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Abstract 
 

The mitochondrion is the energy powerhouse that provide energy to many 

metabolic functions in the form of ATP. Mitochondria in plants are also known to carry 

out a variety of other important biochemical processes within the cell, including the 

anaplerotic function of tricarboxylic acid (TCA) cycle, one-carbon metabolism and 

portions of photorespiration. Dynamics of the mitochondrial proteome in plants 

underlies fundamental differences in the roles of these organelles under different 

developmental and environmental conditions.  

 

A quantitative comparative proteomic approach was carried out to analyze 

mitochondria isolated from non-photosynthetic models, cell culture and root, and 

compared them to mitochondria isolated from photosynthetic shoots. The glycine-

dependent respiration rate and the protein abundance of the photorespiratory apparatus 

was found to be higher in shoot than cell culture and root mitochondria. Also, there 

were major differences in the abundance and/or activities of enzymes in the TCA cycle 

between the three systems examined. The metabolic pathways that relied on the supply 

of intermediates from TCA cycle and photorespiration were also altered, namely 

cysteine, formate and one-carbon metabolism, as well as amino acid metabolism 

focused on 2-oxoglutarate generation, and branched-chain amino acids degradation.  

 

To further provide insight into the extent of mitochondrial heterogeneity in 

plants, mitochondria isolated from six organ/cell types, leaf, root, cell culture, flower, 

stem and silique were analyzed. Of the 251 protein spots on a 2D-gel of the 

mitochondrial soluble/matrix fraction, the abundance of 213 spots were significantly 

varied between different samples. Identification of these spots revealed a non-redundant 

set of 79 proteins which were differentially expressed between organ/cell types. A 

number of mitochondrial protein spots were identified as being derived from the same 

genes in Arabidopsis, but differences in their pI indicate organ-specific variation in 

post-translational modifications. Comparisons of the proteomic data with microarray 

analysis showed a positive correlation between mRNA and mitochondrial protein 

abundance and 60-90% concordance between changes in protein and transcript 

abundance. 



 

ix 

 

Finally, changes in the leaf mitochondrial proteome during the day and night 

was also considered. The data showed small but significant changes in the abundance of 

mitochondrial proteins from various functional categories. Importantly, post-

translational modifications played a significant role in the dynamics of the leaf 

mitochondrial proteome during the diurnal cycle. 

 

Overall, these findings indicated that the mitochondrial proteome is dynamic in 

order to fulfil different functional and physiological requirements in response to organ-

specific growth and changes in the external environments. These results also indicated 

that the majority of the changes in the mitochondrial proteome occurred in the matrix 

and suggested differences in substrate choice/availability in various plant organs and 

during the diurnal cycle. Further, these analyses demonstrate that, while mitochondrial 

proteins are regulated transcriptionally by the nucleus, post-transcriptional regulation 

and/or post-translational modifications play a vital role in modulating the activation 

state and/or regulation of proteins in key biochemical pathways in plant mitochondria. 

The integration of proteomics data with respiratory measurements, enzyme assays and 

transcript datasets will allow the identification of organ-enhanced and/or light/dark-

responsive metabolic pathways as well as providing potential targets for reverse genetic 

approaches for further functional analysis of plant mitochondria. 
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1.1 Arabidopsis: a model system in plant science 

Arabidopsis thaliana (mouse ear cress, referred as Arabidopsis hereafter) is a 

member of the Brassicaceae or Cruciferae, which is a large extremely diverse family 

containing over 340 genera and 3350 species, and is naturally distributed throughout 

Europe, Asia, and North America (Meyerowitz and Somerville, 1994; Meinke and 

Cherry, 1998; Judd et al., 2008). Arabidopsis as a model system for genetic analysis 

was first described by Redei (1975) and since then it has been widely adopted as a plant 

model organism for experimental biology. Arabidopsis has several advantages as a plant 

model. It has a short life cycle: its seeds germinate in three days, it flowers after 26 days, 

and the first seed reaches maturation in six weeks (Meinke and Cherry, 1998; Boyes et 

al., 2001), making it a botanical equivalent of Drosophila. Its physical size is relatively 

small compared to commercial crops: the size of a rosette leaf ranges from 2 to 10 cm in 

length. Flowers are capable of self-pollination as the bud opens and can be easily 

crossed by applying pollen to the stigma. A mature plant can generate more than 5000 

seeds, making it easier to perform genetic analysis than in most commercial crops. In 

addition,  

  

One of the main advantages of Arabidopsis for molecular biology studies in 

plant science is the small size and simple structure of its nuclear genome (Pruit and 

Meyerowitz, 1984). The Arabidopsis nuclear genome was completely sequenced in 

2000 (The Arabidopsis Genome Initiative, 2000). The small genome of ~119 Mbp 

encodes over 28,000 proteins, the Arabidopsis genome contains considerably less ‘junk 

sequence’ compared to humans (3.3Gbp encoding ~20,000 proteins) and Drosophila 

(110 Mbp encoding ~13,000 proteins). With known sequence information, reverse 

genetics has increasingly become a common approach in recent years to identify the 

functional and physiological significance of a gene, or even defining the functions of 

genes encoding for previously unknown proteins. Also, the establishment of the 

Arabidopsis information resource database (http://www.arabidopsis.org/) for the 

scientific community has led to the integration of new research approaches, particularly 

global analysis of transcripts and proteins patterns. 

 

All angiosperm species are thought to have evolved from a common ancestor 

some 170-235 million years ago, a relatively recent event in an evolutionary scale 
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(Yang et al., 1999). As a result, ortholog proteins will most probably have similar amino 

acid sequences and will be encoded by genes of similar nuclear acid sequences. Thus, 

information obtained from Arabidopsis research can be used to gain insights into 

developmental, metabolic and biochemical regulation that controls similar processes in 

a range of plants.  

