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Abstract 
The primary function of plant mitochondria is respiration, which is why they are often referred to as 
“powerhouses of the cell”. Besides their central role in energy metabolism, plant mitochondria are 
also involved in the photorespiratory C2 cycle and in the provision of carbon skeletons to support 
efficient nitrogen assimilation. All these functions are catalyzed by mitochondrial proteins. Their 
composition, abundance and interactions in plant mitochondria are the subject of this thesis. In yeast, 
Trypanosomes, and several mammalian cell types, mitochondria are organized as extensive 
mitochondrial networks, resulting in a situation where a cell only hosts few but large mitochondria. In 
plants, hundreds of small mitochondria are only connected by fusion and fission over time but not 
physically. Hence, the organelles form individual, functional units. Paradoxically, their biochemical and 
physiological characterization focuses on large organelle populations and thereby disregards the 
properties of the individual mitochondrion. This partially is based on the fact that cell biological 
approaches capturing structural features of plant mitochondria often are of limited value for 
understanding their physiological properties. Chapter 2.1 of this thesis models the protein content of 
a single mitochondrion by combining proteomics with classical cell biology.  Besides other insights into 
the function of a single plant mitochondrion, it could be shown that proteins involved in ATP synthesis 
and transport make up nearly half of the plant mitochondrial proteome. The five protein complexes of 
the OXPHOS system contribute most to this segment of the mitochondrial proteome, underlining the 
overall importance of mitochondrial ATP synthesis for the entire plant cell. Despite the central function 
of OXHPOS components in plants, certain unicellular parasites and yeasts apparently do not need a 
complete OXPHOS system. Intriguingly, it recently has been reported that the mitochondrial genome 
of the multicellular parasitic flowering plant Viscum album (European mistletoe) is reduced and lacks 
the genes encoding the mitochondrially encoded subunits of complex I. This implies that the 
corresponding genes either have been lost or, alternatively, were transferred to the nuclear genome. 
The consequences for the mitochondrial respiratory chain were so far unknown. Chapter 2.2 presents 
data suggesting that V. album indeed lacks mitochondrial complex I. The absence of complex I is 
accompanied by a rearrangement of the respiratory chain including (i) stable supercomplexes 
composed of complexes III2 and IV, and (ii) the occurrence of numerous alternative oxidoreductases. 
Mitochondria of V. album also possess less cristae than mitochondria from non-parasitic plants, which 
can be explained by low amounts of ATP synthase dimers. The mitochondrial proteome consists of 
proteins encoded in the nucleus or in the rudimentary mitochondrial genome. The few proteins 
encoded on the mitochondrial genome are translated by mitochondrial ribosomes. While structure 
and composition of these mitoribosomes are well established in yeast and mammals, the current 
knowledge of plant mitoribosomes is negligible. Isolation of plant mitoribosomes is difficult due to 
their sedimentation coefficient, which is very close to that of cytosolic ribosomes, their interaction 
with the inner mitochondrial membrane, and the attachment of cytosolic ribosomes to the 
mitochondrial surface. As part of this dissertation, plant mitoribosomes were analyzed via a novel 
complexome profiling strategy (chapter 2.3). This revealed an unconventional molecular mass of the 
small ribosomal subunit of plants. In addition, several pentatricopeptide repeat (PPR) proteins were 
discovered to form part of both, the large and the small mitoribosomal subunit.   
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Zusammenfassung 
Die Hauptfunktion von Mitochondrien ist Respiration, weshalb sie häufig als „Kraftwerke der Zelle“ 
bezeichnet werden. Neben ihrer zentralen Rolle im Energiestoffwechsel sind Pflanzenmitochondrien 
auch am photorespiratorischen C2 Zyklus und an der Bereitstellung von Kohlenstoffgerüsten beteiligt, 
um effiziente Stickstoffassimilation zu unterstützen. All diese Funktionen werden dabei von 
mitochondrialen Proteinen katalysiert. Diese Dissertation handelt von ihrer Zusammensetzung, 
Häufigkeit und Interaktion in pflanzlichen Mitochondrien. In Hefen, Trypanosomen und mehreren 
Säugetier-Zelltypen liegen Mitochondrien als ausgedehnte mitochondriale Netzwerke vor was zur 
Folge hat, dass eine einzelne Zelle nur wenige, sehr große Mitochondrien in sich trägt. In Pflanzen sind 
hunderte kleine Mitochondrien durch Fusions- und Fissionsprozesse nur über die Zeit, nicht aber 
physikalisch miteinander verbunden. Die einzelnen Organellen bilden daher individuelle, funktionale 
Einheiten. Paradoxerweise konzentriert sich die biochemische und physiologische Untersuchung 
pflanzlicher Mitochondrien meist auf große Organellen-Populationen und vernachlässigt dabei die 
Eigenschaften der einzelnen Organellen. Dies beruht zum Teil darauf, dass zellbiologische Ansätze, die 
strukturelle Eigenschaften von Pflanzenmitochondrien abbilden, nur von begrenztem Wert für das 
Verständnis ihrer physiologischen Eigenschaften sind. Kapitel 2.1 dieser Arbeit modelliert den 
Proteingehalt eines einzelnen Mitochondriums durch die Kombination von Proteomik mit klassischer 
Zellbiologie. Neben weiteren Einblicken in die Funktion eines einzelnen Pflanzenmitochondrions 
konnte herausgefunden werden, dass Proteine, die an der Synthese und dem Transport von ATP 
beteiligt sind, etwa die Hälfte des pflanzlichen mitochondrialen Proteoms ausmachen. Die fünf 
Proteinkomplexe des OXPHOS-Systems tragen dabei am meisten zu diesem Teil des Proteoms bei, was 
die Bedeutung der mitochondrialen ATP-Synthese für die gesamte Zelle unterstreicht. Trotz dieser 
zentralen Funktion der OXPHOS-Komponenten in Pflanzen scheinen einige einzellige Parasiten und 
Hefen kein komplettes OXPHOS-System zu benötigen. Interessanterweise wurde kürzlich berichtet, 
dass das mitochondriale Genom der mehrzelligen, parasitären Pflanze Viscum Album (Europäische 
Mistel) stark reduziert ist und keine Gene für die mitochondrial-kodierten Untereinheiten von Komplex 
I enthält. Dies impliziert, dass die entsprechenden Gene entweder verloren oder, alternativ, in das 
Kerngenom transferiert wurden. Die Auswirkungen auf die mitochondriale Atmungskette waren bis 
dato unklar. Kapitel 2.2 präsentiert Daten die nahelegen, dass V. album tatsächlich keinen 
mitochondrialen Komplex I besitzt. Das Fehlen von Komplex I wird begleitet von einer umgeordneten 
Atmungskette, die sich durch (i) stabile Superkomplexe bestehend aus Komplex III2 und IV und (ii) das 
Vorkommen zahlreicher alternativer Oxidoreduktasen auszeichnet. V. Album Mitochondrien besitzen 
außerdem weniger Cristae als Mitochondrien nicht-parasitärer Pflanzen, was durch kleinere Mengen 
von ATP-Synthase-Dimeren erklärt werden kann. Das mitochondriale Proteom besteht aus Proteinen, 
die im Zellkern oder im mitochondrialen Rest-Genom kodiert sind. Die wenigen mitochondrial-
kodierten Proteine werden an mitochondrialen Ribosomen synthetisiert. Während Struktur und 
Zusammensetzung dieser Mitoribosomen in Hefe und Säugetieren bereits erforscht sind, ist der 
Wissensstand über pflanzliche Mitoribosomen überschaubar. Ihre Isolation wird erschwert durch ihren 
Sedimentationskoeffizienten der dem cytosolischer Ribosomen sehr ähnlich ist, durch ihre Interaktion 
mit der inneren mitochondrialen Membrane und durch die Bindung cytosolischer Ribosomen an die 
mitochondriale Oberfläche. Als Teil dieser Dissertation wurden pflanzliche Mitoribosomen mittels 
einer neuen Complexome Profiling Strategie analysiert (Kapitel 2.3). Es konnte dadurch gezeigt 
werden, dass die kleine ribosomale Untereinheit pflanzlicher Ribosomen eine ungewöhnliche 
molekulare Masse hat. Darüber hinaus wurden mehrere „Pentatricopeptide  Repeat“ (PPR) Proteine 
als Teil der kleinen sowie auch der großen mitoribosomalen Untereinheit identifiziert. 

Schlüsselbegriffe: Pflanzliche Mitochondrien, Proteomik, Proteinkomplexe 
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Chapter 1: Introduction 
This chapter provides the reader with the theoretical background with respect to this thesis. It is 
divided into three parts: the first part describes general mitochondrial features, such as structure, gene 
expression, and metabolic function. Part two focuses on the oxidative phosphorylation (OXPHOS) 
system and describes its special features in plant mitochondria. The third and final part discusses PPR 
proteins and RNA editing, and their connection with mitochondrial translation. It also provides a review 
of the protein composition of plant mitochondrial ribosomes.   

1.1 Mitochondrial features & functions 

1.1.1 Mitochondrial Structure  

It is widely accepted that the mitochondria originate in bacterial endosymbiosis (Sagan, 1967) and that 
the primordial mitochondrion descends from the α-proteobacterial clade (Burger et al., 2013; Gray, 
2012; Gray and Doolittle, 1982). Still, there are several divergent symbiogenetic models for the 
mitochondrial organelle evolution, describing different ways of how the mitochondrial ancestor 
entered the host and the nature of this host. Another yet unresolved question is the origin of the bulk 
of the mitochondrial proteome, which does seem to be of α-proteobacterial origin, indicating that the 
mitochondrial compartment itself is of bacterial origin while its’ different functions may have more 
than a single origin (Cavalier-Smith, 1987). More research is necessary to untangle the exact origin of 
the mitochondrion and its numerous functions (reviewed in Gray, 2017). Mitochondria and α-
proteobacteria are of comparable appearance with respect to size and shape, but mitochondria have 
developed several structural features distinguishing them from bacteria. 

Mitochondria frequently undergo dynamic fusion and fission events that control mitochondrial size, 
shape, the number of mitochondria per cell and allow equal distribution of the mitochondrial genome 
(Arimura et al., 2004; Logan, 2003; Sheahan et al., 2004, 2005). Fusion and fission enables 
mitochondria to exist as single, individual organelles or to form large mitochondrial networks leading 
to cells hosting only a few large mitochondria in mammals or even a single mitochondrion like it is 
found in some parasitic protists (Hoitzing et al., 2015; de Souza et al., 2009; Vincent et al., 2019; 
Zamponi et al., 2018). In higher plants like Arabidopsis thaliana, cells contain hundreds of individual 
mitochondria which clearly sets them apart from many other eukaryotes (Logan, 2006). The number 
depends on factors like cell size, cell type and the cells’ physiological state with young leaves hosting 
approximately 300 and mature leaves 450 mitochondria per cell (Preuten et al., 2010). Most of the 
single mitochondria in Arabidopsis thaliana typically have either a spherical or elongated shape and 
possess a variable diameter of 0.5 – 1.0 μm and a length of ~ 3.0 μm (Douce, 1985).  

Due to their endosymbiont origin, mitochondria possess a double membrane with each membrane 
being equipped with a specific set of proteins. The outer mitochondrial membrane (OMM) envelopes 
the inner mitochondrial membrane (IMM) which is characterized by pleomorphic invaginations, the 
so-called “cristae”, which are connected to the IMM via narrow tubular segments also known as “crista 
junctions”. With the formation of cristae, the IMM is functionally divided into the inner boundary 
membrane and the cristae membrane. The inner boundary membrane surrounds the aqueous matrix, 
which houses enzymes belonging to the pyruvate dehydrogenase complex (PDC), the TCA cycle, glycine 
decarboxylation in the frame of photorespiration and other enzymes. The cristae membrane encloses 
the intercristal space. While the inner boundary membrane is equipped with transport proteins for 
metabolites and ADP/ATP, the cristae membrane mainly hosts the high abundant complexes of the 
oxidative phosphorylation (OXPHOS) system (Logan, 2006; Mannella, 2006). The cristae structure is 
most likely not just a result of random invagination of the inner membrane. Instead, the respiratory 
complex V (ATP synthase) forms dimers that assemble into rows which introduce membrane 
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curvatures ultimately shaping the cristae (Davies et al., 2012; Dudkina et al., 2005a; Hahn et al., 2016). 
Complex V dimers, reconstituted into liposomes, spontaneously assemble into rows and start bending 
the liposome lipid bilayer. The authors suggest that this spontaneous self-assembly is the first step in 
mitochondrial cristae formation (Blum et al., 2019). 

OMM and IMM are separated by the “intermembrane space”, but the two membranes are connected 
via so-called “contact sites”, first described by Charles R. Hackenbrock in 1968 (Hackenbrock, 1968). 
By application of chemical fixation and electron microscopy he could show sites with no identifiable 
space between OMM and IMM. Today we know that there is at least one more type of contact site 
besides the one described by Hackenbrock. In this type, inner and outer membrane are connected via 
bridge-like structures (“Intermembrane bridges” or just “bridges”) maintaining a constant distance and 
separation between both membranes (Perkins et al., 2001; Senda and Yoshinaga-Hirabayashi, 1998). 
Hackenbrock suggested that the close proximity of OMM and IMM in the contact sites might be used 
for the direct transport of small molecules between cytosol and the mitochondrial matrix 
(Hackenbrock, 1968; Logan, 2006) while Senda and Yoshinaga-Hirabayashi suggested that 
intermembrane bridges maintain mitochondrial structure and organization by keeping OMM and IMM 
apart and thereby keeping the intermembrane space an perceivable compartment (Logan, 2006; 
Senda and Yoshinaga-Hirabayashi, 1998).  

Several studies also indicate that contact sides are involved in protein import. Cytosolic 80S ribosomes 
selectively attach to OMM regions which are in contact with the IMM but are not detectable in OMM 
areas that are not in close proximity to the IMM (Kellems et al., 1975). Precursor proteins stuck during 
translocation were identified in both OMM and IMM, leading to the term “translocation contact sites” 
(Schleyer and Neupert, 1985; Schwaiger et al., 1987). Arrested translocation intermediates allow the 
co-isolation of the translocase of the outer membrane (TOM) complex and the preprotein translocase 
of the inner membrane (TIM) complex, indicating the necessity for close proximity of TOM and TIM for 
the coordinated performance of both complexes  (Dekker et al., 1997; Schülke et al., 1999). In plant 
mitochondria, TIM-17 connects both OMM and IMM via a c-terminal domain that is also necessary for 
correct protein import (Murcha et al., 2005). To date, it is not clarified if all contact sites are 
translocation contact sites or if different types of contact sites have their own specific function 
(reviewed in Logan, 2006).    

1.1.2 Biogenesis of mitochondria 

Due to the fact that mitochondria are semiautonomous organelles containing their own genome, they 
are not synthesized de novo. Mitochondrial biogenesis can be defined as the increase in mitochondrial 
number but also in mass (Millar et al., 2008). During seed germination, “new and complete” 
mitochondria originate from fission of already existing, unstructured “promitochondria”  (based on the 
"maturation model" by Plattner et al., 1970) which lack typical mitochondrial features like cristae 
structures or high respiratory activity and which have to undergo conversion into fully active 
mitochondria  (Howell et al., 2006, 2007; Logan et al., 2001).  

Since the mitochondrial genome of flowering plants only contains between 20 and 40 protein coding 
genes (Kubo and Newton, 2008; Morley and Nielsen, 2017), the bulk of mitochondrial proteins is 
synthesized within the cytosol and imported into the mitochondria afterwards. The biogenesis as well 
as maintenance of mitochondria therefore require coordination of both, the mitochondrial and the 
nuclear genome and comprise several steps involving the expression of mitochondrial and nuclear 
genes, protein targeting, import and -where necessary- assembly into protein complexes or insertion 
into membranes, the synthesis of lipids and nucleic acids and finally the regulation of fusion and fission 
(Howell et al., 2007; Millar et al., 2008). Reflecting the central role of mitochondria, their biogenesis is 
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regulated by several pathways that translate external and internal stimuli ore reflect the 
developmental stage of the cell (Carrie et al., 2013; Welchen et al., 2014).    

As outlined above, most mitochondrial proteins necessary for establishing metabolically active 
mitochondria have to be imported. This is reflected by the ordered assembly of mitochondrial 
components shortly after imbibition. The import apparatus required for translocation of nuclear 
encoded proteins is established first and is followed by components of the TCA cycle and the OXPHOS 
system (Howell et al., 2006). During the period of TCA cycle and OXPHOS establishment, ATP can be 
produced by glycolysis or extra-mitochondrial β-oxidation of fatty acids, which leads to accumulation 
of cytosolic NADH. External alternative NADH dehydrogenases can oxidize the cytosolic NADH to 
generate ATP, prevent overaccumulation of cytosolic NADH and build up mitochondrial membrane 
potential supporting mitochondrial protein import (Logan et al., 2001). In A. thaliana, 12 hours after 
imbibition under continuous light conditions mitochondria of typical size and shape can be observed 
(Law et al., 2012). 

1.1.3 Plant mitochondrial genome 

The size of the angiosperm mitochondrial genome (mitogenome) usually ranges between 200 and 700 
kb but may be significantly larger, reaching 11 megabases (mb) in Silene conica (Sloan et al., 2012a). 
Compared to the size of mammalian mitogenomes (15-17 kb) or the genomes found in yeast 
mitochondria (19,4 & 78,9 kb for Schizosaccharomyces pombe and Saccharomyces cerevisiae, 
respectively), plant mitogenomes are the largest mitogenomes reported so far (Gualberto and 
Newton, 2017; Morley and Nielsen, 2017). The extreme difference in genome size is not reflected by 
a matching increase in genes since Arabidopsis thaliana contains 57 mitochondrial genes (Unseld et 
al., 1997), whereas humans possess 37  (Anderson et al., 1981) and S. cerevisiae 34 (Nakao et al., 2009). 
The mitochondrial DNA (mtDNA) primarily encodes essential components of the OXPHOS complexes I 
– V of the electron transport chain. In addition to this, genes of ribosomal RNA (rRNA), transfer RNA 
(tRNA), cytochrome c maturation (CCM) proteins  and -depending on the species- a variable number 
of ribosomal proteins (Kubo and Newton, 2008) are found as well on the plant mitochondrial genome. 
Instead, the genome contains numerous non-conserved, noncoding sequences. Although some of 
these sequences were perhaps introduced via mitochondrial horizontal gene transfer (Bergthorsson et 
al., 2003; Gualberto and Newton, 2017) and a part of the mitogenome can be considered to be 
descended from chloroplast or nuclear DNA (Alverson et al., 2010, 2011a), the origin of most of these 
sequences is unclear.  

