, a major obstacle is the missing comprehensive knowledge
about metabolite transport proteins, mediating the � ux of solutes
across the peroxisomal membrane [118]. Although many peroxiso�
mal transport steps are hypothesized in plants, the corresponding
transporter genes have not yet been assigned. Besides the three
cofactor carriers mentioned earlier, only the carrier importing fatty
acids has been identi� ed so far [114� 116,118� 120]. With regard to
metabolite transport, biotechnological implementations have to be
considered carefully, because the prospective substrates and prod�
ucts need to be shuttled in and out of peroxisomes.

As very little is know about endogenous export from peroxi�
somes, secretion of substances produced in peroxisomes might
even be a favorable trait for biotechnological production, as it is
known for algae [121]. Such a process protects the cell from poten�
tial toxic effects of compounds created in this organelle. On the
other hand, secretion of products can be favorable to avoid expen�
sive downstream processing after biotechnological production. In a
process called peroxicretion, subsequent excretion of peroxisomal
products from cells was achieved by fusing the soluble domain of a
Golgi� derived v� SNARE to a peroxisomal membrane protein used as
an anchor. Fusion of peroxisomes with the plasma membrane was
induced and products were released into the extracellular space
[122]. This arti� cial secretion pathway, coupled to an inducible pro�
moter controlling the time point of product release, might raise the
utility of engineered production in plant peroxisomes for industrial
biotechnology.

A long� term goal of engineering plant peroxisomes is the
construction of synthetic peroxisomes in plants or other eukary�
otic organisms, such as yeast. First steps toward this goal have
been taken recently, when in a human cell line two antioxidant
enzymes, a Cu/Zn� superoxide dismutase and a catalase isoform,
were expressed in polymer vesicles, which have a membrane made
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permeable by insertion of channel proteins. In this arti
 cial peroxi

some superoxide radicals and H2O2 detoxi
 cation was functional
[123].
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