1.2 The plant mitochondrion and its metabolic functions 

The word ‘mitochondrion’ comes from the Greek words ‘mitos’ and ‘chondrion’ 

meaning a thread and granule respectively. Mitochondria were identified 60 years ago 

as the site of oxidative energy metabolism in eukaryotic cells (Kennedy and Lehninger, 

1949). In plants, a mature mesophyll cell holds approximately 200–300 mitochondria 

and this number is highly variable depending on the physiological state of the plant 

(Logan, 2006). Although best-known for its role in aerobic respiration, other roles of 

mitochondria are also vital to cell function and proliferation. The tricarboxylic acid 

(TCA) cycle (Section 1.2.2.1), which takes place in mitochondria, not only provides 

reduced equivalents for the electron transport chain (ETC, Section 1.2.2.2), but its 

intermediates also provide carbon skeletons for the biosynthesis of sterols and 

ubiquinone (Disch et al., 1998). Plant mitochondria are also sites of synthesis for amino 

acids (Millar et al., 2004), fatty acids (Gueguen et al., 2000; Focke et al., 2003) and 

enzyme cofactors such as vitamin C (Siendones et al., 1999; Bartoli et al., 2000), lipoic 

acid (Jordan and Cronan, 1997; Gueguen et al., 2000), folate (Rebeille et al., 1997; 

Ranvanel et al., 2001), and biotin (Picciocchi et al., 2001). Mitochondria also play a 

crucial role in the maintenance of photosynthesis, for example, mitochondria provide 

alternative electron sinks to minimize oxidative damage in the thylakoid membrane 

(Niyogi, 2000) and sustain repair and recovery of photosystem II in the chloroplast by 

providing ATP required for protein synthesis following environmental stress 

(Padmasree et al., 2002). Plant mitochondria might also play an indirect role in response 

to pathogen and virus invasion (Murphy et al., 1999; Ordog et al., 2002).  

 

Given the diverse functions in plant mitochondria, the following section (Section 

1.2.2) will focus mainly on what is currently known about aerobic respiration (i.e. the 

tricarboxylic acid cycle and oxidative phosphorylation), photorespiration, cysteine 

biosynthesis, branched-chain amino acid catabolism and one-carbon metabolism, since 

these pathways will constitute the major focus of this study. 
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1.2.1 Structure of mitochondria 

Mitochondria are spherical, rod-shaped organelles about 0.5 to 1.0 μm in 

diameter and 1 to 3 μm in length (Siedow and Day, 2000). Each mitochondrion is 

enclosed by two membranes, consisting of a highly folded inner mitochondrial 

membrane (IMM), and a smooth outer mitochondrial membrane (OMM). The IMM and 

OMM are separated by a narrow gap, the intermembrane space (IMS).  

 

The OMM is generally permeable to molecules of smaller than 10 kDa, which 

can only enter the mitochondria by means of specific pores located within the lipid 

bilayer (Mannella, 1985). The import of adenylates and metabolites often requires a 

transporter which allows the exchange of reaction intermediates, phosphates and ions 

between the cytosol and mitochondria (Laloi, 1999). The IMM and OMM also contains 

protein import machinery which facilitates the import of newly synthesized nuclear-

encoded mitochondrial proteins (Jansch et al., 1998). Protein import from the cytosol 

into the mitochondria via mitochondrial membrane translocases often requires the 

recognition and cleavage of an N-terminal targeting presequence (Braun and Schmitz, 

1999). The IMM presents a permeability barrier to the passive entry of molecules into 

the matrix (Douce, 1985). The space enclosed by the IMM is the matrix, which houses 

mitochondrial DNA and translational apparatus including the ribosomes. The IMM also 

houses the complexes of the respiratory chain. Most of the mitochondrial metabolic and 

catabolic reactions are carried out in the matrix, such as the tricarboxylic acid cycle and 

aerobic respiration  

1.2.2 Major functions of plant mitochondria 

1.2.2.1 Tricarboxylic acid (TCA) cycle 

The initial step of respiratory metabolism is the breakdown of glucose, in the 

process known as glycolysis. The final product of glycolysis, pyruvate, is known to be 

transported directly into the mitochondria by a specific pyruvate carrier protein in yeast 

(Hildyard and Halestrap, 2004). The transport of pyruvate into the mitochondria has 

been proposed (Day and Hanson, 1977) but the pyruvate carrier protein is yet to be 

characterized in plants (Picault et al., 2004). Once inside the mitochondrial matrix, 

pyruvate is oxidized and decarboxylated by a multi-enzyme pyruvate dehydrogenase 

(PDH) complex to form CO2, NADH and acetyl-CoA (Camp and Randall, 1985). PDH 
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consists of three primary components: 2-oxo acid dehydrogenase (E1) which catalyzes 

the thiamine pyrophosphate (TPP)-dependent decarboxylation of pyruvate; 

dihydrolipoamide acetyltransferase (E2) which esterifies aldehydes to conenzyme A 

through a lipoamide arm; dihydrolipoamide dehydrogenase (E3) which transfers 

electrons from lipoamide in E2 subunit to reduce NAD+ to NADH (Millar et al., 2004). 

Although these steps are strictly not part of the TCA cycle, they are important in 

providing crucial substrate for the initiation of the cycle (Figure 1.1).  

 

In the TCA cycle (Figure 1.1), the methyl carbon of acetyl-CoA is condensed 

with the keto-carbon of oxaloacetate (OAA) to produce citrate. The reaction is catalyzed 

by citrate synthase (CS), a homodimer of 50 kDa subunits (Unger et al., 1989; 

Landschütze et al., 1995). Citrate is then isomerized by aconitase to isocitrate. Isocitrate 

is oxidatively decarboxylated to 2-oxoglutarate by isocitrate dehydrogenase (IDH), 

releasing NADH and CO2. In plants, IDH is a heteromeric complex consisting of at 

least one catalytic and one regulatory subunit (Lemaitre and Hodges, 2006). The 

formation of succinyl-CoA by oxidative decarboxylation of 2-oxoglutarate is catalyzed 

by the 2-oxoglutarate dehydrogenase (OGDH) complex, producing NADH and CO2. 