Besides the non-coding regions mentioned above, plant mitogenomes are characterized by sequence 
repeats of different size and number. Based on their size, they are classified as either large repeats (> 
500 base pairs, high recombination frequency), intermediate-sized repeats (100 – 500 base pairs, 
involved in infrequent recombination events) and small repeats (> 50 base pairs, involved in rare or no 
recombination events) (Alverson et al., 2011a). Being sites of frequent intramolecular recombination 
events, the large repeats are the foundation of the structural diversity in the plant mitogenome 
(Lonsdale et al., 1984; Stern and Palmer, 1984). Knowledge about this connection led to the postulation 
of the “master circle model”: a circular chromosome (the master circle chromosome) contains all 
genetic information of the mitochondrial genome. By intramolecular recombination, the master circle 
is converted into a set of equimolar subgenomic circles. (Lonsdale et al., 1984; Palmer and Shields, 
1984; Sloan, 2013). As a consequence, the plant mitochondrial genome would not exist as a single, 
circular chromosome but rather as a population of structurally different molecules interconverting 
between the master circle conformation and the subgenomic circles (Gualberto and Newton, 2017; 
Sloan, 2013). This model is supported by restriction-based mapping, often leading to the prediction of 
circular chromosomes (Gualberto and Newton, 2017). However, several approaches to visualize the in 
vivo structure of plant mtDNA via gel-based techniques or electron microscopy showed that rather 
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linear and branched mtDNA molecules are the predominating structures of the plant mitogenome 
(Backert and Börner, 2000; Manchekar et al., 2006; Oldenburg and Bendich, 1996; Sloan, 2013). The 
existence of a linear mitochondrial genome was shown in the S-type cytoplasmic male sterility (CMS-
S) genotype of maize (Schardl et al., 1984; Zabala et al., 1997). A linear state would require protection 
of the DNA from degradation and it could be shown that linear mtDNA molecules are indeed protected 
by terminally attached proteins (Gabay-Laughnan et al., 2009). Recent efforts to sequence the 
mitogenomes of Mimulus guttatus produced also data that are not reconcilable with a model only 
comprising a master circle and its subgenomic circles (Mower et al., 2012). All these findings support 
the view that not circular but noncircular mtDNA is the rule and that the circular mtDNA found in 
animals is an exception. As such, the plant mitogenome consists of several linear, partially overlapping 
concatameric chromosomes that are circularly permutable and thus can map a circular genome. 
Alternatively, the linear concatamers are larger than the full genome which would allow circular 
mapping. Both versions show structural similarities to the genome of certain bacteriophages (Bendich, 
1993; Gualberto and Newton, 2017; Sloan, 2013).  

Genome sequencing revealed that the plant mitochondrial genome may also exist as 
multichromosomal genome. The existence of plant multichromosomal genomes was first observed in 
mitochondria of Cucumis sativus, where two additional, autonomous chromosomes were identified 
(Alverson et al., 2011b). The number of chromosomes can exceed 100 chromosomes per genome as 
shown in genus Silene (Sloan et al., 2012b). Many of these chromosomes do not carry identifiable 
genes and can be lost or gained (Wu et al., 2015). The empty chromosomes may not serve any 
important function and could reflect an ongoing process of whole-genome loss. Wu et al. propose that 
this might be regarded as an ongoing selection process aimed at maintaining gene-carrying 
chromosomes while sorting out empty chromosomes (Wu et al., 2015).  

The mitogenome of Arabidopsis thaliana was completely sequenced in 1997. It has a length of 366,924 
nucleotides and contains 57 genes (Unseld et al., 1997). The mitogenome structure was physically 
mapped in 1993 and comprises five DNA molecules. Three different molecules contain the complete 
genome (367 kb) and can be split into two subgenomic molecules (233 and 134 kb) (Klein et al., 1994).  

1.1.4 Mitochondrial function 

Mitochondria host many functions essential to the cell. These functions are implemented by 
mitochondrial proteins. The following paragraphs give an introduction to some of the many different 
functions executed by mitochondria. 

Participation in Photorespiration 

Ribulose 1,5-bisphosphate carboxylase-oxygenase (RubisCO) catalyzes the first step of photosynthetic 
carbon fixation in C3 plants. A molecule CO2 is added onto the C5 molecule ribulose-1,5-bisphosphate 
(RuBP) to form the unstable C6 molecule 3-keto-2-carboxyarabinitol-1,5-bisphosphate. This molecule 
decays into two C3 molecules 3-phosphoglycerate (3-PGA) which can be used to synthesize trioses and 
other sugars by the Calvin cycle.  

Besides for CO2, RubisCO also has a (weaker) affinity for molecular oxygen. If RubisCO binds oxygen 
instead of CO2, one molecule 3-PGA and one C2 molecule 2-phosphoglycolate (2-PG) is generated, the 
latter of which is toxic. 

Together with chloroplasts and peroxisomes, plant mitochondria are involved in the photorespiratory 
C2 cycle (often named “photorespiration”) which is able to convert two molecules 2-PG into one 
molecule 3-phosphoglycerate (3-PGA).  
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In the frame of this metabolic pathway, two mitochondrial enzymes, the glycine decarboxylase 
complex (GDC) and the serine hydroxymethyltransferase (SHMT), catalyze the conversion of two 
molecules of glycine to one molecule of serine (Bauwe et al., 2010). SHMT as well as all four proteins 
of the GDC are nuclear encoded and are found to be of high abundance in the matrix of green leaf 
mitochondria (Douce et al., 2001). 

The GDC is a multi-enzyme system consisting of four types of proteins termed the P-, H-, T-, and L-
proteins. Together, they serve in decarboxylating and deaminating glycine imported from the 
peroxisome (Peterhansel et al., 2010). The p-protein decarboxylates glycine releasing CO2 and 
transferring the remaining amino methylene part to lipoamide arm of the H protein which does not 
function as an enzyme but as a cofactor interacting with P-, and L-protein (Bauwe and Kolukisaoglu, 
2003; Douce et al., 2001). The T-protein (an aminomethyltransferase) further metabolizes the amino 
methylene releasing NH3 and transferring the remaining methylene group to tetrahydrofolate (THF) 
yielding N5,N10-methylene tetrahydrofolate (CH2-THF) (Bauwe and Kolukisaoglu, 2003; Douce and 
Neuburger, 1999). The reduced H-protein is finally reoxidized via the L-protein and electrons are 
transferred to FAD. The reduced FADH2 is finally re-oxidized by NAD+, which is reduced to NADH. The 
complex can now metabolize the next glycine molecule. The L-protein is also known as E3 subunit, 
which additionally forms part of the pyruvate dehydrogenase complex (PDC) and the 2-oxogluterate 
complex (OGDC) found in the mitochondrial TCA cycle (Bourguignon et al., 1992, 1996) as well as in 
the branched chain α-ketoacid dehydrogenase (BCKDH) complex (Peng et al., 2015). The importance 
of GDC for other processes not related to photorespiration is underlined by functional knockouts that 
lead to lethality even under non-photorespiratory conditions (Engel et al., 2007). It has been proposed 
that GDC also plays an important role for C1 metabolism by recycling glycine originating from the 
cytosol as part of a proposed “serine-glycine cycle” (Mouillon et al., 1999).  

The mitochondrial SHMT combines CH2-THF with a second glycine molecule to form serine and 
regenerate THF for GDC. Serine is transported back into the peroxisome where it is further 
metabolized. A bulk of the NADH generated by GDC can be oxidized and recycled within the 
mitochondrion by the electron transport chain. In this case, the reduction of the large amounts of 
NADH is mainly uncoupled from ATP synthesis via uncoupling proteins (Sweetlove et al., 2006), 
alternative NADH dehydrogenases and alternative oxidases (Rasmusson et al., 2004) to enable 
continuous flow of the respiratory C2 cycle and ultimately efficient photosynthesis (Fernie et al., 2004) 
(For more details, see section 1.2.3 Alternative respiratory enzymes and additional functions of the 
plant OXPHOS system). The remaining non-oxidized NADH can be exported via malate export into the 
peroxisomes where it can be used for subsequent steps of the photorespiratory cycle (Hanning and 
Heldt, 1993; Sweetlove et al., 2006; Zoglowek et al., 1988). At the same time, respiratory complex I 
knockouts in tobacco indicate that intact mitochondrial respiration is essential for optimal 
photosynthetic performance under photorespiratory conditions despite the operation of alternative 
NAD(P)H dehydrogenases (Dutilleul et al., 2003). 

Also, the export of the large amounts of generated CO2 can be linked to complexes of the respiratory 
chain. Under photorespiratory conditions, the high activity of RubisCO and GDC lead to imbalanced 
CO2 ratio between chloroplasts and mitochondria. Passive diffusion of CO2 across the organellar 
membranes potentially reduces mitochondrial CO2 concentration and increases the CO2 within 
chloroplast. Alternatively, it was suggested that CO2 released in mitochondria could be transformed 
into bicarbonate by complex I-integrated carbonic anhydrases (CAs) (See also section 1.2.2. 
Organization of OXPHOS complexes and Figure 2). In this form, it could be actively transported out of 
the mitochondrion and into the chloroplast by bicarbonate transporters. Within the chloroplast, the 
bicarbonate could be re-converted into CO2 and subsequently be fixed by RubisCO (Braun and 
Zabaleta, 2007).  
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Degradation of amino acids 

Beyond being building blocks for protein synthesis, amino acids serve as electron donors to supply the 
electron transport chain and represent an alternative energy source during germination (Galili et al., 
2014) and extended darkness (Durgud et al., 2018), as compatible osmolytes during abiotic stress 
conditions (Batista-Silva et al., 2019), as precursor for phytohormone synthesis (Amir, 2010) or 
immune signaling molecules (Hartmann et al., 2018). On the other hand,  amino acids like lysine also 
have toxic properties that the cell needs to deal with (Batista-Silva et al., 2019). Hence, the level of 
amino acids within the cell have to be strictly regulated by controlled amino acid synthesis and 
catabolism. 

While the biosynthesis of amino acids has been frequently investigated and is mainly located within 
chloroplasts, current knowledge about plant amino acid catabolism is rather incomplete. The major 
sites of the catabolic reaction are the cytosol and the mitochondria (Hildebrandt et al., 2015). Given 
that carbon skeletons are usually converted into TCA cycle precursors or intermediates, this 
localization allows effective generation of energy-rich compounds from amino acid. Before being fed 
into the TCA cycle, amino acids need to be deaminated. This requires presence of several 
aminotransferases that transfer the amino group to 2-oxogluterate (2OG), thereby producing 
glutamate. Regeneration of 2OG is accomplished by the mitochondrial glutamate dehydrogenase 
(Hildebrandt et al., 2015). 

Plant mitochondria as a central hub of cofactor synthesis 

Lipoic acid is an indispensable sulfur-containing cofactor for the decarboxylating activity of enzyme 
complexes such as GDC (See 1.1.4 Mitochondrial function for more information), PDC, OGDC and the 
BCKDH complex. Conveniently, mitochondria are equipped with a lipoic acid synthase (Yasuno and 
Wada, 1998) which adds two sulfur atoms to the octanoyl group bound to an acyl carrier protein (ACP) 
forming lipoyl-ACP (Douce et al., 2001; Miller et al., 2000). The final transfer to the different apoprotein 
subunits of the dehydrogenase complexes is performed via  a lipoyltransferase (Wada et al., 2001). In 
parallel, chloroplasts also host a lipoic acid synthase isoform allowing them to efficiently supply the 
plastidic PDC with lipoic acid. While the complete pathway of mitochondrial lipoic acid biosynthesis is 
not fully described, there are studies indicative of a relation between the biosynthesis of fatty acids 
and lipoic acid in plant mitochondria. Fatty acid synthesis is initiated by malonate which can be 
activated in malonyl-acyl carrier protein. The fatty acid synthase (FAS) can catalyze the transformation 
into octanoyl-ACP, which then can be used to form lipoyl-ACP (Gueguen et al., 2000; Wada et al., 1997, 
2001).  

Tetrahydrofolate (5,6,7,8-tetrahydropteroyl-polyglutamate, H4PteGlun) is derivate of folate (Vitamin 
B9) and plays an important role as a carrier for the C1 metabolism and less frequently as an electron 
donor. In contrast to animals, plants can de novo synthesize tetrahydrofolate from 6-hydroxymethyl-
7,8-dihydropterin (H2pterin) and p-amino benzoic acid (p-ABA) within their mitochondria. Five 
sequential enzymes are required for this pathway: 6-hydroxymethyl-7,8-dihydropterin pyrophosphate 
kinase (HPPK), 7,8-dihydropteroate synthase (DHPS), dihydrofolate synthetase (DHFS), dihydrofolate 
reductase (DHFR) and a folylpolyglutamate synthetase (FPGS). The mitochondrial localization of all five 
proteins was shown in pea leaves (Neuburger et al., 1996). GFP-fusion assays and western blot analyses 
could also show that DHFS is only located in mitochondria (Ravanel et al., 2001). Taken together, these 
results strongly indicate that mitochondria are the only site of tetrahydrofolate synthesis.     

Biotin (Vitamin H) is exclusively generated by the plant mitochondria. It functions as a cofactor for a 
small number of carboxylase enzymes involved in the frame of decarboxylation, carboxylation and 
transcarboxylation reactions related to the carbohydrate and fatty acid metabolism (Alban et al., 
2000). Biotin is synthesized from pimeloyl-CoA in four steps, the first one being located within 
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peroxisomes and the last three taking place in mitochondria (Bitonti et al., 2012). The first two 
mitochondrial enzymes, DAPA synthase and dethiobiotin synthase (Bio1 and Bio3 in Arabidopsis 
thaliana) can also exist as a fusion protein (Millar et al., 2008). The function of biotin synthase (Bio2 in 
Arabidopsis thaliana), the enzyme catalyzing the final step in biotin synthesis, relies on three 
mitochondrial accessory proteins: Adrenodoxin, adrenodoxin reducatse and cysteine desulfurase 
(Picciocchi, 2001; Picciocchi et al., 2003). Involvement of cysteine desulfurase indicates that cysteine 
is a major sulfur donor linking amino acid degradation and biotin synthesis (Hildebrandt et al., 2015; 
Picciocchi et al., 2003).  

Mitochondrial respiration 

The primary function of plant mitochondria is respiration, which is why they are often referred to as 
“powerhouses of the cell”. In mitochondria, catabolism of organic compounds is linked to the synthesis 
of ATP via oxidative phosphorylation (OXPHOS). The mitochondrial TCA cycle oxidizes organic acids 
such as pyruvate or malate to reduce NAD+ and FAD which fuel the electron transport chain (ETC), 
ultimately reducing oxygen and producing a proton gradient that can be used for the formation of ATP.  

The TCA cycle fulfills more functions than just generating NADH and FADH2 to fuel ATP synthesis by 
the electron transport chain and can be seen as a central hub that is embedded in a larger metabolic 
network which allows it to contribute to several metabolic pathways (Sweetlove et al., 2010). In green 
tissue the TCA cycle provides carbon skeletons for biosynthetic processes like nitrogen assimilation 
(Hodges, 2002) and produces malate to export NADH via the malate-oxaloacetate shuttle to provide 
reducing power outside the mitochondria  (Hanning and Heldt, 1993; Sweetlove et al., 2010). In both 
cases, a non-cyclic flux mode of the TCA cycle is required while the classical cyclic flux mode is probably 
only necessary during high demands for ATP that can be found in heterotrophic cells (Sweetlove et al., 
2010).   

The predominant flux mode depends on the metabolic circumstances of the cell. While the non-cyclic 
flux mode is the dominant form during the day to support nitrogen assimilation, it is the full cycle 
during the night to support mitochondrial ATP synthesis and export. How the mitochondrial 
metabolism is regulated to fit the current metabolic situation surrounding the mitochondria is not 
completely understood. Since the diurnal circle follows a predictable pattern, the rotation of protein 
synthesis and protein degradation does not seem reasonable but rather energetically unfavorable 
since the biosynthesis of proteins consumes high amounts of GTP. Comparison of the mitochondrial 
proteome at different time points during the diurnal cycle showed that changes in protein abundance 
barely contribute to flux regulation (Lee et al., 2010). Therefore, other mechanisms regulating enzyme 
activity like post-translational modifications (PTMs) or dynamic protein:protein interactions (PPIs) 
might constitute the regulatory basis of dynamic mitochondrial function. Recently, a study combining 
isotope-dilution experiments and several protein:protein interaction assays reported the interaction 
of TCA cycle proteins and substrate channeling of TCA cycle substrates in vivo, indicating the existence 
of TCA cycle metabolons in plant mitochondria (Zhang et al., 2017).   

1.1.5 The proteome of a single plant mitochondrion 

Plant mitochondria are organized as single, individual entities, which undergo dynamic fusion and 
fission events. Despite the fact that plant mitochondria operate as individual organelles and that nearly 
every mitochondrial function is constrained by the limitations of the individual organelle, most 
physiological and biochemical assessments are based on experiments considering bulk phase 
mitochondria. With the aim to get new insights into the functional and structural organization of plant 
mitochondria, a proteomic approach to determine the proteome of an average individual 
mitochondrion was designed: the protein content of a single Arabidopsis thaliana mitochondrion was 
modeled based on experimental data and theoretical considerations (chapter 2.1).  
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The generated proteome of an average single mitochondrion possesses about 1.5 million proteins and 
913 different mitochondrial protein species. Proteins involved in the production and transport of ATP 
contributed nearly half (46%) to the total proteome (Figure 1). The OXPHOS complexes contributed 
most to this content, reflecting the importance of these protein complexes for mitochondrial function.  

 
Figure 1: Proteome composition of the single mitochondrial proteome classified by meta-categories. 
The contribution of each meta-category displayed with respect to total copy number contribution of the 913 
proteins with mitochondrial location as identified by SUBAcon (Hooper et al., 2014). UFP: Unknown function 
protein. 
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1.2 The oxidative phosphorylation (OXPHOS) system 

1.2.1 General structure and ATP synthesis 

The mitochondrial electron transport chain (mETC) consists of the mitochondrial complexes I – IV and 
the two electron transport molecules ubiquinone and cytochrome c (Cyt c). Together with the ATP 
synthase (mitochondrial complex V), they form the mitochondrial oxidative phosphorylation (OXPHOS) 
system (Figure 2). In general, this system of protein complexes catalyzes oxidation of NADH and FADH2 

to reduce the terminal electron acceptor, oxygen. This electron flow is coupled to the translocation of 
protons from the matrix into the mitochondrial intermembrane space (IMS) which fuels the production 
of ATP (Millar et al., 2011)  

Mitochondrial Complex I, the NADH dehydrogenase complex, oxidizes NADH to NAD+ and transfers 
two electrons from NADH to ubiquinone (Q), thereby reducing it to ubiquinol (QH2). Oxidation of FADH2 

to FAD is catalyzed by mitochondrial complex II, the succinate dehydrogenase complex (also part of 
the TCA cycle) which also leads to the transfer of two electrons to ubiquinone but without transfer of 
protons across the cristae membrane. Complex II oxidizes succinate to fumarate and reduces FAD back 
to FADH2. Ubiquinone is lipid-soluble and functions as a mobile electron carrier within the inner 
mitochondrial membrane (IMM), allowing the transport of electrons from complex I and II to 
mitochondrial complex III2, the ubiquinol:cytochrome c-oxidoreductase complex. Electrons are 
transported via the small protein cytochrome c to mitochondrial complex IV, the cytochrome-c:O2-
oxidoreductase complex. Complex IV uses four electrons to reduce one molecule of oxygen. The 
reduced oxygen reacts with protons located in the mitochondrial matrix and forms water. Electron 
transport is coupled to proton translocation into the IMS, mediated by complex I, III2 and IV. This 
creates a transmembrane proton gradient and the resulting proton motive force, which can be used 
by mitochondrial complex V, the ATP synthase complex, to phosphorylate ADP, yielding ATP. This final 
step of oxidative phosphorylation transfers the protons back into the mitochondrial matrix and 
reduces the proton motive force (Millar et al., 2011).      

1.2.2 Organization of OXPHOS complexes 

During the last century, two models describing the organization of the respiratory complexes were 
subject of intense discussions: the “solid state” and the “fluid state” model. The solid state model 
predicts that individual respiratory complexes catalyzing all the reaction of the pathway assemble into 
functional solid state units allowing efficient catalysis of the whole pathway. These units are connected 
via the electron transporters ubiquinone and cytochrome c that follow enclosed, pre-defined routes 
allowing efficient electron transfer without electron leakage towards the outside (Fowler and 
Richardson, 1963; Keilin and Hartree, 1947). The liquid state model on the other hand is based on the 
assumption that all complexes exist as individual entities that randomly diffuse within the membrane 
and that ubiquinone and cytochrome c do not follow pre-defined paths between the respiratory 
complexes (Hackenbrock et al., 1986).  

Over many years, the fluid state model was generally accepted, until Hermann Schägger and Kathy 
Pfeiffer could biochemically show the existence of yeast and mammalian respiratory complex 
assemblies, nowadays known as “respiratory supercomplexes”. Their findings also indicated existence 
of units catalyzing the entire process of the respiratory chain, the so-called respirasomes (Schägger 
and Pfeiffer, 2000). These large supercomplexes consist of the complexes I, III2, and IV, and owe their 
name to the fact that they theoretically could catalyze the complete ETC reaction provided that 
ubiquinone and cytochrome c are available. Initially often waved aside as artifacts caused by 
solubilization with the mild detergents digitonin and dodecylmaltoside and protein coating with 
Coomassie Brilliant Blue, Schäggers and Pfeiffers findings were soon supported by experiments using 
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a variety of other detergents and different separation techniques like ultracentrifugation on sucrose 
density gradients. Simultaneously, supercomplexes were also found in other lifeforms like bacteria 
(Stroh et al., 2004) and plants (Eubel et al., 2003).  

 
Figure 2: OXPHOS systems of Homo sapiens, Saccharomyces cerevisiae and Arabidopsis thaliana. 
The mammalian OXPHOS system consists of the classical complexes I – V. Complex I and II oxidize NADH and FADH respectively. Electrons 
(orange line) are transported via ubiquinone (UQ), complex III2, cytochrome c (cyt c) to complex IV, where molecular oxygen (O2) is reduced 
to water. The coupled proton translocation from the matrix across the inner mitochondrial membrane (IMM) into the inter membrane space 
(IMS) (depicted as blue arrows) is used to fuel ATP synthesis at complex V. In baker’s yeast, complex I is absent and three alternative NADH 
dehydrogenases (Ndi1, Nde1 and Nde2, in green) oxidize NADH without coupled proton translocation. In plants, numerous alternative 
NAD(P)H dehydrogenases (NDA1-2, NDB1-4 and NDC, green) occur and additionally an alternative oxidase (AOX, purple), which can reduce 
oxygen in situations of low ADP availability. CA = Plant specific carbonic anhydrase domain. 
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First insights into the structural organization of respiratory supercomplexes came from a study 
investigating the Arabidopsis I+III2 supercomplex by negative stain single particle electron microscopy 
(Dudkina et al., 2005b). It could be demonstrated that the individual respiratory complexes within 
supercomplexes are put together in a defined way, which supports functioning of the ETC. The 
structures of other OXPHOS supercomplexes were resolved shortly later (summarized in Boekema and 
Braun, 2007). Furthermore, OXPHOS supercomplexes were also observed in the absence of detergents 
by cryoelectron tomography (Cryo-ET), a procedure which allows analyzing complete mitochondria 
(Davies et al., 2011; Dudkina et al., 2010). To date, the occurrence of respiratory supercomplexes is 
generally accepted. 

It is currently believed that singular respiratory complexes and respiratory supercomplexes co-exist in 
the inner mitochondrial membrane. This conclusion is based on the reported variation of 
supercomplex abundance and composition under different physiological conditions (Helbig et al., 
2009). In this “plasticity model”, the mitochondrial electron transport chain has a rather plastic 
organization which allows to balance the distribution between free respiratory complexes and 
supercomplexes to achieve optimal performance and adjust to cellular needs (Acin-Perez and 
Enriquez, 2014).  

Higher levels of conserved supramolecular organization of complex I and V, showing their spatial 
segregation in mammals, fungi and also plants, were recently described (Davies et al., 2011). While 
(dimeric) complex V forms long rows in the curved regions of the cristae membrane, complex I is 
irregularly distributed on the adjacent flat membrane regions of the cristae. This conserved 
arrangement generates a local proton gradient in the cristae space and thus optimizes mitochondrial 
ATP synthesis (Davies et al., 2011). These data underline another model of OXPHOS organization, the 
so-called “compartment model” (Magalon and Alberge, 2016).    

1.2.3 Alternative respiratory enzymes and additional functions of the plant OXPHOS 
system 

Being sessile organisms, plants have to adapt to abiotic or biotic stress factors like drought, metal 
toxicity, salinity, hypoxia, pathogen attack, extreme temperatures or phases of high light intensity. To 
manage these diverse challenges, plants developed several build-in mechanisms for stress perception, 
stress tolerance, and stress avoidance.  

During high light conditions, plant leaf cells have to fight the accumulation of phosphoglycolate (2-PG) 
generated by RubisCO by recycling it via the photorespiratory C2 cycle (see section 1.1.4 Mitochondrial 
function; section Participation in Photorespiration). This causes a drastic increase in electron insertion 
into the respiratory chain and coupled to this an increase in proton gradient formation. However, the 
mitochondrial capacity of generating ATP is limited by ADP availability. During low ADP availability, the 
glycine breakdown can lead to overreduction of the ETC followed by increased generation of reactive 
oxygen species (ROS) at complex I, II and III2 (Brand, 2010; Jardim-Messeder et al., 2015). ROS 
molecules like superoxide are also produced during normal ETC operation, but at lower higher 
concentrations. ROS can react with and damage proteins, DNA and lipids (Foyer et al., 1997; Saed-
Moucheshi et al., 2014; Suzuki et al., 2012) and at the same time function as signal molecules 
associated with the execution of programmed cell death or the response to pathogens (Huang et al., 
2016; Møller and Sweetlove, 2010).  

Besides the “classical” OXPHOS system, plant mitochondria are therefore equipped with a set of 
proteins that allows them to avoid increased ROS production by redirecting the electron flow through 
alternative, “non-phosphorylating” (non-proton-gradient-forming) pathways: alternative Type 2 
NAD(P)H dehydrogenases and alternative oxidase (AOX)  (Huang et al., 2016) (Figure 2). These enzymes 
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introduce additional branches into the electron transport chain that transform the “classical”, rather 
linear electron transport chain into a more flexible, branched system.  

Alternative NAD(P)H dehydrogenases can be found in plants, protists, fungi, some bacteria, but not in 
animals (Rasmusson et al., 2008). In Arabidopsis thaliana, alternative NAD(P)H dehydrogenases are 
encoded by seven nuclear genes that can be divided into three subgroups: NDA (1-2), NDB (1-4) and 
NDC (Michalecka et al., 2003). NDA1, NDA2 and NDC are attached to the inner mitochondrial 
membrane, facing the mitochondrial matrix while NDB1, NDB2, NDB3 and NDB4 are attached to the 
inner mitochondrial membrane facing the IMS (Elhafez et al., 2006). Besides their different 
localizations within the inner mitochondrial membrane, the alternative NAD(P)H dehydrogenases also 
show different substrate specificities: NDB1 (Ca2+ dependent) and NADC1 show NADPH 
dehydrogenase activity, whereas NDB2 (Ca2+ stimulated), NDB3, NDB4 as well as NDA1 and NDA2 use 
NADH as substrate (Geisler et al., 2007). In contrast to mitochondrial complex I, oxidation of NAD(P)H 
via the alternative dehydrogenases is not linked to proton translocation and thus independent of 
available ADP (Rasmusson and Wallström, 2010). Hence, the alternative dehydrogenases allow 
constant NAD(P)H oxidation and ETC electron flow, thus preventing ROS formation (Waszczak et al., 
2018). Several studies reported light-dependent regulation of alternative NAD(P)H dehydrogenases, 
indicating their role in supporting the mitochondrial transport chain in NAD(P)H oxidation during 
phases of high photosynthetic activity (Rasmusson and Escobar, 2007).  

The alternative NAD(P)H dehydrogenase introduce an additional branch to the electron transport 
chain by offering alternative electron entry points and thus bypassing complex I and the proton 
translocation connected to it. The electrons gained from oxidation of NADH or NADPH are transferred 
on the ubiquinone pool, which thus becomes reduced. In the classical ETC, electrons would be 
transferred to complex III2, cytochrome c, complex IV and finally reach the terminal electron acceptor 
molecular oxygen. Electron flow via complexes III2 and IV in general is coupled with proton 
translocation across the inner mitochondrial membrane. Still, in phases of low demand for ATP (or low 
ADP availability), production of ROS could occur by overreduction of ubiquinone, complexes III2 and 
IV. To also bypass the complexes III2 and IV, plants mitochondria possess the alternative oxidases 
(AOX), which directly catalyzes electron transfer from ubiquinol onto molecular oxygen. The free 
energy of this reaction is transmitted as heat (Rogov and Zvyagilskaya, 2015). In Arabidopsis thaliana, 
five differentially synthesized alternative oxidases (AOX1a-AOX1d and AOX2) are located within the 
inner mitochondrial membrane, all facing the mitochondrial matrix (Saisho et al., 2001; Thirkettle-
Watts et al., 2003).  

Transcription of the genes encoding AOX1 and AOX2 is induced by several stimulants (Saha et al., 
2016). One of the major stimuli is dysfunction of the respiratory chain complexes I, II and IV (Juszczuk 
et al., 2012; Vanlerberghe and McIntosh, 1994). Therefore, any factor disturbing the activity of the 
cytochrome pathway is a potential AOX inducer (Saha et al., 2016). It was also reported that AOX 
transcript and protein levels increase during drought, probably to oxidize excess reductants 
accumulating within the chloroplast during light conditions to preserve photosynthetic activity 
(Vanlerberghe et al., 2016). Several stress conditions as the ones described above do not just lead to 
increased AOX transcription but also ROS formation. Consequently, AOX is also induced by ROS 
(Vanlerberghe and McIntosh, 1994). 

However, AOX activity is not only genetically controlled, but also biochemically. AOX forms 
homodimers and the linkage between the two monomers modulates AOX activity (Saha et al., 2016). 
When the monomers are non-covalently connected, AOX is in its reduced, active form while covalently 
bond monomers lead to the oxidized, inactive state (Rhoads et al., 1998). It was shown that the 
transition from the inactive to active form as well as an increase in AOX protein abundance can be 
induced by drought stress (Bartoli et al., 2005). In the active form, AOX activity is further adjusted by 
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secondary regulatory mechanisms which are not yet fully understood. Two conserved cysteine 
residues (CysI & CysII) can interact with α-keto acids like pyruvate (CysI) and glyoxylate (CysI & CysII) and 
modulate AOX activity (Umbach et al., 2002, 2006). Depending on whether a cysteine or a serine is 
present in the conserved position, AOX can be either activated by pyruvate or by succinate (Pu et al., 
2015). 

Besides the alternative NAD(P)H dehydrogenases, plant mitochondria include several additional 
proteins acting as electron donors for the ETC, like dihydroorotate dehydrogenase (DHODH), glycerol-
3-phosphate dehydrogenase (G3-PDH), proline dehydrogenase (ProDH) and electron transfer 
flavoprotein ubiquinone oxidoreductase (ETFQO). All these enzymes catalyse electron transfer from 
different electron donors to the UQ pool. Similar enzymes are also present in the mitochondria from 
fungi and animals. Finally, cytochrome c is another entry point for electrons coming from other 
biochemical pathways. D-lactate dehydrogenase (DLDH) and L-galactone-1,4-lactone dehydrogenase 
(GLDH) transfer electrons to cytochrome c and provide an additional force driving the reduction of 
complex IV (Schertl and Braun, 2014).  

Alternative NAD(P)H dehydrogenases and AOX help mitochondria to maintain a steady electron flow 
in the presence of a high proton gradient. The so-called uncoupling proteins (UCPs) or plant uncoupling 
mitochondrial proteins (PUMPs) are an alternative energy dissipating system to circumvent block of 
the electron transport chain that is caused by a high proton gradient. UCPs are integral membrane 
proteins of the inner mitochondrial membrane that catalyze proton translocation across the inner 
mitochondrial membrane from the IMS into the mitochondrial matrix. Unlike respiratory complex V, 
translocation via UCPs is not coupled the ATP synthesis. Instead, the energy is dissipated as heat 
(Vercesi et al., 2006). So, instead of avoiding proton translocation, UCPs can decrease the proton 
gradient itself and thereby discharge the electron transport chain and display a second level of 
regulation: While AOX mediates redox-potential dissipation (electrons), UCPs mediate proton 
electrochemical potential-dissipation.  

Since UCP activity generates heat, one would expect that one of the major functions of UCPs is 
thermogenesis. Until now, this physiological role has only been demonstrated for mammals (Silva, 
2006). While UCPs can make up to 5% of the overall mitochondrial protein content in mammals, their 
abundance in plants is much lower. This low abundance most likely indicates other functional roles of 
plant UCPs (Vercesi et al., 2006). Sweetlove et al. showed in ucp1 knockouts that the uncoupling 
activity of UCP1 is essential for the mitochondrial steps of photorespiration and that it works in 
combination with nonphosphorylating bypasses mediated by alternative NAD(P)H dehydrogenases 
and AOX to uncouple mitochondria during photorespiratory conditions (Sweetlove et al., 2006). Since 
UCP activity is enhanced by ROS (Smith et al., 2004), the authors suggest that it is ROS accumulation 
during photorespiratory conditions at over-reduced ETC components which causes increased UCP 
activity. As a consequence, proton translocation dissipation would lead to a relieve of the 
thermodynamic constraint interfering with respiratory electron flow and prevent further ROS 
formation.  

1.2.4 Life without OXPHOS? 

The mitochondrial OXPHOS system is highly conserved in eukaryotes since it plays an essential role for 
ATP synthesis. Plants like Arabidopsis thaliana are equipped with a complete OXPHOS system (Complex 
I, II, III2, IV and V) which is augmented by alternative oxidoreductases to balance the plant cell redox 
state during photosynthesis (and photorespiration) and stress situation (see chapters above & Millar 
et al., 2011; Schertl and Braun, 2014). Genetic manipulation to dissect the impact of the loss of 
functional complex I in A. thaliana revealed that plants can survive without complex I, but exhibit a 
dramatically disturbed metabolism and development. The mutants display induced abundance of 
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proteins involved in glycolysis, TCA cycle, and several OXPHOS components to compensate for reduced 
ATP synthesis caused by missing electron transport and proton translocation at complex I (Fromm et 
al., 2016; Kühn et al., 2015). However, due to presence of the numerous alternative respiratory 
enzymes, the plants can survive but are non-fertile.  

Lack of complex I can occur naturally in unicellular eukaryotes. A well-known example lacking complex 
I is baker’s yeast (Saccharomyces cerevisiae) (Foury et al., 1998; Gabaldón et al., 2005) (Figure 2). S. 
cerevisiae is a facultative anaerobic organism, which is able use fermentation to produce ATP. Similar 
to plants and bacteria, S. cerevisiae possesses alternative NADH dehydrogenases that can partially 
substitute complex I (but lack the proton translocating activity; Marcet-Houben et al., 2009; Matus-
Ortega et al., 2015; de Vries and Grivell, 1988). 

An even more reduced OXPHOS system can be found in Chromera velia, a unicellular phototrophic 
relative of the parasitic apicomplexans. This organism is equipped with a considerably reduced 
mitochondrial ETC, lacking complexes I and III2. The respiratory chain of Chromera is divided into two 
disconnected parts: complex II, together with an alternative NADH dehydrogenase (NDH2) and other 
electron donors, reduces ubiquinone which transfers electrons onto AOX. No protons are pumped 
across the crista membrane by these enzymes. In addition, orthologs of L- and D-lactate:cytochrome c 
oxidoreductases transfer electrons from lactate to cytochrome c, bypassing the lacking complex III2. 
Cytochrome c is finally oxidized by complex IV. Regeneration of lactate is performed by a bidirectional 
NADH dependent D-lactate dehydrogenase reducing pyruvate. Since the mitochondrial genome of 
Chromera only carries two genes (cox1 and cox3), is has the lowest protein-coding capacity reported 
so far (Flegontov et al., 2015). Recently, a comparably reduced OXPHOS system was discovered in the 
dinoflagellate Amoebophyra ceratii (John et al., 2019). Intriguingly, the mitochondrial genome seems 
to be completely absent, but nevertheless mitochondria are present and active. According to a current 
model, all mitochondrial genes encoding subunits of the OXPHOS system were transferred into the cell 
nucleus; furthermore, the complexes I and III2 were lost (John et al., 2019). Biochemical proof of this 
model is pending.   

Some other eukaryotes even completely lack an OXPHOS system. The unicellular obligate intracellular 
parasites of the Microsporidia division possess no OXPHOS components and TCA cycle, indicating 
strong degeneration of their mitochondria and ATP synthesis by substrate-level phosphorylation 
(Katinka et al., 2001; Marcet-Houben et al., 2009). During proliferation, microsporidia can recruit host 
mitochondria to their membrane, which may serve in the uptake of host ATP. This prediction is 
supported by the identification of four genes coding for ADP/ATP transporters. The ability of 
microsporidia to drain host-ATP was linked to their mitochondrial degeneration (James et al., 2013) 
and it was reported that Microsporidia only possess rudimentary genome-less organelles with 
unknown function termed “mitosomes” (James et al., 2013; Williams et al., 2002).  

The core mitochondrial functions of the four respiratory complexes and ATP synthase are dispensable 
in environments in which ATP can be synthesized by other means like substrate-level phosphorylation. 
Such environments are mostly inhabited by parasites (Muller et al., 2012). The genomes of parasites 
are often characterized by the loss of genes and functions, reflecting the increasing dependence of the 
parasite on the host.  

Parasitism also exists in the plant kingdom. Well-known representatives are mistletoes, which are 
obligate hemiparasitic flowering plants that grow on various trees. Recently, two research groups 
reported and characterized the mitogenomes of different mistletoe species. Interestingly, all 
investigated genomes lack genes encoding complex I subunits (Petersen et al., 2015; Skippington et 
al., 2017; Skippingtona et al., 2015). Lack of mitochondrial genes coding for complex I subunits in 
mistletoe may follow the same ratio as suggested for A. ceratii (John et al., 2019). Alternatively, 
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mistletoe might truly lack complex I, which would be the first case of missing complex I in the 
mitochondria of a multicellular organism.  

To gain further insights into the OXPHOS composition of the Viscum album (European mistletoe), 
mitochondria were isolated from leaves of the species and systematically analyzed by blue native (BN) 
polyacrylamide gel electrophoresis (PAGE) in combination with protein identification by mass 
spectrometry (Chapter 2.2). While the mitochondrial complexes II, III2, IV and V were all identified, 
complex I clearly was absent. Occurrence of several alternative NAD(P)H dehydrogenases and an 
alternative oxidase seem to compensate for the lack of complex I. Rearrangement of the OXPHOS 
system in V. album is also evident by the presence of very stable supercomplexes formed by complexes 
III2 and IV. However, dimerization of complex V could not be observed. As a consequence, the 
mitochondria of Viscum album feature comparatively few cristae. Further insights into the molecular 
adaptations caused by “life without complex I” are given in chapter 2.2. 
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1.3 Mitochondrial gene expression 
1.3.1 Why is there still a mitochondrial genome?  

Following the endosymbiotic event that gave rise to the development of mitochondria, the gene 
content in the mitochondrial genome was continuously reduced.  Most genes of the original 
endosymbiont genome were either lost or transferred to the nucleus during evolution of 
endosymbiosis. Each of the diverse eukaryotic lineages that developed from the original eukaryote 
carried out this reductive evolutionary process independently, which eventually lead to the diverse 
mitochondrial genomes we observe today (Roger et al., 2017).      