Similar to PDH, OGDH complex also consists of three subunits:  2-oxoglutarate 

dehydrogenase (E1), dihydrolipoamide succinyltransferase (E2) and dihydrolipoamide 

dehydrogenase (E3) which catalyzes 2-oxoglutarate decarboxylation, the transfer of 

succinyl-group to CoA via a lipoic acid moiety and the reduction of NAD+ to NADH 

respectively. The E3 enzyme has been shown to be shared between PDH and OGDH 

(Bourguignon et al., 1996), but the association of this subunit is relatively weak with 

OGDH complex compared to PDH complex in potato (Millar et al., 1999). 

 

The conversion of succinyl-CoA to succinate by succinyl-CoA ligase involves 

the generation of ATP. The oxidation of succinate to fumarate is catalyzed by succinate 

dehydrogenase (SDH). SDH is also part of the ETC (Section 1.1.2.2), transferring 

electrons released from FADH2 to the ubiquinone pool for ATP generation. Malate is 

generated from the hydration of fumarate, catalyzed by fumarase. Malate is then 

oxidized by malate dehydrogenase (MDH) to produce OAA. In corn, the activity of 

mitochondrial MDH has been shown to be greater in the reduction of OAA to malate 

than in the oxidation of malate to OAA (Hayes et al., 1991). NAD-malic enzyme, 

although not considered a TCA cycle enzyme, can provide an alternative pathway to 
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generate pyruvate using malate as substrate in mitochondria (Figure 1.1). NADH 

produced by the TCA cycle can be oxidized by dehydrogenases of the electron transport 

chain, electrons are transferred along the electron transport chain components, and 

subsequently ATP is produced by the final step in the respiratory chain catalyzed by the 

F1Fo ATP synthase.  

 

In plants, the regulation of the TCA cycle is impacted by the presence of 

chloroplasts, which produce carbon-rich products via photosynthesis and carbon 

fixation. In the light, the TCA cycle is largely inactive while chloroplasts provide most 

of the ATP for sugar synthesis (Tcherkez et al., 2005). In spite of that, the TCA cycle 

and photosynthesis are interdependent. Intermediates formed during photosynthesis can 

be used as substrates in the TCA cycle, and vice versa (Gardestrom et al., 2002; 

Raghavendra and Padmasree, 2003; Noctor et al., 2004). Furthermore, photosynthetic 

performance can be affected by the activities of enzymes in the TCA cycle (Carrari et 

al., 2003; Nunes-Nesi et al., 2005; Nunes-Nesi et al., 2007). Moreover, perturbation in 

the TCA cycle activities may potentially disrupt floral development of a plant. For 

example, reduced level of the E1α subunit of PDH in tobacco resulted in male sterility 

due to failed anther development (Yiu et al., 2003). Also, the absence of SDH1-1 affects 

the development of pollen and embryo sac in Arabidopsis (León et al., 2007). Finally, 

antisense repression of mitochondrial CS gene resulted in delayed flowering and 

disintegration of the ovary in potato (Landschütze et al., 1995). Together, the TCA 

cycle is likely to be differentially and metabolically regulated to meet the need for 

energy in the cell during growth and development. 

 

 



Chapter 1. General Introduction 

7 

 
Figure 1.1. Metabolic scheme of the tricarboxylic acid cycle and its relation to glycolysis 
and amino acid synthesis. Breakdown of glucose (glycolysis) takes place in the cytosol and the 
tricarboxylic acid (TCA) cycle is performed in the mitochondrion. Both glycolysis and the TCA 
cycle produce several crucial intermediates and end-products, such as NADH, FADH2, ATP and 
amino acids which can then be used for energy production and production of other important 
molecules. Enzymes involved in the TCA cycle are highlighted in pink. Several key amino 
acids can also be produced from the intermediates derived from glycolysis and the TCA cycle 
(blue text). 
 

1.2.2.2 Oxidative Phosphorylation 

The ETC couples the transfer of electrons from NADH and FADH2 to O2 with 

the translocation of protons from the matrix to the IMS (Figure 1.2)(Mitchell, 1961). 

The plant ETC is composed of four major multi-subunit complexes, NADH-ubiquinone 

(NADH-UQ) oxidoreductase (complex I), succinate dehydrogenase (complex II), 

ubiquinone-cytochrome c oxidoreductase (complex III) and cytochrome c oxidase 
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(complex IV). Complexes I and II catalyzes electron transfer to ubiquinone from NADH 

and FADH2 respectively. Two mobile redox carriers, ubiquinone (UQ) and cytochrome 

c (cyt c), transport electrons from Complex II and Complex III respectively by varying 

their redox state (Siedow and Day, 2000). Complex IV transfers electrons from 

cytochrome c to O2. ETC complexes are sensitive to inhibitors which have been 

extensively exploited when studying aerobic respiration. Complex I has been found to 

be strongly sensitive to rotenone (Moore and Rich, 1985). Complex II is inhibited by 

malonate (Moore and Rich, 1985). Complex III is inhibited by antimycin A and 

myxothiazol (Siedow and Day, 2000). Complex IV is inhibited by cyanide, azide and 

carbon monoxide (Siedow and Day, 2000).  