Maintaining such an extra genome next the nuclear genome is accompanied by high energetic costs 
for genome maintenance and duplication, transcription, mRNA maturation and finally mRNA 
translation (Christian and Spremulli, 2012). So, why do eukaryotes still invest so much energy in a 
genome, that encodes less than 5% of the mitochondrial proteome (Giegé et al., 2005)? Several 
predictions were made to explain why mitochondria still need their own genome (Allen, 2015; Roger 
et al., 2017). A possible explanation for preserving the mitochondrial genome is to enable local gene 
expression control in response to local redox states within mitochondria (Allen, 2015). Another rather 
simple explanation would be that the continuous existence of the mitogenome does not serve a 
specific function but rather is a consequence of the circumstance that it is difficult to synthesize highly 
hydrophobic proteins in the cytosol and import them into the mitochondria since they either cannot 
cross the mitochondrial membrane (Claros et al., 1995) or are directed to the ER and not the 
mitochondria because of their hydrophobic transmembrane domains (Björkholm et al., 2015, 2017; 
von Heijne, 1986).     

1.3.2 PPR proteins and RNA Editing 

The so-called pentatricopeptide repeat (PPR) proteins play a central role in plant organellar gene 
expression (Giegé, 2013). They are found to be involved in processes like transcription, RNA splicing, 
RNA editing, RNA end maturation and also translation itself. Interestingly, their presence among 
eukaryotes is unequal with relative small number in fungi and animals and very high numbers in higher 
plants (Giegé, 2013). In Arabidopsis thaliana, over 496 of PPR were identified, representing ~1% of the 
coding capacity of the nuclear genome (Aubourg et al., 2000; Cheng et al., 2016).  

Depending on the motifs they carry, PPR proteins are categorized in the P and PLS subfamilies. The P 
family, only carrying the P motif, is involved in RNA stabilization, cleavage splicing and translation 
(Barkan and Small, 2014). PPR proteins of the P subfamily can also bind RNA sequences to prevent RNA 
degradation and modify the secondary RNA structure to recruit additional proteins (Shikanai, 2015). 
The PLS family is further divided into PLS, E, E+ and DYW subgroups, which is based on the C-terminal 
extension of each protein. It is specifically this family, which is involved in RNA editing. RNA editing 
describes a deamination reaction on mRNA that leads to the conversion of cytidine residues to uridine 
and thereby modifies the genetic information of the mRNA. In higher plants, this process nearly 
exclusively takes place in plastids and mitochondria (Shikanai, 2015). Evidence for the interaction of 
several RNA editing factors in Arabidopsis thaliana lead to the suggestion that PPR proteins form 
“editiosomes”. Here, E+-type PPR proteins like SLO2 mediate RNA target recognition while P-type PPR 
proteins like NUWA establish interaction between SLO2 and DYW2, a PPR protein possessing a DYW 
domain which contains the catalytic editing domain (Andrés-Colás et al., 2017; Guillaumot et al., 2017). 
It was recently confirmed that the DYW domain functions as a cytidine deaminase which mediates C-
to-U RNA editing (Oldenkott et al., 2019). Interestingly, the analyzed DYW-type PPR protein was able 
to edit RNA sites without any additional proteins indicating that formation of an editosome was not 
necessary. Since this study focuses on PPR protein of moss Physcomitrella patens, the authors suggest 
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that the development of complex editosomes in flowering plants became necessary because several 
editing factors seem to have lost their catalytic DYW domain (Oldenkott et al., 2019). Consequently, 
DYW2 probably plays an important role for RNA editing of several sites. This is reflected by its relatively 
high copy number when compared to other PPR proteins (chapter 2.1).  

So why do plants edit RNA? It is still not clear why plants possess this huge subfamily of PPR genes and 
several attempts were made to explain why plants have retained them instead of “simply repairing” 
their genomes (Chateigner-Boutin and Small, 2010; Shikanai, 2015). RNA editing might be a regulatory 
mechanism. In the early days of RNA editing research partial editing of some sites was detected 
indicating that proteins might exist in edited and unedited conformation (Lu and Hanson, 1992). This 
“protein polymorphism” was indeed shown for ribosomal protein S12 by immunoblot analysis (Lu et 
al., 1996; Phreaner et al., 1996).  In a more recent study, mass spectrometry could also prove the 
existence of polymorphic NDHB proteins within the chloroplast NAD(P)H dehydrogenase complex and 
a study applying ribosome profiling proved that mitoribosomes do not discriminate between edited 
and unedited mRNAs (Okuda et al., 2010; Planchard et al., 2018). The editing sites in the former study 
are probably silent since the authors could not find any functional or phenotypic difference between 
the complexes containing the edited or the unedited protein (Okuda et al., 2010). It is compelling to 
speculate that some proteins exist in one, two or even more forms with different functions or activity. 
To the best of the author’s knowledge, this has never been shown so far. However, while many partial 
editing sites are silent, mutants that lack editing of these sites can show strong phenotypes 
(Chateigner-Boutin et al., 2008). A further argument indicating the regulatory role of RNA editing is the 
observation that partially edited sites are differentially edited when compared between different 
growth conditions, different organs or after environmental stress (Chateigner-Boutin and Small, 2010). 
RNA editing regulates the translation of a plastid encoded subunit of the plastid NADH dehydrogenase, 
which has a partially editing site at its start codon. Only the edited codon is recognized by the plastid 
ribosome and it seems that the extend of editing depends on developmental and environmental 
conditions (Hirose and Sugiura, 1997). Messenger RNAs loaded on mitoribosomes showed an increase 
in the editing level at partially edited sites (Planchard et al., 2018). This increase could be explained by 
the strong RNA helicase activity of the mitoribosome, making the editing sites more accessible for PPR 
proteins.  

1.3.3 Mitochondrial ribosomes  

Despite all the information indicating a connection between PPR proteins, RNA editing and translation, 
the exact role of PPR proteins during protein synthesis is still unclear. PPR proteins were proposed to 
be involved in plant mitochondrial translation, and two PPR proteins could be identified in 
mitochondrial high-molecular weight fractions harboring ribosomes which might indicate that they 
present interaction partners or even components of the mitochondrial ribosome (Hammani et al., 
2011; Uyttewaal et al., 2008). Indeed, TPR and PPR were identified as components of trypanosomal 
mitochondrial ribosomes (Ramrath et al., 2018). These results indicate that TPR/PPR proteins might 
also be structural components of plant mitoribosomes.   

Mitochondrial ribosomes mostly resemble 70S ribosomes in bacteria, which can be explained by the 
α-proteobacterial origin of mitochondria. Despite having a different sedimentation coefficient than 
their bacterial counterparts, mitoribosomes are still of comparable size (Hamilton and O'Brien, 1974). 
Interestingly, the mitoribosome of the Last Eukaryotic Common Ancestor (LECA) was probably larger 
than bacterial ribosomes and contained many additional proteins in both subunits, indicating  that 
eukaryotic mitoribosomes underwent a very dynamic and diverse evolutionary history including loss 
of ribosomal genes or their transfer into the host nucleus and the acquisition of novel mitoribosomal 
components (Desmond et al., 2011). Many of these drastic changes were probably conducted to better 
fit the needs of a mitochondrion. One such example is the highly hydrophobic polypeptide exit tunnel 
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of the mammalian large mitoribosomal subunit (mtLSU), which probably facilitates export of the 
hydrophobic membrane proteins of the respiratory chain that are produced within mitochondria 
(Brown et al., 2014). Furthermore, yeast and mammalian mitoribosomes were shown to interact with 
the inner mitochondrial membrane where the respiratory chain complexes are finally located. Yeast 
mitoribosomes also interact with the membrane insertion machinery which would allow co-
translational membrane insertion of the hydrophobic OXPHOS components (Liu and Spremulli, 2000; 
Pfeffer et al., 2015).  

Cryo-EM of yeast and mammalian mitoribosomes also showed that there is a general trend of 
structural rRNA reduction in mitoribosomes when compared to bacterial ribosomes (Amunts et al., 
2015; Desai et al., 2017; Greber et al., 2015). At the same time, mitoribosomes are also comparatively 
protein rich. This can be observed at the contact sites between the large and small subunits of the 
mammalian mitoribosome which is not dominated by RNA-RNA interactions as observed for cytosolic 
ribosomes, but by protein-protein interactions instead (Sharma et al., 2003).  In animals, a tRNA also 
replaces the structural 5S rRNA, leaving only the 16S and 12S rRNA  (Brown et al., 2014; Chrzanowska-
Lightowlers et al., 2017). Consequently, mammalian mitoribosomes possess more than 30 proteins 
which are absent in bacterial ribosomes, reflecting a general trend to substitute rRNA by proteins 
(Amunts et al., 2015; Greber et al., 2014).  

While the mitochondrial ribosomes of mammals, yeast and even trypanosomes are well characterized 
at near-atomic resolution (Amunts et al., 2015; Desai et al., 2017; Ramrath et al., 2018), our knowledge 
of the structure and the composition of plant mitoribosomes is negligible. The mitoribosomes of higher 
plants possess three rRNAs: The 18S rRNA in the small subunit (mtSSU) and 5S and 26S rRNA in the 
large subunit (mtLSU). While the rRNA content in the mitoribosomes of different plant species is quite 
comparable, the protein composition can differ: In potato, 68 proteins were identified as 
mitoribosomal components while in broad bean approximately 80 proteins were found (Maffey et al., 
1997; Pinel et al., 1986; Vasconcelos and Bogorad, 1971). However, these studies were conducted 
before highly sensitive protein identification techniques like mass spectrometry became available. 
Therefore, many of the proteins could not be identified and it cannot be ruled out that the 
mitoribosomal fractions were not contaminated by cytosolic ribosomes. Even with the technologies 
available today, it still is difficult to determine the protein composition of plant mitochondrial 
ribosomes since their purification is complicated for several reasons: (i) the sedimentation coefficient 
of mitoribosomes is very close to the coefficient reported for cytosolic ribosomes (77-78S to 80S) 
(Leaver and Harmey, 1976), (ii) the low solubility of mitoribosomes, which is caused by their 
attachment to the inner mitochondrial membrane (Liu and Spremulli, 2000; Pfeffer et al., 2015), and 
(iii) the attachment of cytosolic ribosomes to the mitochondrial surface (Gold et al., 2017).  

To get a better insight into the protein composition of plant mitochondrial ribosomes, chemical cross-
linking was combined with complexome profiling (Chapter 2.3). The presence of several PPR proteins 
was observed in both ribosomal subunit clusters, substantiating a potential involvement of PPR 
proteins in mitochondrial protein synthesis. Surprisingly, the small ribosomal subunit has an unusually 
large size, which even surpasses that of the large subunit. These discoveries can only be partly 
explained by plant-specific mtSSU components. Instead, formation of mtSSU dimers for regulatory 
reasons is proposed, as previously discussed for bacteria. 
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SUMMARY

Mitochondria host vital cellular functions, including oxidative phosphorylation and co-factor biosynthesis, which are

reflected in their proteome. At the cellular level plant mitochondria are organized into hundreds of discrete functional

entities, which undergo dynamic fission and fusion. It is the individual organelle that operates in the living cell, yet bio-

chemical and physiological assessments have exclusively focused on the characteristics of large populations of mito-

chondria. Here, we explore the protein composition of an individual average plant mitochondrion to deduce principles

of functional and structural organisation.We perform proteomics on purifiedmitochondria from cultured heterotrophic

Arabidopsis cells with intensity-based absolute quantification and scale the dataset to the single organelle based on cri-

teria that are justified by experimental evidence and theoretical considerations. We estimate that a total of 1.4 million

protein molecules make up a single Arabidopsis mitochondrion on average. Copy numbers of the individual proteins

span five orders of magnitude, ranging from >40 000 for Voltage-Dependent Anion Channel 1 to sub-stoichiometric

copy numbers, i.e. less than a single copy per single mitochondrion, for several pentatricopeptide repeat proteins that

modify mitochondrial transcripts. For our analysis, we consider the physical and chemical constraints of the single

organelle and discuss prominent features of mitochondrial architecture, protein biogenesis, oxidative phosphorylation,

metabolism, antioxidant defence, genome maintenance, gene expression, and dynamics. While assessing the limita-

tions of our considerations, we exemplify how our understanding of biochemical function and structural organization

of plantmitochondria can be connected in order to obtain global and specific insights into how organelles work.

Keywords: plant mitochondrion, single organelle, proteomics, intensity-based absolute quantification, ox-

idative phosphorylation, TCA cycle, antioxidant defence, cofactor synthesis, mitochondrial genome, RNA

editing, mitochondrial fission, Arabidopsis thaliana.
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INTRODUCTION

Mitochondria are central to complex life. Their evolution-

ary, genetic, biophysical, biochemical, and cell biological

characteristics have been studied intensely. However, the

resulting views of the organelle have remained remarkably

separated between disciplines in several cases. Mitochon-

dria were recognized early as organelles that exist as multi-

ple individual entities in cells (Altmann, 1890). Those

entities were later identified as the location of respiration,

based on morphological considerations (Kingsbury, 1912),

and dissected in their architecture by electron microscopy,

and, more recently, super-resolution microscopy tech-

niques (Sjostrand, 1953; Jakobs and Wurm, 2014; Chen

et al., 2018). Edmund V. Cowdry recognized the intrinsic

limitation of pure morphological investigations as early as

1924 by pointing out that

it is quite obvious that the investigation of mitochondria

will never achieve the usefulness which it deserves as

an instrument for advance in biology and medicine until

we know much more of their chemical constitution as

the only accurate basis for interpretation of our find-

ings. In other words, we must wait up on the slow

development of direct, quantitative cellular chemistry.

(Cowdry, 1924)

In parallel, mitochondrial functions, such as their respi-

ratory or biosynthetic features, were analysed across large

numbers of mitochondria in organisms and tissues, or iso-

lated from those sources (Utter et al., 1958; Ohnishi and

Hagihara, 1964; Weiss et al., 1970; Werner and Neupert,

1972). The fundamental divide between cell biological and

biochemical approaches to mitochondria has left a void at

the centre of organelle biology, leaving the question open

of how exactly the individual mitochondrion carries out its

functions as a physically discrete unit.

How the individual mitochondrion, as the smallest unit

of mitochondrial populations in cells, works is relevant

across eukaryotic organisms. Several organisms contain

extensive mitochondrial networks (Hoitzing et al., 2015)

resulting in a situation of a single cell containing only a

few large mitochondria or even a single physically discrete

mitochondrion. Examples are mitochondria in yeast, try-

panosomes or several mammalian cell types (de Souza

et al., 2009; Rafelski, 2013; Zamponi et al., 2018; Vincent

et al., 2019). At the opposite end of this spectrum, small,

highly fragmented mitochondria are present, for instance,

in mammalian neurons and flowering plant cells. Cells of

flowering plants, such as the reference organism Arabidop-

sis thaliana, typically contain several hundred of discrete

organelles per cell, which are connected over time by

fusion and fission (Sheahan et al., 2005). The organiza-

tional structure of plant mitochondria has been described

as a ‘discontinuous whole’ (Logan, 2006), to emphasize

that the organelles form a continuous network that does

not exist in space but over time. However, nearly all mito-

chondrial function occurs at the level of the individual

mitochondrion and is constrained by the physical proper-

ties of the individual unit.

A realistic understanding of the processes that occur at

the single organelle level requires in vivo analysis. This

has become possible for specific parameters through fluo-

rescent sensors, and has provided initial insights into

heterogeneity in composition and function between single

mitochondria, e.g. with respect to mtDNA content and

bioenergetics (Arimura et al., 2004b; Schwarzl€ander et al.,

2012). Yet, imaging-based approaches to explore the prop-

erties of individual mitochondria remain cumbersome, are

typically limited to only a small set of parameters and

leave a large proportion of mitochondrial functions inac-

cessible. Very recently, an imaging-based approach was

used to estimate stoichiometry and protein copy numbers

in carboxysomes (Sun et al., 2019) raising hopes that anal-

ogous approaches may become available for other orga-

nelles in the future.

The development of increasingly sensitive and sophisti-

cated proteomic approaches has allowed the identification

of proteins in mitochondrial extracts and to infer functional

characteristics of mitochondria (Kruft et al., 2001; Millar

et al., 2001; Heazlewood et al., 2004). Also a limited num-

ber of quantitative proteomic datasets of plant mitochon-

dria have been reported (Nelson et al., 2013; Mueller et al.,

2014; Salvato et al., 2014; Wagner et al., 2015; Senkler

et al., 2017) and relative protein abundances have been

linked to specific mitochondrial pathways (Taylor et al.,

2011). Generating proteomic datasets from a single mito-

chondrion of any organism remains impossible due to

technical constraints. Important insights into the proteome

of a single mitochondrion come from a recent study in

yeast (Morgenstern et al., 2017). High quality quantitative

proteomic datasets allowed the extraction of absolute copy

numbers of the individual mitochondrial proteins under

the assumption that each yeast cell hosts a single mito-

chondrion. The fragmented nature of plant mitochondria,

with hundreds of small and discrete units per cell adds a

further layer of complexity. An elegant first step towards

the protein inventory of a single plant mitochondrion has

recently been taken through a theoretical appraisal (Møller,

2016).

Our motivation to explore the composition of a single

mitochondrion is based on the question if new insights

into organelle biology can be obtained by applying the

geometrical constraints under which the individual mito-

chondria function to biochemical data generated from a

population of mitochondria. Normalization of quantitative

proteomic data allows scaling down from the population

© 2019 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
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to the averaged individual, which may already deliver deci-

sive benefits.

In this article, we explore the proteomic makeup of a sin-

gle mitochondrion and what that might imply for its struc-

ture and function as an individual unit. We use shotgun

proteomics of isolated mitochondria from heterotrophic

Arabidopsis cell suspension culture in combination with

intensity-based absolute quantification (iBAQ). We normal-

ize the proteomic dataset to derive average copy numbers

of individual proteins in a single mitochondrion using rea-

sonable assumptions based on experimental evidence

about the physical properties of a typical plant mitochon-

drion. We make use of the protein copy numbers per mito-

chondrion to explore the potential added value of

considering the single organelle to gain meaningful

insights into plant mitochondrial properties and processes.

We unite expertise from several current fields of plant

research to explore the implications of a single organelle

perspective on a range of specific biological questions. We

develop hypotheses and devise several thought experi-

ments, based on available data, to synthesize an original

perspective that illustrates how individual mitochondria

operate. The approach exemplifies a strategy that may be

used also for other organisms, cells and organelles.

RESULTS AND DISCUSSION

Towards the protein inventory of a single mitochondrion

A single mitochondrion is made up by about 1.4 million

proteins. We aimed at estimating the total protein num-

ber per single mitochondrion. This requires assumptions

about mitochondrial size and shape, both of which are

variable in plant mitochondria. Based on literature micro-

graphs, our own experience with live fluorescence micro-

scopy as well as transmission electron microscopy of

A. thaliana mitochondria (Figure 1a), a sphere of 0.8 lm in

diameter represents a reasonable approximation of an

average mitochondrion from a living heterotrophic Ara-

bidopsis cell (de Virville et al., 1998; Logan and Leaver,

2000; Eubel et al., 2007). Most Arabidopsis mitochondria

are spherical to bean-shaped within a diameter range of

0.4–2.0 lm, with the exception of slender, extended indi-

viduals, which are typically underrepresented. Mitochon-

drial density previously measured experimentally at

1.2 g ml�1 (Glas and Bahr, 1966), allows estimating the

weight of a single hydrated plant mitochondrion of 0.8 lm
in diameter at 322 fg (see Dataset S1, worksheet #2). The

dry mass contribution to hydrated mitochondrial weight

was determined at 26–35%, but was subsequently criticized

as a gross underestimation (Glas and Bahr, 1966; Berthet

and Baudhuin, 1967). Assuming 25% protein content,

which is justified by the additional presence of lipids,

metabolites, RNA and DNA, a single mitochondrion con-

tains 80.4 fg of protein (Dataset S1, worksheet #2).