 

Plants also have additional components that serve as alternative non-electron 

pumping components in the ETC. Alternative NAD(P)H dehydrogenases are located in 

the mitochondrial matrix and IMS, catalyzing the oxidation of NADPH and NADH and 

the reduction of UQ (Rasmusson et al., 2004). Alternative NAD(P)H dehydrogenases 

do not catalyze a proton conductance during electron transfer and thus do not generate 

an inner membrane electrical potential (Figure 1.2). The plant mitochondrial ETC also 

contains the rotenone-insensitive alternative oxidase (AOX) which transfers electrons 

from the oxidation of UQH2 and reduces O2 to produce H2O (Vanlerberghe and 

McIntosh, 1996). AOX activity is not coupled to proton translocation (Figure 1.2) but 

requires pyruvate to be active (Millar et al., 1993; Siedow and Day, 2000). In addition, 

excess proton gradient generated by the ETC can be directly dissipated by uncoupling 

proteins (UCP; Figure 1.2) (Rasmusson et al., 2004; Sweetlove et al., 2006). Despite 

their electron transferring and proton pumping functions, plant ETC complexes 

participate in additional activities. A mitochondrial processing peptidase, which cleaves 

the extension peptide of a newly imported precursor protein, is integrated into Complex 

III (Braun et al., 1992). Complex I possesses a carbonic anhydrase-related hydrophobic 

domain the function of which is yet to be characterized (Sunderhaus et al., 2006; Peters 

et al., 2008). 

 

The electron transfer through the ETC is coupled to ATP synthase complex 

which phosphorylates ADP to yield ATP (Figure 1.2). The proton gradient can be 

dissipated via the large, multi-subunit, F1Fo ATP synthase complex (also referred to as 

complex V or ATPase). ATP synthase consists of a hydrophilic catalytic complex (F1) 
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attached to an integral membrane protein complex (Fo). The F1 complex is composed of 

at least five different types of subunits (α, β, γ, and ε), that provide the sites of ADP 

binding and ATP synthesis (Siedow and Day, 2000). The Fo complex functions as a 

proton channel through the IMM, and consists of three different types of subunits (a, b 

and c; (Siedow and Day, 2000)). Synthesis of ATP from ADP and Pi is driven by 

conformational changes at the ATP synthase catalytic sites (Hatefi, 1985; Boyer, 1997). 

In certain cellular conditions, e.g. oxidative stress, an alternative oxidase (AOX) 

pathway is activated to bypass cytochrome c oxidase. This has been thought to prevent 

over-reduction of the ETC and subsequent over-production of reactive oxygen species 

(ROS)(Maxwell et al., 1999). Electrons are transferred to oxygen, and water and heat 

are generated. 

 

Although each individual ETC component is believed to diffuse freely and 

independently in the IMM and is functionally active when isolated individually, 

increasing evidence suggest that the oxidative phosphorylation (OxPhos) apparatus is 

assembled into highly organized supercomplexes in yeast, mammalian and plant 

mitochondria (Schägger and Pfeiffer, 2000; Dudkina et al., 2006). A number of studies 

have attempted to solubilize membrane component of the plant OxPhos and identified 

several major respiratory complexes by gel fractionation and mass spectrometry: I2+III4, 

I1+III2, III2, III2+IV, I+III2+IV1–4, V2, IVa, IVb, II and dimeric ATP synthase (Complex 

V) (Eubel et al., 2003; Eubel et al., 2004; Krause et al., 2004; Millar et al., 2004). One 

of the major roles of supercomplex formation is to facilitate the electron transfer in the 

ETC. Indeed, the rate of electron transfer has been shown to be higher in 

supercomplexes than a mixture of singular complexes (Schägger and Pfeiffer, 2000). In 

yeast, the close proximity of cytochrome c binding site on complex III and IV has been 

suggested to facilitate direct electron channelling after supercomplex formation 

(Heinemeyer et al., 2007). Also, the formation of the complex V dimer has been 

proposed to be linked to the cristae folding and overall morphology of the mitochondria 

(Dudkina et al., 2005). 
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Figure 1.2. The oxidative phosphorylation apparatus in the inner membrane of plant 
mitochondria. The ETC is composed of Complex I, II, III and IV, alternative NAD(P)H 
dehydrogenases and AOX. Electrons generated from NADH oxidation by Complex I and 
alternative NAD(P)H dehydrogenases or succinate oxidation by Complex II are transferred to 
ubiquinone. Reduced ubiquinone can either transfer its electrons to Complex III or AOX, and 
ultimately lead to the reduction of oxygen into water. The translocation of protons by ETC 
generates a transmembrane potential, which allows protons to pump back to the matrix and 
produces energy for the production of ATP by ATP synthase. Alternatively, excess energy 
produced by the ETC can be dissipated by pumping protons across the membrane by the 
uncoupling proteins. AOX, alternative oxidase; Complex I, NADH dehydrogenase; Complex II, 
succinate dehydrogenase; Complex III, ubiquinol-cytochrome c oxidoreductase; Complex IV, 
cytochrome c oxidase; Complex V, ATP synthase; cyt c, cytochrome c; NDex, external 
NAD(P)H dehydrogenase; NDin, internal NAD(P)H dehydrogenase; UCP, uncoupling protein, 
UQ, ubiquinone. 
 

1.2.2.3 Photorespiration 

In most higher plants, photosynthesis involves the entry of CO2 into the leaves 

through the stomata and its subsequent diffusion into the stroma of the chloroplasts of 

the photosynthetic mesophyll cells. The photosynthetic carbon reduction cycle is 

initiated by ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCo), which adds 

CO2 to the five carbon ribulose 1,5-bisphosphate. An interesting characteristic of 

Rubisco is its inability to distinguish between O2 and CO2. This enables oxygen to 

compete against CO2 for the enzyme’s active site (Jordan and Ogren, 1984). As a result, 

Rubisco can catalyze the fixation of oxygen to form 3-phosphoglycerate and 

phosphoglycolate (Laing et al., 1974). This oxygenase activity is the first step in a 

process known as photorespiration (Figure 1.3). 