To estimate how many protein copies a mitochondrion

is comprised of, we calculated the abundance-adjusted

weight of an average protein in our proteomic samples (as

introduced below), equalling 38 350 Da (6.37 9 10�20 g),

closely reflecting the values retrieved from the SUBAcon

database (39 247 Da) (Hooper et al., 2014) (Dataset S1,

worksheet #4). Considering that an N-terminal targeting

peptide of a large proportion of proteins, encoded in the

nuclear genome, is proteolytically cleaved after import, we

subtracted 3514 Da (abundance-weighted average mito-

chondrial target peptide size, corrected for frequency of

occurrence, see Dataset S1, worksheet #5) (Kmiec et al.,

2014; Ghifari et al., 2019). Accordingly, a mass of

34 836 Da (5.78 9 10�20 g) was estimated for a mature

mitochondrial protein on average, resulting in 1 390 777

protein molecules that constitute a single mitochondrion.

This is in line with previous estimations (106 protein copies

for a small mitochondrion; 1.6 9 106 for a mitochondrion

of the size considered here) derived from a different set of

assumptions (Møller, 2016).

Intensity-based quantitative proteomics to estimate protein

copy numbers per mitochondrion. To exemplify our

approach, we chose isolated mitochondria from Arabidop-

sis dark-cultured cell suspensions for shotgun proteomics.

The cell suspensions provide the technical advantage of

fast growth and low contamination with photosynthetic

plastid proteins. They do not represent any specialized tis-

sue and are not synchronized for cell cycle progression,

minimizing bias from specialized functions or a dominating

effect of biogenesis. While specific functions, such as the

support of photosynthesis, are unlikely to be represented

by this material, it will be straightforward to adjust the

approach to any other source of mitochondria.

Four biological replicates from separate mitochondrial

protein isolations were analyzed by liquid chromatography

coupled with tandem mass spectrometry (LC-MS/MS). At

least one unique peptide was required for a protein to be

considered as identified. An intensity-based absolute quan-

tification (iBAQ) score was used as a quantitative estimate

for each identified protein, for which only unique peptides

and razor peptides were taken into account (Arike et al.,

2012). We normalized the iBAQ scores against the sum of

all iBAQ values in each replicate, calculated the median

iBAQ score per protein across the four replicates and re-

normalized against the sum of all iBAQ scores. The result-

ing normalized median iBAQ scores indicate the fraction of

the quantitative contribution of each protein to the pro-

teome. Multiplication of this score for each protein by the

total number of protein molecules per single mitochon-

drion (1 390 777; see above) provided an estimate of the

copy number of each protein species per mitochondrion

(Figure 1a). This approach provides meaningful estimates

of protein copy number across the proteome overall, but is

© 2019 The Authors.
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total 1,163,852 917 100%

1 μm

mitochondrion
(1,163,852)

Figure 1. The proteome of a single mitochondrion.

(a) Overview of our approach summarizing the pro-

teomics and the calculations made to obtain copy

numbers. Steps marked with blue background rep-

resent assumptions; all others are based on experi-

mental findings, physical constraints and

calculations. See Dataset S1, worksheet #2, for all

calculation details. The electron micrograph was

obtained from a mitochondrial preparation from

heterotrophic Arabidopsis cell suspension culture.

Liquid chromatography coupled with tandem mass

spectrometry (LC-MS/MS); Intensity-Based Absolute

Quantification (iBAQ).

(b) Subcellular location of identified proteins. In

total 2934 protein species were identified and clas-

sified according to their likely subcellular location

based on SUBAcon (Hooper et al., 2014). The

cumulated copy number of all protein species allo-

cated to a subcellular compartment is provided in

brackets and displayed as a percentage of the total

copy number of all proteins.

(c) Functional meta-categories for 917 proteins with

mitochondrial localisation as identified by SUBA-

con (finer classification into functional sub-cate-

gories is shown in Table S1); Unknown function

protein (UFP).
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limited by the intrinsic shortcomings of proteomic analysis

of biological samples and iBAQ quantitation, such as the

individual biochemical peptide properties affecting ionisa-

tion and detection characteristics (Schwanh€ausser et al.,

2011; Fabre et al., 2014; Krey et al., 2014). To exemplify the

principle in the following sections we treat the calculated

copy numbers from the datasets as precise values.

Critical appraisal of the single mitochondrion proteome

dataset. In total, 2934 protein species were identified and

quantified across the four biological replicates (Dataset S1,

worksheet #1). More than two-thirds of these were

detected in all four samples (Figure S1a), indicating that

the dataset is coherent with respect to both protein content

and technical reproducibility.

Organelles isolated from disrupted cells often contain

proteins attributed to other cellular components, which

may reflect contaminations or shared components. We

used the SUBAcon algorithm (Hooper et al., 2014) which

unambiguously assigned 2799 proteins to a single cellular

location, based on weighted experimental evidence and

predictions. One third of these (917 proteins) are annotated

as mitochondrial, while most of the remaining proteins

were annotated as plastidic (597 proteins) or cytosolic (564

proteins, Figure S1b). Protein abundance (as deduced from

normalized iBAQ values; Dataset S1, worksheet #1)

revealed that 84% of the protein content in the mitochon-

drial isolates are of mitochondrial origin (1 163 852 copies

out of 1 390 777 copies in total; Figure 1b), which matches

in range the purity of isolated Arabidopsis mitochondria

used for quantitative proteomics reported previously (Klod-

mann et al., 2010; Senkler et al., 2017).

One of the four replicates contained a higher amount of

plastid contamination as indicated by the strongly

increased abundance of the marker proteins RbcL, AccD,

ClpP1, and Rps11, which are encoded by the plastid gen-

ome (Dataset S1, worksheet #1). We consciously decided

to use the full dataset without applying additional selection

criteria, because many mitochondrial proteins are expected

to be present at low abundance and would be lost if more

stringent parameters were applied. In addition, the use of

median instead of mean for our calculations of the normal-

ized iBAQ values largely balanced the effects originating

from an individual outlier (i.e. one replicate with higher

contamination levels). For the specific goals pursued here

limiting the risk of excluding mitochondrial proteins of low

abundance outweighs the benefit of stringent exclusion of

contaminants. Another limitation is the inherent incom-

pleteness of proteomic datasets. Thus, several mitochon-

drial proteins, such as the intron maturase MatR or the

OXPHOS subunit Atp9, which are encoded in the mito-

chondrial genome, were not identified. Although they may

not be expressed (or very lowly) in the cells we analysed,

their absence in our dataset is more likely due to their

biochemical properties preventing their identification by

mass spectrometry. Out of the different groups of

mitochondrial proteins, the oxidative phosphorylation

(OXPHOS) complexes are particularly prone to underesti-

mation partly because they are enriched in protein sub-

units with unfavourable properties for mass spectrometry,

such as small size and high hydrophobicity.

Considerations about the mitochondrion as an individual

Almost half of the mitochondrial proteome serves cellular

ATP provision. When the 917 mitochondrial protein spe-

cies are broadly classified according to their annotated

functions (Table S1; Figure 1c; Figure S1c,d; Hooper et al.,

2014), the group of proteins involved in ATP production

and transport makes up 557 063 copies, which is almost

48% of the total mitochondrial protein content. The 97 pro-

teins involved in OXPHOS (105 when complex II is

included) contribute most of the copies. Interestingly,

53 944 protein copies (10% of copies within this group)

belong to only five ATP transporters (AAC1, AAC2, AAC3,

APC2, ADNT1), mirroring the extremely high ATP fluxes

that a mitochondrion is able to maintain. The combined

copy number of all remaining mitochondrial transporters

identified for the inner membrane (IMM) and outer mem-

brane (OMM; 125 845 copies in total) belong to distinc-

tively more protein species (45 protein species).

Protein import, synthesis, modification and turnover, are

carried out by 221 372 protein molecules (19% of the total

mitochondrial protein content, Figure 1c). The high num-

ber of 365 protein species in this meta-group that includes

the functional groups ‘protein import’, ‘RNA processing’,

‘protein synthesis’ and ‘protein fate’ (Table S1), is mainly

due to the high number of proteins related to RNA pro-

cessing (135 protein species), most of which are pentatri-

copeptide repeat (PPR) proteins. Metabolism not related to

cellular respiration uses only 139 798 molecules (12% of

the mitochondrial protein content) and is mainly related to

amino acid metabolism (44 of 123 protein species in this

meta-group).

The makeup of the outer and inner mitochondrial mem-

branes is dominated by few protein species. The mito-

chondrion is delimited by a double membrane system and

each membrane contains a specific set of proteins. The pro-

tein with the highest copy number in the mitochondrion is

the Voltage-dependent anion channel 1 (VDAC1: 44 381

copies), which resides in the OMM and constitutes the main

passage between the cytosol and the intermembrane space

(IMS) for a large variety of compounds (Colombini, 2004). In

a single Arabidopsis mitochondrion, 80 760 monomers of

the five VDAC isoforms (VDAC1–5) are present, which

equals a density of 40 167 VDAC channels per lm2 (OMM

surface: 2.0 lm2) (Dataset S2, worksheet #1). Assuming that

the dimensions of the Arabidopsis VDACs are similar to
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those found for the human VDAC crystal structure (Bayrhu-

ber et al., 2008; 8.5 nm2 lipid-displacing area), 34.2% of the

OMM surface consist of VDAC proteins (Figure 2;

Dataset S2, worksheet #1), making VDACs a major building

block of the OMM. Considering that VDAC conductance is

regulated (Zizi et al., 1994; Hodge and Colombini, 1997;

Mlayeh et al., 2010), the VDAC proteins not only provide a

high degree of permeability to the OMM, but also effec-

tively functionalise the membrane to act as a conditional

nano-sieve. Gating of metabolite fluxes by VDACs is likely

to play an important regulatory role to adjust organelle

metabolism, physiology and volume (Liu and Colombini,

1992). Pits and in-plane subunits of proteins that occur at

sufficiently high density to adopt crystalline array

organisation were already found in early electron micro-

graphs and by X-ray diffraction of plant OMM preparations

(Parsons, 1965; Mannella and Bonner, 1975; Mannella,

1982). They can be retrospectively identified as VDAC. A

density of 20 000 molecules per lm2 OMM was calculated

by Mannella and Bonner, 1975, corresponding to 40 000

VDAC proteins per mitochondrion, or 20% of OMM for the

mitochondrial dimensions adopted here. Both estimates

(34.2% and 20%) turn out similar, considering that they are

derived from independent approaches and different

assumptions. A second major constituent of the OMM is

the Translocase of the Outer Membrane (TOM) complex

that covers an additional 12.1% of the OMM surface area

(Figure 2; Dataset S2, worksheet #6) and is discussed in fur-

ther detail in the next section.

In contrast to the domination of the OMM by the protein

families of VDAC and TOM, the IMM protein inventory is

made up by a large number of different proteins of which

a large proportion groups into the OXPHOS complexes

(17 258 complexes; Dataset S2, worksheet #2) and carrier

proteins (97 980 copies) (Dataset S2, worksheet #3; Fig-

ure 2). Assuming a OMM:IMM ratio of 1:3 as reported for

rat liver mitochondria (Schwerzmann et al., 1986), complex I

(~120 nm2 lipid-displacing area; Zickermann et al., 2015)

alone constitutes 5% of the IMM (6 lm2), while complex II

(~16 nm2 lipid-displacing area; Sun et al., 2005), III2
(~50 nm2 lipid-displacing area; Zhang et al., 1998) and IV

(~38 nm2 lipid-displacing area; Dudkina et al., 2011)

together add up to another 4.7% (0.8%, 2.7% and 1.2%,

respectively) (Dataset S2, worksheet #2). The estimated

mitochondrial electron transport chain (ETC) complex den-

sity ranges for the complexes I to IV (413, 523, 542, and

318 complexes per lm2, respectively) are in general agree-

ment with previous reports for mammalian mitochondria

(277, 535, 812, and 1880 complexes per lm2, respectively)

(Gupte et al., 1984). Conceivably, packing high amounts of

bulky ETC complexes, particularly complex I, into the

membrane impacts on the overall IMM architecture. This

concept is well-established for ATP-synthase dimers, which

introduce the curvature required for cristae formation

(Dudkina et al., 2005; Davies et al., 2012; Hahn et al., 2016).

In our dataset, the total area of the ATP-synthase mem-

brane-integral part amounts to 8.4% area of the IMM,

which nearly equals the area composed of complexes I–IV
(9.7% of IMM area). Overall the OXPHOS complexes make

up 18.1% of the IMM, which is in line with ATP production

as a defining mitochondrial function (Figure 2; Dataset S2,

worksheet #2).

OXPHOS relies on bulk substrate availability in the mito-

chondrial matrix, which needs to be supplied from the

cytosol by high flux rates through IMM carriers. The neces-

sity for high transport capacity is mirrored by high copy

numbers of transporters mediating the exchange of ADP/

ATP, Pi/H+, di- and tricarboxylates and the uncoupling of

OMM

IMM

Plant mitochondrion 

Protein family/complex area of OMM
VDAC 34.2%
TOM 12.1%

Protein family/complex area of IMM
Complex I (C-I) 5.0%
Complex II (C-II) 0.8%
Complex III (C-III) 2.7%
Complex IV (C-IV) 1.2%
Complex V (C-V) 8.4%
AAC 6.2%
MPT 2.5%
UCP 1.0%
DTC 0.8%
remaining proteins ~1.1%

Figure 2. Proportions of mitochondrial membrane areas constituted by indi-

vidual protein families.

Schematic representation of the outer mitochondrial membrane (OMM) and

the inner mitochondrial membrane (IMM) of a typical plant mitochondrion

in a 1:3 ratio (membrane area represented as lines). Colour-coded mem-

brane segments represent the proportional constitution of OMM or IMM by

highly abundant protein families and protein complexes in % of total mem-

brane area occupied as shown in the table inset. VDAC (voltage-dependent

anion-selective channel protein), TOM (translocase of the outer membrane),

C-I (NADH:ubiquinone oxidoreductase), C-II (succinate dehydrogenase), C-III

(cytochrome bc1 complex), C-IV (cytochrome c oxidase), C-V (ATP-syn-

thase), AAC (ADP/ATP carrier), MPT (mitochondrial phosphate carrier pro-

tein), UCP (uncoupling protein), DTC (mitochondrial dicarboxylate/

tricarboxylate carrier).
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the H+-gradient at 53 065 (mitochondrial ADP/ATP carrier

1–3; AAC1–3), 21 325 (mitochondrial phosphate transporter

2 and 3; MPT2 and MPT3), 6836 (mitochondrial dicarboxy-

late/tricarboxylate carrier, DTC) and 8595 (uncoupling pro-

teins 1 and 3; UCP1 and UCP3) copies (Dataset S2,

worksheet #3). These transporters make up 10.5% of IMM

area assuming a lipid-displacing area of ~7 nm2 as esti-

mated from the bovine AAC crystal structure (Pebay-Pey-

roula et al., 2003) (AAC 6.2%, MPT 2.5%, DTC 0.8% and

UCP 1%; Figure 2; Dataset S2, worksheet #3). In contrast to

the transporters that mediate the bulk fluxes of energy

metabolism, all remaining identified carriers together

amount to 1.1% of IMM area. Note that this is based on the

curated list of IMM transporters in Dataset S2 (worksheet

#3), and not the global, but less precise, SUBAcon classifi-

cation, which includes proteins, such as GET3c or MICU

that are not membrane transporters. In total, the OXPHOS

and carriers account for ~30% of the IMM area, corre-

sponding to 41.4% of the IMM weight (Dataset S2, work-

sheet #4), which is about half of what has been previously

estimated (~80 weight-%) (Krauss, 2001). While the concept

of proteins dominating the makeup of the IMM is sup-

ported by our estimations, the difference to previous num-

bers is likely due to the underestimation of OXPHOS

proteins by the MS-based approach. This effect may be

illustrated taking complex I as an example, which is made

up of a matrix arm and a membrane arm at a 1:1 stoi-

chiometry. Averaging the number of matrix arm proteins

results in 3932 matrix arm copies, but averaging the num-

ber of membrane arm proteins results in only 1841 mem-

brane arm copies. There is no experimental indication,

however, of a significant amount of unassembled matrix

arm subunits in the mitochondrion (Meyer et al., 2007).

Instead matrix arm proteins are typically found in the

membrane fraction, i.e. assembled with the membrane

arm and set in stoichiometry. This inconsistency suggests

that the copy numbers of the membrane arm proteins are

systematically underestimated by the mass spectrometry

approach. The number of complex I particles per mito-

chondrion may be more realistically estimated based on

the matrix arm only, which would increase the estimation

from 2491 complex I copies (averaged across all subunits)

to 3932 complex I copies (average of matrix arm subunits

only) (Dataset S3, worksheet #2). An analogous effect is to

be expected for other OXPHOS complexes, but it is hard to

account for this effect systematically due to the individual

biochemical properties of the complex subunits involved.

The rough assumption of doubling the OXPHOS complex

copy numbers increases the protein area of the IMM to

48%, corresponding to 62% of the membrane weight,

which closes the gap to previous reports using indepen-

dent approaches (Krauss, 2001).

A maximum of 18 crista sheets can be stacked in the typi-

cal Arabidopsis mitochondrion, based on the dimensions of

the OXPHOS complexes (here specifically complex I and

complex V) (Dataset S2, worksheet #5). Assuming that

those cristae are organized as flat sheet structures that span

the entire available diameter of the matrix, the summed-up

length of the cristae ridges, where rows of ATP synthase

dimers provide curvature (Blum et al., 2019), adds up to

32.5 lm. Considering a diameter of about 10 nm per ATP

synthase dimer in the row of dimers (Zickermann et al.,

2015), 3253 dimers are required to constitute the cristae

ridges. This requirement matches the number of ATP syn-

thase molecules present in the single mitochondrion (6426

monomers, 3213 dimers) (Dataset S3, worksheet #2). This

remains a rough estimate since the cristae may adopt differ-

ent sizes and more complex shapes, which would then

decrease or increase, respectively, the number of dimers

required. The presence of the 18 crista sheets is an upper

limit, since it would leave insufficient space for large protein

complexes, such as the pyruvate decarboxylase complex

(PDC), 2-oxoglutarate dehydrogenase complex (OGDC) and

the glycine decarboxylase complex (GDC), in the matrix

(discussed in the sections on TCA cycle and GDC). Further-

more, 18 cristae would result in an IMM surface area of

12 lm2, or an IMM:OMM surface area ratio of 6:1 instead of

3:1, as used for the estimations above (Schwerzmann et al.,

1986). In the presence of less cristae, a surplus of ATP-syn-

thase molecules may exist as monomers that do not intro-

duce membrane curvature (Blum et al., 2019), or as dimers

to introduce more complex cristae structures.

The protein import machinery could double the mitochon-

drial proteome in under 7 h. Of all mitochondrial protein

copies, 12% are involved in protein import and protein

fate, including maturation, folding, and degradation

(221 372 protein copies; Figure 1c; Table S1). The compo-

nents of the import apparatus are of particular importance

since the vast majority of mitochondrial proteins are

encoded by nuclear genes, synthesized in cytosolic ribo-

somes, and must be imported.

The main entry gate into mitochondria is the translocase

of the outer membrane (TOM) complex and almost all pro-

teins entering mitochondria must pass through it. The

TOM complex is by far the most abundant import complex

found in a single mitochondrion with 8139 TOM40 copies

(Dataset S2, worksheet #6). Previous work on mammalian

and yeast mitochondria have demonstrated that the TOM

complex is triangular (containing 3 TOM40 channels) mea-

suring 14.5 nm on edge and that between 8 and 14 TOM

complexes cluster together in assemblies of approximately

30–40 nm in diameter (Model et al., 2008; Wurm et al.,

2011). Assuming these values are similar for plant TOM

complexes, a single plant mitochondrion contains 247

TOM complex clusters on average (assuming 11 TOM

complexes per cluster), accounting for 12.1% of the OMM

surface area as noted above (Dataset S2, worksheet #6;
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Figure 2). These numbers match previous observations in

yeast, which contains approximately 100 active import

sites per lm2 of OMM surface area (Gold et al., 2014).

The two translocases of the inner membrane, the TIM23

and TIM22 complexes, are present at much lower num-

bers. Assuming that both complexes exist as dimers

(Bauer et al., 1996), only 175 TIM22 complex dimers (349

copies of TIM22) and 370 TIM23 complex dimers (740

copies of TIM17 and 852 copies of TIM23) are present per

mitochondrion (compared to the 2713 TOM complexes)

(Figure S2). In yeast, the stoichiometry of TOM40:TIM23:

TIM22 proteins was calculated to be 5:1:0.2 (Sirrenberg

et al., 1997), in plant mitochondria we found a very similar

stoichiometry 7.3:1:0.5. TOM complexes are found in

excess over the inner membrane translocases and this

may reflect the fact that the TOM complexes must import,

in addition to proteins of the inner membrane and the

matrix, proteins destined for the OMM and the IMS. TIM22

is only present at 349 copies per mitochondrion, while one

of the many TIM22 substrates, the ATP/ADP carrier 1 pro-

tein (AAC1), is present at 39 984 copies. The TIM23 com-

plex imports proteins containing pre-sequences, equalling

approximately 70% of protein copies (973 544 copies) per

mitochondrion. How long would it take one mitochondrion

to double the copy number of all TIM23 substrates?

Assuming a translocation rate of 40 amino acids per sec-

ond (based on Sec pathway measurements in bacteria,

(Fessl et al., 2018), an average protein length of 353 amino

acids and 370 active import sites per mitochondrion (as-

suming that the TIM23 complex is the limiting step), it

would take approximately 6 h and 27 min to double the

number of TIM23 substrate proteins in a single mitochon-

drion.

Composition and function of the OXPHOS system. The

OXPHOS system of plants consists of the complexes I–V,
cytochrome c, the alternative oxidase (AOX) and alterna-

tive NAD(P)H dehydrogenases (NDs) (Meyer et al., 2019).

Overall, 115 proteins that represent subunits of OXPHOS

components were identified in the course of a recent com-

plexome profiling approach in Arabidopsis and additional

21 proteins were identified by other investigations (Senkler

et al., 2017 and discussion within). If isoforms are sub-

tracted, the Arabidopsis OXPHOS system—according to

current knowledge—consists of 105 distinct protein spe-

cies. Only three of these proteins are not covered by our

proteome datasets (the SDH8 subunit of complex II and the

c-subunit of the ATP synthase complex, both of which are

very small and hydrophobic, and the AOX1B protein; Data-

set S3, worksheet #2). Copy numbers of proteins forming

part of the same protein complex vary to a degree

(Dataset S3, worksheet #2), which may be due to biological

reasons (e.g., multiple copies of some subunits per com-

plex [e.g., a- and b-subunit of complex V], non-assembled

subunits) or technical reasons (e.g., dependence of the

iBAQ score on the hydrophobicity of a protein). Average

copy numbers of OXPHOS components were calculated by

averaging copy numbers of all the identified subunits (cor-

rected for specific subunits if they are present in more than

one copy per complex) (Dataset S3, worksheet #2). The

result likely represents a lower estimate of the number of

OXPHOS complexes. An account of the limits of this

approach is provided above in the section “Critical apprai-

sal of the single mitochondrion proteome dataset”.

The ATP synthase (complex V; 6426 particles per mito-

chondrion) and complex III (6537 complex III monomers,

corresponding to 3268 complex III dimers) are the most

abundant OXPHOS components, which correlates well

with results from blue native PAGE (Senkler et al., 2017).

About 2491 copies of complex I, 3156 copies of complex II

and 1916 copies of complex IV are present per mitochon-

drion. These numbers explain why supercomplex forma-

tion of complex I and dimeric complex III leads to drastic

reduction of monomeric complex I particles, while com-

plex III dimers remain abundant (Dudkina et al., 2005). The

copy number of cytochrome c (2252) lies in between the

copy numbers of dimeric complex III and complex IV. Com-

plex IV of plants can also form part of respiratory super-

complexes together with dimeric complex III or dimeric

complex III plus monomeric complex I (Eubel et al., 2004).

Respiratory supercomplexes that include the complexes I,

III2 and IV are also designated “respirasomes”, because

they can autonomously carry out the entire reaction of the

ETC (assuming cytochrome c and ubiquinone are present).

The copy number of complex IV in a single mitochondrion

of Arabidopsis suggests that complex IV is limiting respira-

some formation in plant mitochondria. There is a current

consensus that supramolecular assemblies of respiratory

supercomplexes and singular (monomeric) respiratory

complexes co-exist under in vivo conditions and that the

degree of supercomplex formation varies depending on

physiological conditions of plant cells (Ram�ırez-Aguilar

et al., 2011). In total, 222 136 proteins form part of the four

classical protein complexes of the respiratory chain (com-

plexes I–IV), 52.9% (117 427) belonging to complex I. In

Arabidopsis, complex I contains a carbonic anhydrase (CA)

domain that includes gamma-type CA subunits (Fromm

et al., 2016b). This domain consists of three CA subunits of

the five known plant CA/CAL proteins (CA1, CA2, CA3,

CAL1 and CAL2) in combinations that are not precisely

defined so far (Fromm et al., 2016b). With the realistic

assumption that these five proteins have similar biochemi-

cal properties and therefore their copy numbers can be

interpreted in term of stoichiometry, our results show that

the CA2 protein is clearly the most prominent CA/CAL pro-

tein (47% of all CA/CAL proteins). Summed up copy num-

bers for CA1 and CA3 only account for 31% and the ones

for CAL1 and CAL2 for 22%. This provides a plausible
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explanation for the particularly drastic reduction of com-

plex I in mutants lacking CA2 (Wang et al., 2012; Fromm

et al., 2016a).

Assuming a respiratory activity of 200 nmol O2 min�1

mg protein�1 that is typical for isolated Arabidopsis mito-

chondria (Eubel et al., 2007; Wagner et al., 2015) and an

ADP/O ratio of 2.5, we estimated that a single mitochondrion

produces 968 658 ATPmolecules per second, corresponding

to 151 ATPmolecules by each of the 6426 ATP synthase com-

plexes (Dataset S2, worksheet #7). This synthesis rate corre-

sponds to a rotation rate of ATP synthase of 50 sec�1, which

is consistent in range with the 130 sec�1 measured for the

ATP hydrolysis activity of a prokaryotic ATP-synthase at sat-

urating ATP supply (Yasuda et al., 2001). Assuming that all

export of the ATP that the mitochondrion synthesizes is

mediated by AAC1–3, each of the 53 065 AAC protein copies

(Dataset S2, worksheet #3) needs to transport 18 ATP mole-

cules per second. The combined activities of the 6426 ATP-

synthase motors deliver 103 fW of power per mitochondrion

(assuming DG(ATP) at �64 kJ mol�1 under physiological

conditions). This means that less than a 2-cl shot glass worth

of respiring mitochondria (18.2 ml) turn over the equivalent

of the power consumption of a modern 7W LED, that

replaces the traditional 60W light bulb (Dataset S2, work-

sheet #8).

TCA cycle proteins make up over 80% of the matrix protein

volume. The tricarboxylic acid (TCA) cycle is a central

hub of primary plant metabolism, serving biosynthesis,

catabolism and energy conversion. Its integrative role in

the cellular metabolic network requires unique flexibility of

TCA cycle flux in plants, and several different flux modes,

both cyclic and non-cyclic, have been reported depending

on the physiological circumstances (Sweetlove et al.,

2010). In heterotrophic Arabidopsis cells a cyclic flux mode

can be anticipated. The ten enzymatic steps of the TCA

cycle (including pyruvate dehydrogenase and NAD-malic

enzyme) are represented by 176 358 protein copies per

mitochondrion, corresponding to 12.7% of mitochondrial

protein content (Table S1). Assuming that the matrix vol-

ume takes up 50% of the total mitochondrial volume (Møl-

ler, 2016), and estimating the protein volume from

available protein crystal structures of non-plant species

(Dataset S2, worksheet #9, TCA cycle proteins are well-con-

served), the TCA cycle enzymes occupy 16.8% of the matrix

volume (0.0225 lm3 out of 0.134 lm3, Figure 3; Dataset S2,

worksheet #9). This equals 80.5% of the protein volume of

the matrix (assuming similar average density of the pro-

teins as of the mitochondrion overall and similar weight

contribution of proteins to matrix as to whole mitochon-

drion). The two large multi-enzyme complexes PDC (Mr

~107) and 2-oxoglutarate dehydrogenase (OGDC; Mr

~4 9 106) alone account for 11.2% of the total matrix vol-

ume (10.2% and 1.0%, respectively, corresponding to

49.0% and 4.7% of matrix protein volume) (Figure 3;

Dataset S2, worksheet #9). The total number of PDC and

OGDC is as small as 222 and 181, respectively, as multiple

functional enzymes are organised in these megacomplexes

(Zhou et al., 2001) (active units E1, E2 and E3 in 5:5:2 stoi-

chiometry; PDC: 14 204 protein copies, OGDC: 12 998

CS
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Figure 3. TCA cycle enzymes.

(a) Matrix volume occupied by all matrix proteins shaded in grey (20.8%),

contribution of TCA cycle enzymes grid patterned (16.8%). Enzyme struc-

tures show physiologically relevant oligomerisation (active enzymes):

citrate synthase (CS) as dimer, aconitase (ACO) as monomer, isocitrate

dehydrogenase (IDH) as hetero-octamer of four outer catalytic and four

inner regulatory subunits, pyruvate dehydrogenase complex (PDC) scaled

down in displayed size by half (1:2) compared to all other enzymes and the

2-oxoglutarate dehydrogenase (OGDC)-E1 subunit as homodimer, succinyl-

CoA-synthase (SCS) as heterotetramer (two a- and two b-subunits), succi-
nate dehydrogenase (SDH) as monomer, fumarase (FUM) as tetramer,

malate dehydrogenase (MDH) as homodimer, NAD-malic enzyme (NAD-ME)

as homodimer.

Pie charts show (b) the proportion of enzymes (active units in %) to the total

numbers of TCA cycle proteins (physiologically active units: 105 135) and

(c) the contribution of each TCA enzyme relative to the TCA enzyme-occu-

pied matrix space (%).
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protein copies). Aconitase (ACO) and malate dehydroge-

nase (MDH) are both comparatively small proteins, but

high in abundance (14 121 and 25 684 copies), contribut-

ing 1.2% and 1.0% of the total matrix volume, each. Suc-

cinate dehydrogenase (SDH) is the only integral

membrane protein linking the TCA cycle with the respira-

tory electron transport chain. Its matrix-exposed part

accounts for 0.5% total matrix volume, while it makes up

0.8% of the IMM area (assuming an IMM:OMM ratio of

3:1, Schwerzmann et al., 1986). SDH makes the smallest

contribution to the total number of TCA cycle enzymes

(3156 SDH complex monomers). The large contribution of

TCA cycle enzymes to fill the crowded matrix volume

makes substrate diffusion between enzymes extremely

efficient and the discrimination of functional protein–pro-
tein interactions for metabolon formation from more ran-

dom interactions particularly challenging (Zhang et al.,

2017).

A mitochondrion has the capacity to metabolize its own

mass worth in malate within 1 h. Different from mam-

mals where pyruvate is the primary TCA cycle substrate,

the main substrate can vary between metabolic states in

plants and malate plays a particularly prominent role

(Sweetlove et al., 2010). Malate is metabolized through

two different reactions catalyzed by NAD-malic enzyme

(NAD-ME) and malate dehydrogenase (MDH) (Figure 3)

(Maurino and Engqvist, 2015). NAD-ME1 and NAD-ME2

associate to form active homo- and heterodimers to

metabolize malate to pyruvate. A single mitochondrion

contains similar amounts of NAD-ME1 (2632 copies) and

NAD-ME2 (3061 copies) (Dataset S1, worksheet #1 and S2,

worksheet #10). In a heterotrophic organ, such as roots,

the total NAD-ME activity is composed of 8% NAD-ME1

homodimers, 32% NAD-ME2 homodimers, and 60% het-

erodimers (Tronconi et al., 2008). Applying those contribu-

tions to the single mitochondrion, there are 155 NAD-ME1

homodimers (310 NAD-ME1 copies), and 2322 heterodi-

mers (2322 NAD-ME1 copies). Analogously, 1065 copies of

NAD-ME2 are present in 532 homodimers, and 1996 copies

contribute to 1996 heterodimers. The independent consid-

eration of NAD-ME1 and 2 result in similar copy numbers

involved in heterodimers (2322 versus 1996) in line with

their 1:1 stoichiometry in the complex. Based on the enzy-

matic turnover numbers determined in vitro for the three

different dimer types (Tronconi et al., 2010), a single mito-

chondrion has a total NAD-ME capacity to metabolize 224

852 malate molecules per second (Dataset S2, worksheet

#10).

An analogous estimation for mitochondrial MDH (13 190

copies of MDH1; 10 826 copies of MDH2; Dataset S2, work-

sheet #10 and S3, worksheet #4) suggests that total MDH

capacity is at 183 625 malate molecules per second

(Dataset S2, worksheet #10). This estimation is based on

the in vitro turnover numbers for the reverse reaction of

OAA to malate and the consideration that MDH1 and

MDH2 have 80-fold and 34-fold higher maximal activity for

OAA than for malate as substrate (H€udig et al., 2015). The

capacities of NAD-ME and MDH for malate turnover appear

to be similar and add up to 408 477 molecules of malate

per second. This equals a mass of 54.8 MDa per second

adding up to the mass of the entire single mitochondrion

over the course of 59 min (Dataset S2, worksheet #10).

This remarkable capacity appears highly above of what is

typically required for malate oxidation in vivo, but is gener-

ally consistent with previous indications that MDH (but not

NAD-ME) is present at > 100-fold excess (Hagedorn et al.,

2004). Carbon flux through MDH and NAD-ME will certainly

be constrained by several influences, including malate

uptake into the matrix, efficient product removal, and recy-

cling of NAD+, but the high combined capacity of MDH and

NAD-ME emphasizes the significance of malate metabo-

lism in plant mitochondria.

The copy numbers of glycine decarboxylase and serine

hydroxymethyltransferase proteins mirror metabolic

demands of the cell. The glycine decarboxylase complex

(GDC) acts together with the serine hydroxymethyltrans-

ferase (SHMT) to convert glycine to serine, which is an

essential step in the photorespiratory cycle (Bauwe et al.,

2010; Peterh€ansel et al., 2010) and in N5,N10-methylene

tetrahydrofolate provision for one-carbon metabolism

(Engel et al., 2007; Maurino and Peterh€ansel, 2010).

The GDC is a multi-enzyme system of four loosely asso-

ciated P-, H-, T- and L-proteins (Bauwe and Kolukisaoglu,

2003; Peterh€ansel et al., 2010). The four proteins are pre-

sent in unequal molar amounts, but the exact stoichiomet-

ric composition of the Arabidopsis complex is not yet

established. The GDC components in the heterotrophic

Arabidopsis cell suspension culture mitochondria, in which

photorespiration is not active, accounts for only a small

fraction (0.18%) of the mitochondrial proteome mass

(Dataset S2, worksheet #11). This is consistent with the

idea that the abundance of the GDC proteins positively cor-

relates with the photosynthetic activity (Bourguignon et al.,

1993; Mouillon et al., 1999). GDC contributes up to 32% of

the total matrix protein in photosynthetically active pea

leaves (Oliver et al., 1990). In the heterotrophic cell suspen-

sion culture mitochondria only 0.57% of the total matrix

space is occupied by GDC (Dataset S2, worksheet #11). We

found 807 copies of GDC-P, 2503 copies of GDC-H, 2577

copies of GDC-T, 14 990 copies of GDC-L (MTLPD1: 4876;

MTLPD2: 10 114) per mitochondrion (Datasheet S1,

worksheet #1; Dataset S3, worksheet #5). The excess of the

L-proteins detected may be explained by the additional

participation as E3 subunits of the pyruvate and 2-oxoglu-

tarate dehydrogenase complexes assuming that both

L-proteins are shared between GDC, PDC, OGDC and
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branched-chain a-ketoacid dehydrogenase (BCKDH) (Bour-

guignon et al., 1992, 1996; Lutziger and Oliver, 2001). The

shared contribution of the L-proteins to the former three

dehydrogenase complexes was considered in the calcula-

tions (Dataset S2, worksheets #9 and #11). Assuming that

the turnover rates of the P-proteins from Arabidopsis are

similarly low as those of Synechocystis (Hasse et al.,

2007), the GDC has the capability of converting only 115

molecules glycine per second in the cell suspension cul-

ture single mitochondrion (Dataset S2, worksheet #11).

Serine hydroxymethyltransferase (SHMT) is present at

higher copy numbers than GDC, which is mainly due to

SHMT2 (3885 copies; SHMT1: 38 copies). The low repre-

sentation of SHMT1 can be explained by its involvement in

photorespiration, which is not active in the heterotrophic

mitochondrion (Somerville and Ogren, 1981; Engel et al.,

2011), while SHMT2 is typically not present in photosyn-

thetically active cells (McClung et al., 2000; Bauwe and

Kolukisaoglu, 2003). Assuming that the turnover numbers

of SHMT1 and 2 are similar to that of the plastidial isoform

(Zhang et al., 2010), the heterotrophic mitochondrion has

the capability of producing 61 989 molecules of serine and

tetrahydrofolate per second (Dataset S2, worksheet #11),

indicating active one-carbon metabolism.

High copy numbers reflect the essential functions of mito-

chondrial amino acid catabolism enzymes. Beyond gly-

cine catabolism, mitochondria are a major site of amino

acid degradation. The different catabolic pathways give

rise to several intermediates of mitochondrial carbon meta-

bolism (Hildebrandt et al., 2015). The proteome here gen-

erated includes almost all presently known mitochondrial

steps of the amino acid catabolic pathways, i.e. the

enzymes catalyzing the degradation of branched-chain

amino acids, Pro and Arg, Cys, as well as Ser/Gly metabo-

lism (Dataset S3, worksheet #6).

The degradation pathways of most amino acids require

transfer of the amino group to 2-oxoglutarate catalyzed by

a diverse set of aminotransferases followed by oxidative

deamination of Glu by glutamate dehydrogenase (GDH)

(Hildebrandt et al., 2015). Consistently, GDH2 is the most

abundant amino acid metabolic enzyme and with 12 933

copies per mitochondrion it is the twelfth most abundant

protein of the mitochondrion overall. GDH1 is present at

4269 copies further boosting the enzymatic capacity of

GDH. Several aminotransferases operating upstream of

GDH are also present at high copy numbers, the most

abundant being GABA transaminase (5418 copies), aspar-

tate aminotransferase 1 (5347 copies) and alanine amino-

transferase 1 (4728 copies).

The prominence of mitochondrial Cys metabolism, as a

hub of several downstream pathways is emphasized by

high copy numbers of mitochondrial O-acetylserine (thiol)

lyase (OASC; 3571 copies) required for Cys synthesis and

regulation (Wirtz et al., 2012), the Cys desulfurase NifS

(4265 copies) involved in the synthesis of iron-sulfur clus-

ters and of b-cyanoalanine synthase (CAS; 12 218 copies).