 

Phosphoglycolate formed by ribulose 1,5-bisphosphate oxygenation is 

dephosphorylated by phosphoglycolate phosphatase, resulting in the formation of 

glycolate, which can then be converted into 3-phosphoglycerate in a series of reactions 
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which involve the chloroplasts, peroxisomes and mitochondria (Ogren, 1982). Once 

glycolate is transaminated to glycine in the peroxisome, it then exits the peroxisome and 

enters the mitochondrion. In the mitochondrion, glycine is oxidized to produce 

ammonia, CO2, NADH and serine. The overall reaction is catalyzed by glycine 

decarboxylase (GDC) and serine hydroxymethyltransferase (SHMT). Serine produced 

in mitochondria is transported into peroxisomes, where it is deaminated by 

serine:glyoxylate transaminase. The photorespiratory pathway continues until 3-

phosphoglycerate is produced and re-enters the Calvin cycle. Apart from scavenging the 

2-phosphoglycolate produced by the oxygenation of RuBisCo, there is also evidence 

that photorespiration plays a protective role, for example, photorespiration may prevent 

photoinhibition by exporting excess redox equivalents to other organelles (Osmond, 

1981; Noctor and Foyer, 1998; Raghavendra and Padmasree, 2003). Furthermore, 

photorespiration provides photorespiratory intermediates to other metabolic processes 

such as glycine for the synthesis of glutathione (Noctor et al., 1999). 

1.2.2.3.1 Features of the Glycine decarboxylase complex  

GDC is a multi-enzyme complex found in both plant and mammalian 

mitochondria which carries out the oxidation of glycine in a sequential manner. In plant 

mitochondria, four subunits of GDC have been characterized: (i) the P-protein is a 200 

kDa homodimeric enzyme that decarboxylates the α-carboxyl group from glycine, and 

the resulting methylamine is transferred to a GDC H-protein in the presence of 

pyridoxal 5-phosphate cofactor; (i) the H-protein is a monomeric 14 kDa subunit that 

serves as a mobile co-substrate for the reactions catalysed by the other GDC subunits. It 

contains a lipoamide group that binds to the decarboxylated form of glycine 

(methylamide) when the disulfide linkage in the lipoamide is oxidized. The resultant 

lipoamide arm undergoes a cycle of reductive methylamination, methylamine transfer 

and oxidative electron transfer catalyzed by P-, T- and L-protein, respectively, during 

the oxidation of glycine; (iii) the T-protein is a monomer of 41 kDa which delivers a 

tetrahydrofolate cofactor to the lipoamide-bound methylamine group. The methylene 

carbon is then transferred to tetrahydrofolate to produce methylene tetrahydrofolate, and 

the α-amino group is released as NH3. (iv) the L-protein, a 100 kDa homodimer is 

composed of a redox active cysteine residue, it reoxidizes the lipoamide of the H-

protein by the sequential reduction of FAD+ and NAD+ (Walker and Oliver, 1986; 

Bourguignon et al., 1988; Oliver, 1994; Douce and Neuburger, 1999; Douce et al., 
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2001). The ratio of total GDC L/P/H/T-protein present in pea mitochondria is 2:4:27:9 

(Oliver et al., 1990).  

 

Expression analyses of these GDC subunits have shown that the T-, P- and H-

proteins are induced by light (Turner et al., 1992; Srinivasan and Oliver, 1995; Vauclare 

et al., 1998). Similarly, the abundance of transcripts encoding for SHMT is also 

increased upon illumination of dark-treated plants (McClung et al., 2000). In 

comparison, the L-protein of GDC is not responsive to light and exhibits only a small 

increase in etiolated tissues when exposed to light (Bourguignon et al., 1992; Turner et 

al., 1992). The lack of light response in L-protein can be explained by the fact that it is 

also the E3 component of pyruvate dehydrogenase complex and 2-oxoglutarate 

dehyhydrogenase complex (Bourguignon et al., 1996) and this is required to maintain 

other mitochondrial processes.  

 

Despite the potential benefits of photorespiration in an intact plant, this pathway 

has been considered as an energetically “wasteful” process because more energy (ATP) 

is thought to be consumed than generated (Heber and Walker, 1992). Therefore it is 

believed that photorespiration has a negative impact on carbon assimilation rates 

(Farquhar, 1989; Ehleringer and Monson, 1993), poor plant growth, carbohydrate 

depletion and accelerated senescence (Tolbert et al., 1995). Since the GDC-SHMT 

system can represent up to 40% of the soluble mitochondrial protein fraction in 

photosynthetic organs (Oliver et al., 1990; Douce et al., 2001), the influence of this 

pathway might affect overall energy and metabolite provision to the cell, thereby 

affecting other key metabolic pathways, such as tricarboxylic acid cycle, and amino acid 

catabolism and metabolism. Thus, it is believed that photorespiration plays a more 

important metabolic role than the TCA cycle in the mitochondria of illuminated green 

tissues. Specifically, knockout mutants of GDC P-protein and mitochondrial SHMT are 

not viable when grown under photorespiratory conditions (i.e. with O2 or ambient 

air)(Voll et al., 2006; Engel et al., 2007). 

1.2.2.3.2 The suppression of photorespiration in C4 plants  

In contrast to C3 plants, C4 species such as maize assimilate carbon via a route 

ultimately involving the Calvin cycle, but contain an additional set of reactions that 

allows them to achieve higher carbon fixation rates (Ehleringer and Monson, 1993). 
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While the photosynthetic activity in C3 plants is mostly found in mesophyll cells, 

photosynthesis in C4 plants involves two types of leaf cells – bundle sheath and 

mesophyll cells. In C4 plants, the bundle sheath and mesophyll cells accumulate 

different sets of enzymes. For example, RuBisCo and the Calvin cycle enzymes are 

found exclusively in the bundle sheath cells (Hatch, 1978).   

 

In C4 plants, the fixation of atmospheric CO2 initially takes place in the 

mesophyll cells, where OAA is synthesized from the hydrated form of CO2, bicarbonate, 

and phosphoenolpyruvate in a reaction catalyzed by phosphoenolpyruvate carboxylase 

(PEPC, (Bandurski and Greiner, 1953; Hatch, 1978)). The main advantage of PEPC 

over RuBisCo as the CO2 capturing enzyme in the mesophyll cells is its ability to 

recognize only CO2 in the form of bicarbonate. In addition, PEPC also does not 

recognize O2. OAA is either reduced to malate or transaminated to aspartate depending 

on the enzyme involved in the decarboxylating step in the bundle sheath cell. Malate or 

aspartate then diffuses into bundle sheath cells where CO2 is released for refixation by 

RuBisCo in the Calvin cycle. Due to the uniqueness of the C4 leaf anatomy (e.g. the 

mesophyll cells are close to the bundle sheath cells), mesophyll cells can act as a 

biochemical “CO2 pump” which efficiently increases the concentration of CO2 in 

bundle sheath cells to levels several fold higher than atmospheric levels (Jenkins et al., 

1989). This mechanism is commonly known as the C4 CO2 concentrating mechanism. 

The low conductance of bundle sheath cells to CO2 and O2 also helps to maintain high 

CO2 level and low O2 concentrations around RuBisCo (Brown and Byrd, 1993). 

Consequently, CO2 concentration is elevated at the site of RuBisCo in bundle sheath 

cells and the oxygenase activity of RuBisCo is reduced in C4 plants. Thus, very low 

level of photorespiration can be detected in C4 plants and the Calvin cycle operates 

more efficiently in C4 plants than in C3 plants. 
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Figure 1.3. The reactions and enzymes in photorespiration. The operation of the pathway 
requires the co-operative interaction between chloroplast, mitochondria and peroxisome. In the 
mitochondrion, glycine is converted into serine catalyzed by glycine decarboxylase and serine 
hydroxymethyltransferase (highlighted in pink). This reaction is accompanied by the release of 
CO2, NADH and ammonia. Enzymes that carry out the reactions of the photorespiratory 
pathway in other organelles are highlighted in blue. Abbreviation: CH2-THF, 5,10-methylene 
tetrahydrofolate. The metabolic scheme was adapted from Siedow and Day (2000). 
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1.2.2.4 Cysteine biosynthesis 

The integration of reduced sulphur into the amino acid cysteine is an essential 

step in the assimilation of inorganic sulphur. Cysteine is a precursor for methionine 

biosynthesis, and both amino acids play a vital role in the structural and catalytic 

functions of enzymes (Hell et al., 2002). In plant mitochondria, cysteine biosynthesis is 

carried out in two enzymatic reactions (Figure 1.4). The first reaction, the formation of 

O-acetylserine (OAS) from serine and acetyl-CoA, is catalyzed by serine 

acetyltransferase (SAT). Cysteine synthase, also known as the OAS (thiol) lyase (OAS-

TL), is the true cysteine synthase which catalyzes the second reaction, the formation of 

cysteine from OAS and sulphide (Wirtz et al., 2001; Hell et al., 2002; Wirtz and Hell, 

2007). Thus, this pathway not only couples with photorespiration through serine 

utilisation, but may also act as a control at the entry to the TCA cycle in mitochondria.  

 

Cysteine biosynthesis is regulated in a substrate-product concentration 

dependent manner. At a high concentration of sulphide in the cell, OAS-TL forms bi-

enzymatic complex with SAT, known as the cysteine synthase complex. This complex 

only synthesizes OAS, while the activity of OAS-TL is partially repressed (Bogdanova 

and Hell, 1997). At a high concentration of OAS, active OAS-TL consisting of a 

homodimer with a molecular weight of approximately 72 kDa is dissociated from 

cysteine synthase complex, which is then capable of synthesizing cysteine (Wirtz et al., 

2004; Wirtz and Hell, 2006). However, the role of cysteine biosynthesis in mitochondria 

has been challenged recently by reverse genetics analyses of mitochondrial SAT and 

OAS-TL (Wirtz and Hell, 2007; Haas et al., 2008; Heeg et al., 2008). These studies 

have led to a proposal that mitochondria are the main producer of OAS in the cell and 

the majority of the OAS generated is likely to be exported to the cytosol where cysteine 

biosynthesis mostly occurs (Figure 1.4). Because cysteine has recently been shown to 

be able to cross between different cellular compartments (Heeg et al., 2008), the 

regulations and roles of OAS-TL in mitochondrial cysteine production remains elusive. 

 

In Arabidopsis, there are two mitochondrial isoforms of OAS-TL, but one of 

them possesses both OAS-TL activity and β-cyano-alanine synthase (CAS) activity 

(Hatzfeld et al., 2000; Wirtz et al., 2004). CAS activity allows the detoxification of 

cyanide, an inhibitor of complex IV, using cysteine as substrate to form less toxic 
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sulphide and β-cyano-alanine, thus providing an extra line of defense to avoid cyanide 

inhibition of the cytochrome c oxidase (Hatzfeld et al., 2000).  

 

 
Figure 1.4. Cysteine biosynthesis in plant cell. Scheme reconstructed from Wirtz and Hell 
(2007) which was based on the activities of enzyme measured in pea and spinach leaves (Droux, 
2004). Enzymes that carried out the reactions are highlighted in blue. Red lines/arrows indicate 
that the enzyme has higher activities in a particular cellular compartment relative to other 
isoforms in other cellular compartments as indicated in the literature. Red dash lines/arrows 
indicate the most probable flux of intermediate/metabolite according to enzyme activities and 
proposed metabolic flux from the literature. Abbreviations: CAS, β-cyano-alanine synthase; 
OAS, O-acetylserine; OAS-TL, O-acetylserine (thiol)-lyase; SAT, serine acetyltransferase. 

1.2.2.5 Branched-chain amino acid catabolism 

The catabolism of branched-chain amino acids (BCAA), leucine (Leu), valine 

(Val) and isoleucine (Ile), requires the cooperation of two sequential series of reactions. 