CAS catalyzes the substitution of the Cys sulfhydryl group

with cyanide to produce the b-cyanoalanine and H2S (Hatz-

feld et al., 2000). The main physiological function of CAS is

thought to be the detoxification of cyanide produced dur-

ing ethylene synthesis to protect cytochrome c oxidase

from irreversible inhibition. The 12 218 copies of CAS

exceed those of complex IV markedly (1916 copies, see

above). Considering the fact that the flux of cyanide pro-

duction in the cell is very low in comparison to respiratory

flux, a very high copy number of CAS in the matrix, i.e. in

direct vicinity to the active site of cytochrome c oxidase,

reflects the potentially detrimental effect of cyanide inhibi-

tion and the importance of the activity of the cyanide-sen-

sitive pathway of respiration.

Antioxidant enzyme capacity exceeds mitochondrial ROS

production by far. The generation of reactive oxygen spe-

cies (ROS) in mitochondria requires a tight balance

between ROS scavenging, ROS signalling functions and

redox regulation of mitochondrial metabolism. Molecular

oxygen is the terminal electron acceptor of the ETC where

it accepts four electrons and is fully reduced to water. In

addition, and at much lower rate, single electrons can be

transferred to molecular oxygen at specific sites of the

ETC, which gives rise to superoxide. The rate of superox-

ide production can vary considerably depending on the

overall respiratory activity and substrate availability in the

mitochondrion (Møller, 2001; Murphy, 2009). In isolated

soybean mitochondria (state II), superoxide production of

up to 1.3 nmol min�1 mg�1 protein was observed when

mitochondria were fed with respiratory substrates for com-

plex I+II. Hence, it was estimated that up to 5.9% of the res-

piratory electron flow ends up in superoxide production

(Puntarulo et al., 1988). This number is likely to be smaller

in vivo, but provides a useful upper limit. In mitochondria

isolated from Arabidopsis seedlings and cell suspension

culture, state III respiratory rates typically reach

200 nmol O2 min�1 mg�1 protein (Eubel et al., 2007; Wag-

ner et al., 2015), which would result in a superoxide pro-

duction of up to 11.8 nmol O2
� min�1 mg�1 protein.

Superoxide itself is unstable and dismutates into hydrogen

peroxide and molecular oxygen with a rate constant of

5 9 105 M�1 sec�1. Yet, superoxide also inactivates Fe/S

cluster-containing proteins, such as aconitase, with rate

constants of 106 to 107 M�1 sec�1 (Halliwell and Gut-

teridge, 2015). Manganese superoxide dismutase (MnSOD)

competes with those reactions in the mitochondrial matrix,

catalysing rapid superoxide dismutation. MnSOD (MSD1)

was detected among the top 30 most abundant mitochon-

drial proteins (11 223 copies per mitochondrion) with a

similar abundance to aconitase 3 (9898 protein copies). As
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MnSODs reach turnover numbers (kcat) of 40 000 sec�1

and kcat/Km of 8 9 108 M�1 sec�1 (Hsu et al., 1996), the

SOD capacity in a single mitochondrion is sufficient to

detoxify 448 932 392 molecules of superoxide per second.

This rate exceeds even generous estimates of superoxide

generation by a factor of 39 000-fold (Dataset S2, work-

sheet #12). Potentially, the large amount of MnSOD copies

present can be explained by increasing the probability for

each superoxide molecule generated to be detoxified by

MnSOD before encountering a Fe/S cluster-containing

enzyme. The enormous SOD capacity in the mitochondrial

matrix matches the observation that MnSOD activity is not

rate-limiting in ROS detoxification under stress (Klieben-

stein et al., 1998).

As superoxide dismutation leads to O2 and hydrogen per-

oxide (H2O2) formation, it was estimated that 0.9–1.5% of

consumed O2 is converted to H2O2 (Puntarulo et al., 1988),

which would result in up to3 nmol H2O2 min�1 mg�1 pro-

tein�1 at typical state III respiratory rates. Matrix peroxi-

dases reduce H2O2 to water using either glutathione,

ascorbate or the thioredoxin (Trx) system as electron

donors. The most abundant peroxidase in the mitochon-

drion is peroxiredoxin II F (PrxII F) at 5787 copies, i.e. half

the copy number of MnSOD. While that ratio matches the

stoichiometry of H2O2 molecules to be detoxified per super-

oxide molecule (1:2), PrxII F has a much lower turnover

number than MnSOD (0.67 sec�1 versus 40 000 sec�1)

(Finkemeier et al., 2005) meaning that only 3877 H2O2 mole-

cules can be reduced to water in a single mitochondrion

per second. Induction of PrxII F protein abundance by more

than 3-fold was observed in response to oxidative stress

treatments (Sweetlove et al., 2002), indicating that baseline

PrxII F capacity can become limiting and needs to be

increased under stress. Alternatively, the physiological role

of PrxII F may be the oxidation of target thiols in the mito-

chondrial matrix, similar to the function of plastidic 2-Cys

Prx (P�erez-Ruiz et al., 2017; Vaseghi et al., 2018). After oxi-

dation, PrxII F has to be regenerated by glutathione or the

thioredoxin (Trx) system (Finkemeier et al., 2005). Both Trx-

o1 (837 copies) and -o2 (20 copies) were detected in the

mitochondrial proteome, as well as the mitochondrial

NADPH-dependent thioredoxin reductases a (Ntra; 913

copies) and b (Ntrb; 342 copies), both of which have been

found dual-targeted to the cytosol and the mitochondrial

matrix (Reichheld et al., 2007). A high capacity for superox-

ide removal and a low capacity for H2O2 removal mirror the

different physiological roles of the two reactive species.

While superoxide will be quenched efficiently in the matrix,

H2O2 fluctuations in matrix H2O2 remain plausible, as well

as diffusion out of the matrix, consistent with the likely

roles of H2O2 in intracellular signalling (Huang et al., 2016).

However, there are additional peroxidases with much

higher turnover numbers for H2O2 in the mitochondrion

(Dataset S3, worksheet #7). The dual-localized stromal

ascorbate peroxidase (sAPX) (Chew et al., 2003) was

detected at 1708 copies. Assuming that all detected protein

comes from the mitochondrion (rather than from plastid

contaminations) and a turnover number for H2O2 of

1800 sec�1 as for the tobacco sAPX (Kitajima et al., 2008),

the capacity of sAPX in a single mitochondrion is 3.07 Mio

molecules of H2O2 per second. Although this generous

estimate equals less than 1% of the MnSOD capacity, it

mirrors a dominant role to sAPX in quenching a major

share of the H2O2 flux in the matrix.

Mitochondria host co-factor biogenesis including iron-sul-

fur clusters, biotin, lipoic acid, tetrahydrofolate and poten-

tially the last step of heme synthesis. A key function of

mitochondria is the biogenesis of essential cofactors

including iron-sulfur (Fe/S) clusters, biotin, lipoic acid and

tetrahydrofolate. Proteins involved in the Fe/S assembly

pathway are the most abundant of this category (above

the average copy number of 474 copies) whereas the

enzymes involved in biotin, lipoic acid and tetrahydrofo-

late biogenesis are detected at much lower copy numbers

(21–347 copies; Figure 4; Dataset S3, worksheet #8). Inter-

estingly, some enzymes (NSF1, BIO2 and HPPK/DHPS2)

are present in excess compared to the others involved in

the same pathway. This may reflect differing enzymatic

capacities per protein, protein-specific inactivation through

oxidative damage and/or different roles in the control of

metabolic flux through the respective pathway. Proteins

involved in the delivery of the cofactors to apoenzymes

are less abundant than biosynthetic enzymes (Figure 4).

Electrons provided by a ferredoxin reductase/ferredoxin

(FDR/MFDX) system are required in three of these biosyn-

thetic pathways. The two isoforms of MFDX detected

show very differing copy numbers (MFDX1: 73 and

MFDX2: 494). Based on the respective abundances of

MFDX isoforms and biosynthetic enzymes, it is tempting

to speculate that MFDX1 plays a role in biotin and lipoic

acid biosynthesis, whereas MFDX2 is involved in Fe/S

clusters biogenesis.

In plants, the heme synthesis pathway is located in the

plastids (Tanaka and Tanaka, 2007), but its last step, i.e. the

chelation of iron, was proposed to be also performed in

mitochondria (Chow et al., 1997, 1998; Hey et al., 2016),

however this has been disputed (Lister et al., 2001; Masuda

et al., 2003; Woodson et al., 2011). Several proteins

involved in heme biosynthesis were identified in our analy-

sis (Dataset S3, worksheet #8), albeit at low copy numbers

(<80 copies), indicating etioplast contamination of our mito-

chondria isolations. Remarkably, the ferrochelatase (FC1)

shows a copy number (78 copies) higher than the remaining

proteins of the pathway (less than 26 copies, excluding the

dual-targeted glutamyl-tRNA synthase), which may support

the hypothesis that the last step of heme biosynthesis is

actually present in plant mitochondria.
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Writers and erasers of several reversible protein modifica-

tions are present at low copy number in plant mitochon-

dria. Reversible post-translational modifications play an

important role for transient regulations of mitochondrial

activities (Hartl and Finkemeier, 2012). Protein modifica-

tions derived from the metabolic cofactors ATP, S-adeno-

sylmethionine, and acetyl-CoA as well as other acyl-CoA

metabolites are present at a high abundance in mitochon-

dria (Finkemeier and Schwarzl€ander, 2018). Although

inventories of several of these protein modifications were

reported for Arabidopsis mitochondria (Ito et al., 2009;

K€onig et al., 2014a; van Wijk et al., 2014; Hosp et al., 2017),

most of the writers and erasers of these modifications are

unknown.

The light-dependent inactivation of the pyruvate dehy-

drogenase E1 subunit by phosphorylation via pyruvate

dehydrogenase kinase (PDK) represents an important

example of a known writer (Mooney et al., 2000). We

identified 120 PDK copies and 8944 copies of its substrate,

the catalytic pyruvate dehydrogenase (PDH) E1 b-subunit.
Assuming the mammalian PDK kinase activity of

70 nmol min�1 mg�1 of PDH-E1 (Bowker-Kinley and

Popov, 1999), the analogous phosphorylation of one site in

all PDH-E1 copies (corresponding to 1.49 9 10�11 nmol)

would take 26 min (Dataset S2, worksheet #13). Notably,

this time range is similar to the time that it takes to dark-

adapt photosynthetic tissues (20–30 min) (Murchie and

Lawson, 2013).

While the PDK was already identified nearly 20 years

ago, the identity of the pyruvate dehydrogenase phos-

phatase remains unknown. A protein phosphatase 2C fam-

ily protein was identified in potato mitochondria as a

candidate (Salvato et al., 2014), and the Arabidopsis homo-

logue is present at eight copies per mitochondrion

(Dataset S3, worksheet #9). Similar (low) copy numbers of

both the kinase and the phosphatase per mitochondrion

may be regarded as further evidence for their function as a

regulatory couple. Another phosphatase, SLP2, which is

present in the IMS, and involved in the regulation of seed

germination (Uhrig et al., 2017), was detected at compara-

bly low copy number (296 copies).

Similar to the protein phosphatases as erasers, two dif-

ferent protein lysine deacetylases, Sirtuin 2 (SRT2) and

HDA14, were recently identified to reside in Arabidopsis

mitochondria (Hartl and Finkemeier, 2012; K€onig et al.,

2014b). SRT2, which functions as a lysine deacetylase of

proteins, such as of the ATP/ADP carrier, at the matrix side

of the IMM, was detected in this dataset with only 23

copies. It appears that SRT2 is of higher abundance in

mitochondria of green Arabidopsis seedlings where

around 323 copies per mitochondrion were found (K€onig

et al., 2014b). The absence of SRT2 in isolated Arabidopsis

mitochondria led to increased ATP export rates as medi-

ated by increased activity of the ATP/ADP-carrier AAC1,

suggesting a direct role of acetylation in modulating cellu-

lar ATP provision by the mitochondrion. Since the kinetic

properties of sirtuins are highly dependent on their specific

protein substrates, it is not possible to estimate catalytic

capacities for the deacetylation rates of AAC1. No candi-

date acetyltransferase protein was identified in this data-

set, which might either indicate that the acetyltransferase

is of even lower abundance and below detection limit or

that acetylation solely occurs non-enzymatically in the

matrix, driven by alkaline conditions (K€onig et al., 2014a).

All modifying enzymes detected in this study were of par-

ticular low abundance, which fits their predicted regulatory

functions.

Substoichiometric amounts of mitochondrial DNA are

reflected by low copy numbers of DNA-binding pro-

teins. The plant mitochondrial genome is maintained in

the organelles separately from the nuclear genome.
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Figure 4. Cofactor biogenesis pathways.

Simplified representation of the mitochondrial steps of the biosynthesis

pathways of Fe/S clusters, biotin, lipoic acid and tetrahydrofolate. Each

pathway is represented with black arrows. The biosynthetic enzymes are

represented as circles. The final product of the pathway is indicated in

black. No substrates or intermediates are shown. The grey arrows represent

electron transfers. Proteins involved in the delivery of the cofactor to the

apoenzymes are indicated in dashed boxes together with their copy num-

bers. Cysteine desulfurase (NFS1); NFS1 interacting protein (ISD11); frataxin

(FH); iron-sulfur cluster assembly protein 1 (ISU1); glutaredoxin S15

(GRXS15); iron-sulfur cluster assembly factor for biotin synthase- and aconi-

tase-like mitochondrial proteins, with a mass of 57 kDa (IBA57); iron-sulfur

cluster A-type carrier (ISCA); homologous to iron-sulfur protein required for

NADH dehydrogenase (INDH); NifU-like protein (NFU); ferredoxin reductase

(FDR); mitochondrial ferredoxin (MFDX); biotin synthase (BIO); lipoic acid

synthase (LIP); bifunctional hydroxymethyl-dihydropterin-pyrophosphoki-

nase and dihydropteroate synthase (HPPK/DHPS); folylpolyglutamate syn-

thase (DFA); thymidylate synthase (THY).
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Proteome profiling identified the single-stranded DNA-

binding proteins Whirly2 (WHY2), Organellar DNA-binding

protein 1 (ODB1), Single-stranded DNA-binding proteins 1

and 2 (SSB1, SSB2), RecA homolog 2 (RECA2) and the

enzyme DNA gyrase as the most abundant DNA-binding

proteins in Arabidopsis mitochondria (Figure 5). The most

abundant of these, WHY2, is present at 974 copies, corre-

sponding to 41 24-mers (oligomeric status according to

Cappadocia et al. (2012)). Arabidopsis mitochondria con-

tain only one full genome per approximately three orga-

nelles, meaning that 122 kbp of mitochondrial DNA are

present per mitochondrion on average (Preuten et al.,

2010). Based on these numbers and assuming that all pro-

tein copies of WHY2 are bound to DNA in vivo, WHY2 is

present at three 24-mers per 104 bases. By comparison, the

major DNA-binding protein of human mitochondria, mito-

chondrial Transcription factor A (TFAM), is bound to DNA

at 600 molecules per 104 base pairs (Kukat et al., 2011).

Assuming that each WHY2 protomer within a 24-mer binds

9 nt of ssDNA (Cappadocia et al., 2012), SSBs bind 30 or

60 nt per tetramer (Qian and Johnson, 2017), and RECA2

binds 3 nt per protomer of the RECA2 filament (Cox, 2007),

these abundant proteins will cover between 7 and 11% of

the mitochondrial genome. Another 3% can be estimated

to be bound by ODB1 and the OSB family (Dataset S2,

worksheet #14). Based on these numbers, (i) at least 80%

of the Arabidopsis mitochondrial genome are “naked”, i.e.

not covered by protein, and (ii) 10–15% of the mitochon-

drial genome are kept in a single-stranded configuration

by ssDNA-binding proteins. These estimates are based on

the assumption that all proteomically detected DNA-

binding proteins are bound to DNA in vivo. We might

therefore underestimate the proportion of naked DNA and

overestimate the proportion of ssDNA. An earlier study

reported about 7% of ssDNA for mitochondria of Chenopo-

dium album (Backert et al., 1997).

Two DNA-binding proteins are present at extremely low

copy numbers (Organellar single-stranded DNA binding

protein 1 [OSB1] and MutS protein homologue [MSH1]),

and a third, RECA3, was not detected. All three proteins

are critical for mtDNA maintenance since their knockout

causes dramatic mtDNA lesions that accumulate over gen-

erations (Zaegel et al., 2006; Shedge et al., 2007). Our pro-

teomic data indicate only four copies of OSB1 and two

copies of MSH1 per mitochondrion. Assuming that MSH1

functions as a dimer (Gualberto and Newton, 2017), only

one functional unit of this protein is found per mitochon-

drion. This possibly reflects the low expression of these

proteins in any tissue other than gametophytes. The DNA

gyrase complex (about 400 copies) is by far the most abun-

dant enzyme acting on mitochondrial DNA, about 100-fold

more abundant than each of the DNA polymerases POL1A

(five copies) and POL1B (two copies). This implies that only

a minor portion of the mitochondrial DNA gyrase pool is

required to relax DNA during replication. Surprisingly the

RNA polymerase RPOTm, which has been considered the

major RNA polymerase in dicot mitochondria owing to its

loss being intolerable in Arabidopsis (K€uhn et al., 2009), is

present at only five copies per mitochondrion. Thus, the

nonessential RPOTmp, present at 31 copies per mitochon-

drion, may be the major RNA polymerase in dicot mito-

chondria. Assuming that plant mitochondrial RNA
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Figure 5. Proteins associated with the mitochondrial genome.

DNA-binding proteins detected are represented as binding to single-stranded or double-stranded DNA (based on findings recently reviewed by Gualberto and

K€uhn, 2014; Gualberto and Newton, 2017). The DNA polymerases 1A (POL1A) and 1B (POL1B) are summarized by a single symbol. For proteins known or

assumed to be present in homo- or hetero-oligomers the inferred number of complexes is shown in brackets. For DNA gyrase composed of two DNA gyrase A

(GYRA) and two DNA gyrase B (GYRB) subunits each, the subunits are of similar abundance (981 versus 676), which allows estimating about 400 enzyme com-

plexes per mitochondrion. RecA homolog 2 (RECA2); MutS homolog 1 (MSH1); organellar DNA-binding protein 1 (ODB1); organellar single-stranded DNA-bind-

ing protein (OSB1, OSB3, OSB4); T3/T7 bacteriophage-type RNA polymerase, mitochondrial (RPOTm); T3/T7 bacteriophage-type RNA polymerase,

mitochondrial/plastidial (RPOTmp); mitochondrial single-stranded DNA-binding protein (SSB1, SSB2); SWI/SNF protein complex B protein 5 (SWIB5); Type-IA

DNA topoisomerase (TOPI), twinkle-like DNA primase-helicase (TWINKLE); Whirly 2 (WHY2). Not included in the figure: homolog of bacterial RecG (RECG1, four

copies), DNA repair protein RadA-like protein (RADA, 34 copies); protein related to Escherichia coli RuvC, involved in homologous recombination (Gualberto

and Newton, 2017) (eight copies); DNA Ligase I (47 copies).
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polymerases elongate at a rate of 50 nucleotides per sec-

ond, which is the average rate reported for bacterial and

nuclear enzymes (Vogel and Jensen, 1994; Bubulya and

Spector, 2004; P�erez-Ort�ın et al., 2007), RPOTm and

RPOTmp together can transcribe 108 kb of DNA per min-

ute. This is in the range of the DNA present per mitochon-

drion (see above), and about three times the transcribed

part of that DNA, according to transcriptome data indicat-

ing that about 30% of the Arabidopsis mitochondrial gen-

ome are transcribed.