In the first series of reactions, enzymes catalyzing the conversion of BCAA to their 

respective enoyl-CoA derivatives are shared in a common catabolic pathway (Figure 

1.5). The first step in catabolism of BCCA is reversible transamination, catalyzed by 
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pyridoxal 5’-phosphate-dependent branched-chain amino-acid aminotransferase 

(BCAT), to form their respective α-keto acids. BCAT1 has been previously shown to be 

targeted to the mitochondria by GFP tagging (Diebold et al., 2002) and is capable of 

degrading Leu, Val and Ile (Schuster and Binder, 2005). The second step in BCAA 

catabolism is the irreversible oxidative decarboxylation of the branched-chain α-keto 

acids to acyl-CoA esters catalyzed by the mitochondrial branched-chain α-keto acid 

dehydrogenase complex (BCKDC). The BCKDC is a multi-subunit complex consisting 

of the functionally different enzymes: branched-chain α-keto acid dehydrogenase (E1), 

which carries out thiamine pyrophosphate-dependent decarboxylation of α-keto acid; 

dihydrolipoamide acyltransferase (E2) is a lipoic acid containing subunit which 

transfers the acyl groups to the reduced CoA; dihydrolipoamide dehydrogenase (E3) 

transfer the electron from the reduced E2 subunit to NAD+ (Binder et al., 2006). 

BCKDC E3 subunit is also the E3 subunit of PDH complex and OGDH complex and L-

protein of GDC (Lutziger and Oliver, 2001). The mitochondrial localization of all 

BCKDC subunits was previously confirmed in a proteomic study in Arabidopsis and 

rice (Taylor et al., 2004).  

 

The acyl-CoA esters generated by BCKDC are oxidized by isovaleryl-CoA 

dehydrogenase (IVD). Isovaleryl-CoA (Leu derivative) has been previously shown to be 

the best substrate for IVD in most plant species, although IVD is also capable of 

degrading isobutyryl-CoA (Val derivative) at least in Arabidopsis (Daschner et al., 

2001). The electrons produced during the IVD-catalyzed reaction are then delivered to 

the ubiquinone pool in the respiratory chain via flavine adenine dinucleotide (FAD), 

electron transfer flavoprotein (ETF) and ETF-ubiquinone oxidoreductive (ETFQO). 

Both ETF and ETFQO were previously identified in mitochondria by proteomic 

analysis (Taylor et al., 2004; Lee et al., 2008).  

 

In the second series of reactions, the BCCA catabolic pathway diverges to a 

series of separate reactions catalyzed by separate set of enzymes (Figure 1.5). In the 

case of Leu catabolism, methylcrontyl-CoA is carboxylated to generate 3-

methylglutaconyl-CoA. This reaction is catalyzed by methylcrontyl-CoA carboxylase 

(MCCase), a heterodimer containing the biotinylated α-subunit and the non-biotinylated 

β-subunit in Arabidopsis (Che et al., 2002). 3-methylglutaconyl-CoA, together with 

enoyl-CoA derived from Ile and Val, are metabolized into their respective hydroxyl-



Chapter 1. General Introduction 

18 

acyl-CoAs, which then leads to the formation of acetyl-CoA and acetoacetate (Leu 

degradation) in mitocohondria or propionyl-CoA in peroxisomes (Val degradation) 

and/or cytosol (Ile degradation) (Lange et al., 2004; Taylor et al., 2004; Carrie et al., 

2007).  

 

 
Figure 1.5. Branched-chain amino acid catabolism in plant mitochondria. Black arrows 
indicate steps that have been characterized to function in mitochondria. Grey dash arrows 
indicate steps that have been proven to be localized in other cellular compartments. Enzymes 
are highlighted in blue. Abbreviations: BCAT, branched-chain amino acid transaminase; 
BCKDC, branched-chain α-keto acid dehydrogenase complex; E-CoAH, enoyl-CoA hydratase; 
ETF, electron transfer flavoprotein; HMG-CoAL,  hydroxymethylglutaryl-CoA lyase;  IVD, 
isovaleryl-CoA dehydrogenase; MCCase, methylcrontyl-CoA carboxylase. Adapted and 
modified from Taylor et al (2004). 
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1.2.2.6 One-carbon metabolism 

One-carbon (C1) metabolism involves the transfer of one carbon unit, mediated 

by tetrahydrofolate (THF), to synthesize numerous biological compounds and regulate 

many metabolic processes, including the synthesis of nucleic acids, amino acid 

metabolism and protein biosynthesis in the organelle (Hanson and Roje, 2001). The 

initial steps of THF biosynthesis are absent in mammals; but present in plants where 

mitochondria play a central role in THF production (Rebeille et al., 1997; Scott et al., 

2000; Hanson and Roje, 2001). THF binds, transports and donates C1 units of different 

oxidation states, providing different carbon derivatives to different metabolic functions 

in the cytosol, nucleus and mitochondria.  

 

In plants, the mitochondrial localization of the enzymes involved in the 

interconversion of the carbon units in C1 metabolism was confirmed (Chen et al., 1997). 

Glycine is the principle carbon donor to folate derivatives due to the high activity of 

GDC in maintaining a high methylene-tetrahydrofolate (5,10-CH2-THF) / 

tetrahydrofolate (THF) ratio for the recycling of ribulose 1,5-bisphosphate for the 

Calvin cycle (Rebeille et al., 1994). However, a significant proportion of 5,10-CH2-THF 

has been previously shown to be metabolized for serine synthesis (Prabhu et al., 1996). 