Most RNA-processing and RNA-editing PPR proteins are

present at low copy numbers. The RNA-binding and -pro-

cessing PPR proteins constitute one of the largest gene

families in the nuclear genome of A. thaliana (496 genes,

Cheng et al., 2016). The majority, 278 members, are mito-

chondrial localized as identified by SUBAcon (Hooper

et al., 2014). Out of these, 107 were detected here

(Dataset S3, worksheet #11). It is reasonable to interpret

the relatively low detection coverage as a reflection of the

generally low copy number of the PPR proteins per mito-

chondrion. This is supported by the observation that more

than 60% of the identified PPR proteins were represented

by less than 20 copies per mitochondrion (Figure 6;

Dataset S3, worksheet #11). Although PPR proteins con-

tributed only 1.4% of the complete proteome mass, they

represented 4.7% of the identified protein species.

Structurally, PPR proteins are classified into two differ-

ent subgroups, P- and PLS-type. Most PLS-type PPR pro-

teins act as specific C-to-U editing factors (Barkan and

Small, 2014), many of them with a C-terminal DYW-domain

as cytidine deaminase (Oldenkott et al., 2019). They are

particularly lowly abundant with protein copies ranging

from 0.83 (i.e. substoichiometric) to 34. Notably, the PLS-

type protein DYW2 contrasted this tendency and was

present at 351 copies per mitochondrion. DYW2 lacks an

extended upstream PPR array and is, in contrast to most

other PLS-type PPR proteins, involved in editing of many

sites providing the DYW domain in trans (Andr�es-Col�as

et al., 2017; Guillaumot et al., 2017). The comparatively

high copy numbers suggest that DYW2 constitutes a gen-

eral component of the editosome in Arabidopsis. In sup-

port of that, the copy numbers of most other editing

proteins like the Multiple Organellar RNA-editing Factors

(MORFs, Takenaka et al., 2012), the Organelle RNA Recog-

nition Motif-containing proteins (ORRMs) or the Organellar

Zinc finger proteins (OZs, Sun et al., 2016), which support

editing at many sites, are comparable to those of DYW2 or

even higher (Figure 6; Dataset S3, worksheet #11).

Of the P-type subgroup, we identified 58% of the mito-

chondrial-predicted proteins (95 out of 165) with copy

numbers ranging from 0.6 to 2189. In contrast to most PPR

proteins, all of the currently characterized and relatively

highly abundant P-type PPR proteins seem not to recog-

nize single specific RNA targets but act via less specific

protein–protein or protein–rRNA interactions (Waltz et al.,

2019). Among them are the 10 recently identified ribo-

some-associated PPR proteins (Rugen et al., 2019a,b; Waltz

et al., 2019), including two of the three most abundant PPR

proteins rPPR3b (2189 copies) and PPR336 (1335 copies),

and NUWA (1077 copies), which interacts with DYW2 as

part of the RNA editosome (Andr�es-Col�as et al., 2017; Guil-

laumot et al., 2017).

However, most P- and PLS-type PPR proteins act on par-

ticular RNA targets only and are fundamental for the effi-

cient processing of specific mitochondrial transcripts, e.g.

by RNA‐editing, 50 and 30 processing or intron splicing

(Bentolila et al., 2013; Barkan and Small, 2014; Brown

et al., 2014). Interestingly, the copy numbers for these pro-

teins were generally very low or even substoichiometric to

the mitochondrial population. This was also the case for

non-PPR RNA-processing factors with specific targets like

the maturases or the PORR-protein WTF9 (Brown et al.,

2014; Dataset S3, worksheet #11). We identified only one

(nMAT2, 34 copies) of the five maturases, required for

splicing of individual group II introns. The high abundance

of the DEAD-box protein PMH2 (1322 copies) can be

explained by its general role in RNA stabilisation (K€ohler

et al., 2010). Low numbers of RNA-processing factors indi-

cate that continuous mitochondrial fusion and fission may

be crucial to ensure proper function of the gene products

that require post-transcriptional modification.

The copy numbers of proteins involved in mitochondrial

dynamics indicate frequent, but heterogenic, fission

events. The balance between mitochondrial fusion and

fission events controls mitochondrial genome distribution,

mitochondrial size, shape and number within a cell, and

mitochondrial segregation between the daughter cells
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Figure 6. Copy numbers of RNA-processing and RNA-editing proteins.

The identified proteins of three different groups involved in RNA‐processing
and RNA-editing in particular P-type, PLS-type pentatricopeptide repeat

(PPR) proteins and additional RNA-editing proteins (multiple organellar

RNA-editing factors [MORFs, Takenaka et al., 2012]/organelle RNA recogni-

tion motif-containing proteins [ORRMs]/organellar zinc finger proteins [OZs,

Sun et al., 2016]) are plotted with increasing abundance (copy number/sin-

gle mitochondrion). Highlighted are the most abundant proteins of each

group: P-type PPR protein rPPR3b with 2189 copies, PLS-type PPR protein

DYW2 with 351 copies, ORRM5 with 7857 copies and MORF8 with 2676

copies per mitochondrion.

© 2019 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2019), doi: 10.1111/tpj.14534

The proteome of a single plant mitochondrion 15

Publication 1: Single organelle function and organization as estimated from Arabidopsis mitochondrial proteomics

48



during cell division (Arimura et al., 2004b; Sheahan et al.,

2004, 2005; Logan and Paszkiewicz, 2017). While the

genetic components of the fusion machinery are unknown

in plants, several proteins involved in fission have been

identified (Arimura et al., 2004b; Logan and Paszkiewicz,

2017). All established components of the fission machinery

were found in the proteomic dataset (Figure 7; Dataset S2,

worksheet #12), with the exception of Fission1b (FIS1B)

and Elongated mitochondria 2 (ELM2), whose contribution

in the mitochondrial division seems to be marginal (Ari-

mura et al., 2017), and FRIENDLY, which is a cytosolic pro-

tein only transiently associated with the mitochondria (El

Zawily et al., 2014). A total of 2108 copies of proteins

involved in mitochondrial fission were identified per mito-

chondrion, with Elongated mitochondria 1 (ELM1), and

Peroxisomal and mitochondrial division factors (PMD2 and

PMD1) being the most abundant (286, 1300 and 402 copies,

respectively). ELM1 is a plant-specific adapter protein

directing dynamin-related proteins (DRP3) to fission sites

while putatively interacting with the outer mitochondrial

membrane tail-anchored Fission1 (FIS1) proteins (Arimura

et al., 2008; Scott and Logan, 2011). However, DRP3A local-

isation to mitochondria occurred independent of ELM1 in

cold-induced mitochondrial fission (Arimura et al., 2017).

Here, FIS1A (53 copies) was detected at a similar copy

number to that of the sum of the two Dynamin-related pro-

tein 3 (DRP3A, B) isoforms (67 copies), while the ELM1

copy number was 4 times higher (286 copies). The reason

for the excess of ELM1 is unclear and suggests FIS-inde-

pendent functions or that yet unknown, plant-specific

membrane proteins are involved in the recruitment of

ELM1 to the outer mitochondrial membrane.

During fission DRP3A and DRP3B are recruited to the

outer mitochondrial membrane and form a contractible

ring (Arimura et al., 2008; Fujimoto et al., 2009). DRP3A

and DRP3B isoforms co-localise to mitochondrial fission

sites and to tips of mitochondria after division. Their

GTPase activity is required for the mitochondrial fission to

proceed (Arimura et al., 2004b; Arimura, 2018). The crystal

structure of the human mitochondrial fission dynamin-re-

lated protein DNM1L was resolved and current models

show a dimer as the basic unit with higher order assem-

blies (Fr€ohlich et al., 2013). A current assembly model pre-

dicts 48 tetramers (192 monomers) to be required for the

formation of a contractible ring around a membrane tubule

with a diameter of 0.11 lm (0.35 lm circumference).

Assuming similar protein structures and oligomerisation

for Arabidopsis DRP3, for a cylindrical-shaped elongated

plant mitochondrion with a diameter of 0.4 lm (i.e. half of

the 0.8 lm diameter assumed for a normal, spherical mito-

chondrion) and a resulting circumference of 1.26 lm, 175

tetramers or 700 DRP3 protein copies would be necessary

to assemble into a ring around the constriction site

(Dataset S2, worksheet #15). As we estimate 67 copies in

total for DRP3A and DRP3B per mitochondrion, this could

be interpreted as one out of ten mitochondria is undergo-

ing fission at a given time point, under the assumption that

DRP3 also forms tetramers in Arabidopsis (Figure 7). This

is in line with high fission rates of Arabidopsis mitochon-

dria (Arimura et al., 2004b), and reflects the observation

that not every plant mitochondrion displays a constriction

site (Arimura et al., 2004a).

CONCLUSIONS AND OUTLOOK

To gain insights into the makeup and function of individual

subcellular compartments, we scaled a quantitative pro-

teomic dataset from isolated Arabidopsis mitochondria to

protein copy numbers present in a theoretical single orga-

nelle. That enabled us to assess structural and functional

features of mitochondria in the context of the geometrical,

biochemical and physical constraints of the single orga-

nelle. We needed to make several assumptions, and several

intrinsic limitations of quantitative proteomics remain. The

accuracy of our estimations may be improved in the future

through development of the field as well as experimental

refinement. Our calculations may then be straightforwardly

adjusted and the consequences on the copy numbers and

the overall picture revisited. For instance, 5.2% of the pro-

tein copies present in the dataset are not functionally anno-

tated (Table S1), which means that the amount of protein

copies in the specified functional categories likely represent

underestimations. Despite all required caution, the picture

that several of our thought experiments deliver is generally

consistent with conclusions drawn independently from
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Figure 7. Components of the mitochondrial fission machinery.

(a) Protein copies per mitochondrion of protein species involved in mito-

chondrial fission. Dynamin-related protein (DRP), elongated mitochondria

(ELM), peroxisomal and mitochondrial division factor (PMD), fission (FIS).

(b) Localization and interactions between fission-related proteins. Recruit-

ment of DRP3 isoforms to the outer mitochondrial membrane (OMM) can

be ELM1-dependent or -independent (Arimura et al., 2017; Arimura, 2018).

(c) If approximately 700 DRP3 copies are necessary to span a constriction

site with a diameter of 0.4 lm, and assuming all DRP3 copies are localized

at such a site, the number of DRP3 copies present could support a constric-

tion site at every 10th mitochondrion at a time.
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previous experimental analyses. This provides confidence

that our assumptions are reasonable, and that the approach

is valid and informative overall.

We provide an innovative and coherent perspective of

how a plant mitochondrion works and are able to deduce

unanticipated details of mitochondrial biology. By combin-

ing quantitative proteomics with cell biology, we exemplify

insights into the local environment that a mitochondrial

protein might encounter and provide quantitative esti-

mates to further define the roles that individual protein

species, families or complexes play as part of the individ-

ual mitochondrion. Although we cover diverse examples

of mitochondrial function and organisation, we regard the

dataset as a resource to be exploited by the community

and encourage our colleagues to make use of it for specific

questions and thought experiments.

A single mitochondrion only contains an estimated

amount of about 80 fg of protein (Dataset S1, worksheet

#2). Hence, assessing the proteome of a single mitochon-

drion directly is currently technically not feasible. Our

approach provides an indirect alternative, but does not

allow any insight into the potential heterogeneity between

mitochondria with respect to their size, metabolic state or

biochemical makeup. Overcoming technical sensitivity limi-

tations would allow an assessment of the differences

between individual single mitochondrial proteomes.

Heterogeneity in mitochondrial populations likely carries

biological significance, especially for those proteins present

at very low or even substoichiometric copy numbers. Micro-

manipulation- or MALDI imaging-based approaches to

resolve individual mitochondria may provide an avenue for

proteins with larger copy numbers and favourable proper-

ties for mass spectrometry analysis (Yajima et al., 2018;

Zhang et al., 2018). Innovative single cell proteomic

approaches and single molecule approaches, such as nano-

pore sequencing of proteins (Budnik et al., 2018; Restrepo-

P�erez et al., 2018) may open the door to the first single

organelle proteomes with quantitative protein coverage.

EXPERIMENTAL PROCEDURES

Cultivation of a heterotrophic Arabidopsis cell suspension

culture and isolation of mitochondria

A heterotrophic Arabidopsis cell suspension culture was estab-
lished as described previously (Sunderhaus et al., 2006; Schi-
kowsky et al., 2017). Cells were sub-cultured on a weekly basis
after which their mass increased by a factor of three. Mitochondria
isolations were performed after 7 days of culture and used a com-
bination of differential centrifugation and isopycnic Percoll (GE
Healthcare, Solingen, Germany; https://www.gelifesciences.com/en/
de/shop/cell-therapy/media/percoll-density-gradient-media-p-05823)
gradient centrifugation as described by Werhahn et al. (2001). Iso-
lated mitochondria were washed, pelleted and re-suspended to
yield a concentration of 100 mg mitochondria per mL and stored at
�80°C. Four independent mitochondria isolations were performed.

Mass spectrometry

For each mitochondria isolation, a volume corresponding to 50 lg
of protein (according to Bradford) was mixed with the same vol-
ume of 2x Laemmli buffer (125 mM Tris HCl [pH 6.8], 4% [w/v] SDS,
10% [v/v] b-mercaptoethanol, 0.1% [w/v] bromophenol blue). Solu-
bilized proteins were purified, concentrated, and digested in a gly-
cine-SDS gel. The resulting peptides were subsequently extracted
as previously described (Thal et al., 2018) and resuspended in 20 ll
of 5% [v/v] ACN, 0.1% [v/v] TFA. LC-MS/MS was primarily per-
formed as described in (Thal et al., 2018) with minor differences.
Peptide solution (1 ll) was loaded on a 2-cm C18 reversed phase
trap column (Acclaim PepMap100, diameter: 100 lm, granulome-
try: 5 lm, pore size: 100 �A; Thermo Fisher Scientific, Waltham, MA,
USA; https://www.thermofisher.com/order/catalog/product/164567#/
164567) and further separated on a 50-cm C18 reversed phase ana-
lytical column (Acclaim PepMap100, diameter: 75 lm, granulome-
try: 3 lm, pore size: 100 �A; Thermo Fisher Scientific). Peptides
were eluted by a non-linear 5–36% [v/v] acetonitrile gradient in
0.1% [v/v] formic acid over a period of 240 min at 33°C.

Processing of MS data

Acquired LC-MS/MS spectra were queried against an in-house
modified TAIR10 database comprising protein models of the mito-
chondrial and plastid genomes after RNA editing using MaxQuant
1.6.0.1 (Cox and Mann, 2008). Editing site information was based
on the PREPACT database (Lenz et al., 2018) and a published RNA-
seq analysis (Bentolila et al., 2013). Sites that are edited at more
than 50% efficiency were considered. The search parameters were
set to: carbamidomethylation (C) as fixed modification, oxidation
(M) and acetylation (protein N-term) as variable modifications.
The specific digestion mode was set to trypsin (P) and a maximum
of two missed cleavage sites was allowed. FDR at the protein and
PSM level was set to 1%. For maximum proteome coverage, the
minimum number of unique peptides per protein group was 1.
Unique and razor peptides were used for protein quantification.
The iBAQ function of MaxQuant was enabled, “log fit” disabled.

To increase the number of quantifiable proteins between the
four replicates, we used retention time alignment and peptide
identification transfer via the “match between runs” feature of
MaxQuant with a match time windows of 0.7 min and an align-
ment time window of 20 min (Cox et al., 2014).

Estimating the average single mitochondrion protein

inventory

The considerations are provided in the Results section and the cal-
culations are detailed in Dataset S1 (worksheet #2). In brief, the
volume and mass of a mitochondrion of 0.8 lm in diameter was
calculated assuming a spherical shape and a mitochondrial den-
sity of 1.2 g ml�1 (Glas and Bahr, 1966). Of the mitochondrial
mass 25% were considered protein. Total protein mass was
divided by the mass of the abundance-adjusted average mito-
chondrial protein to calculate the total protein copies per mito-
chondrion. The copy number of each individual protein species
was estimated by multiplying the normalized median iBAQ score
with the total protein copies.

DATA STATEMENT

The mass spectrometry proteomics data are openly acces-

sible. They have been deposited to the ProteomeXchange

Consortium via the PRIDE partner repository (Vizcaino

et al., 2013) with the dataset identifier PXD014292.
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wxyz{|y}~��zyy|y}~�~x�zx��{����� �+P�

���������������������������������������� ��¡¢�£¤¥¡
¦��§̈©©ªªª«¬­§��®̄�°«�±�©

²�ª�®��³°³�́±�¬�
Publication 3: Complexome profiling reveals association of PPR proteins with ribosomes in the mitochondria of plants

87

mse
Rectangle



�������������	�
������
�����

���������
������
��������
���������
������
���������� �!�
�����"����"#���
�����������
�$�	��%����	����
����
��
%���&�����	�	
�
�����	�'(�)*+������
�������,	��-��	�����
�����,�����������
��������
�������	�.��%�
���
���
�����$�,	���
��������
����������
�
��
%�
���
����	��
��.��
��	�'(�)*+���������
��&�
�����������%��
���
���	
�,
������
�������������&$��
����,��&�����	���
�����
�����,�.��	

���
������������������	�.�!*/0 �
&
��
������
���
����	
�
���(�$��
��	����
������������&�,
%����
�����$�	���
��������
���	�'(�)*+��$��	�
%������
��
�����
�����
���&���������	��
������
�	����	��

������
&
��
����&�	��
�������
�������	�.���
����
	�'(�)*+��������
��&�
����������������
����	��&�,����	���
���������1���
����%�
���
����&�����	�	
�
�����
���
�����$�	���
��������
�2���$������������
����������
��
��	�'(�	
�
�������&���
���� 
����
���&�,����	�	
�
�����
���
�����$�	���
��������
�3������&��
�
���
������������
�����
�����

����������
���
���&,�������
������
�������
��������
�$���&�����	�
&
��
 ���
�
��	�%����	

�����
���
�����$�	���
��������
���
,�����������������������	�	
�
�������������
�����		��
���&�����	�
&
��
�����
���������
�����
���
�����$�	���
��������

��
������
�����������	��
	������%�����������%�
�
��	�����
&
��
�3�
��
�����
	
��&
�����&��
�����$�	���
��������
������
����������
����	�
�$�

�4*�5�6789:;9<=>?@ABC=D@AC;?E=D8789BF?B7@D@G;C>?@F=B9D;9:;DD@<B;F=:>?@F=B9DB9<?@DDHCB9I=:6?;7B:@>DBDC=;AGBF@<J@9H:?B;K0

�%����
����&�����	�	
�
������
�����
�����
��������
��	�����"" ���
������	�����
&
��
��&�����	���
���������
��
��		��������
�����
��������	���������	�������
�����

��������
����&
���������		
�
��
��&���	��L%��
����&���������
��
������������&	
�������
����
�
���	�
�$�
�
��������
��
��
���&
������������
��
	�����
����������		����
��������-&	
� ����
����������
�����
�
�����	�����������������������������	�
������
����L�������
���������� M����N���&�&	�������� O�����M��"N�����
��
��	���� O��"�M����1�&�����	���
������
��
���,�����
�%�
�
���
����	
�
���������&

���������
�����
�����
����	
�
��������%��

��&�

���)*4�)��&�����������������
�����N��')�����
&��		
	�����
���	���
������������
�
����')����	����
���P�����QRSTU��"5 �!����
���
�����%����%���
��&

������
����
������&����%���������
���
��
���	
�
����
�����
�����
���&

����	������	�������
�����

���������	������� �)��������	

������
����
�$�$��������
������
�����&	������
���������������
���
�

�LVV����	�.���������V��&�W���5�

X@G>C=Y@G=Z?@ABCB9E@AZC;9F[BF@?B7@D@G=D
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