Alternatively, formate enters the C1 metabolic pathway via its reaction with THF, 

catalyzed by 10-formyl-THF synthetase (SYN) to produce 10-formyl-THF (10-CHO-

THF), which provides one-carbon units for the synthesis of purines and 

formylmethionyl-tRNA (Hanson and Roje, 2001). 10-CHO-THF can be converted into 

5,10-CH2-THF through a step-wise C1 metabolic pathway (Figure 1.6). Since 5,10-

CH2-THF is incorporated into serine in the reaction catalyzed by SHMT, formate can be 

used as an alternative substrate for the formation of serine (Gifford and Cossins, 1982). 

As previously shown for Euglena gracilis, the oxidative decarboxylation of glyoxylate 

to formate could form a GDC-independent bypass to the photorespiratory pathway 

(Yokota et al., 1985). The GDC mutant in barley has also shown a light-dependent 

increase in the rate of serine formation via a GDC-independent bypass (Wingler et al., 

1999). However, studies on Arabidopsis over-expressing formate dehydrogenase 

demonstrated that formate oxidation to CO2 is the preferred metabolic fate of formate 

(Li et al., 2002; Li et al., 2003). It has also been suggested that GDC-bypass of 

photorespiration operates independently from the normal photorespiratory pathway, 
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which only partially compensates for the deficiency in the glycine cleavage system 

(Prabhu et al., 1996; Li et al., 2003). 

 

5-formyl-THF (5-CHO-THF) is the most significant C1 derivative in leaf 

mitochondria and represents about 50% of the mitochondrial folate pool (Chen et al., 

1997; Roje et al., 2002). 5-CHO-THF is formed by stepwise hydrolysis of 5,10-CH2-

THF by DHC and SHMT in the presence of glycine (Figure 1.6)(Roje et al., 2002). The 

reverse reaction is ATP-dependent and is carried out by 5-formyl-THF cycloligase 

(FCL) (Roje et al., 2002). 5-CHO-THF is the most stable storage form of the C1 units 

and does not serve as a cofactor for any C1 reactions (Goyer et al., 2005). This 

compound is a potent inhibitor of several folate-dependent enzymes including SHMT, 

as previously shown in yeast (Piper et al., 2000), human (Girgis et al., 1997) and 

Arabidopsis mitochondria (Goyer et al., 2005). A recent study has demonstrated that the 

knockout mutants of 10-formyl tetrahydofolate deformylase (10-FDF), which 

metabolize 10-formyl-tetrahydrofolate (10-CHO-THF) to formate and THF (Figure 1.4), 

show a phenotype similar to the photorespiratory mutants when grown under ambient 

air (Collakova et al., 2008). Thus, in the 10-FDF knockout, a small amount of 5,10-

CH2-THF formed during photorespiration enters the C1 metabolic pathway and cannot 

be recycled back to THF, leading to the accumulation of 5-CHO-THF and subsequently 

inhibition of GDC/SHMT activity. 
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Figure 1.6. One carbon metabolism in plant mitochondria. Enzymes that carried out the 
reactions are labeled in red. Abbreviations: 10-CHO-THF, 10-formyl-THF; 5-CHO-THF, 5-
formyl-THF; 5,10=CH-THF, 5,10-methenyl-THF; 5,10-CH2-THF, 5,10-methylene-THF; 5-FCL, 
5-CHO-THF cycloligase; 10-FDF, 10-formyl THF deformylase; DHC, 
methylenetetrahydrofolate dehydrogenase; FDH, formate dehydrogenase; GDC, glycine 
decarboxylase complex; SYN, 10-CHO-THF synthase; SHMT, serine 
hydroxymethyltransferase; THF, tetrahydrofolate. This figure was adapted from Collakova et al 
(2008). 

1.3 A general overview of plant mitochondrial protein import 

The endosymbiotic theory proposes that proteins in the mitochondria are derived 

from an ancestor of present-day α-proteobacteria (Gray et al., 1999). Although 

mitochondria have their own genome, most of the plant mitochondrial proteins are 

encoded in the nucleus (Adams et al., 2000). Even though many functions have been 

proposed to occur in Arabidopsis mitochondria, only 57 genes are mitochondrially-

encoded and this number likely constitutes only 2-5% of the predicted mitochondrial 

proteome (Unseld et al., 1997). Gene transfer from organelles to the nucleus over 

evolutionary time has led to an inter-organellar communication system within the cell to 

regulate post-transcriptional return of proteins to mitochondria (Yu et al., 2001). The 

process of gene transfer in angiosperms is thought to involve several steps, including 

reverse transcription of mRNA, movement of genetic material to the nucleus, 

integration of nucleic acids into the nuclear chromosome, gain of promoters and 
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regulatory elements required for gene expression initiation in the nucleus, gain of 

mitochondrial targeting sequence (if required), and loss of the mitochondrial-encoded 

copies (Brennicke et al., 1993). It is believed that the benefit of mitochondrial gene 

transfer to the nucleus is that the plant’s immobility and constant confrontation with 

environmental stresses is better regulated by specialization and centralization of gene 

expression (MacKenzie and McIntosh, 1999). Another hypothesis suggests that the 

mitochondrial genome in some organisms accumulates mutations more rapidly than the 

nuclear genome, resulting in a strong selection pressure for the transfer of the 

mitochondrial genes into the nucleus (Martin and Hermann, 1998; Kurland and 

Anderson, 2000). However, since plant mitochondria have efficient DNA repair 

mechanisms, it has also been proposed that mutant version of the transferred genes may 

function better than their mitochondrial counterparts and this is therefore a major factor 

in selection for nuclear copies (Blanchard and Lynch, 2000). 

 

Most mitochondrial proteins are encoded in the nucleus and synthesized as 

precursors in the cytosol before being imported (Pfanner et al., 1997). Targeting of these 

proteins into mitochondria usually requires a signal sequence that often resides in the N-

terminal portion of the protein. The common feature of a mitochondrial presequence is 

high content of hydrophobic and basic amino acid residues but very low abundance of 

acidic and aromatic residues (Sjoling and Glaser, 1998). The targeting signal binds to 

and is recognized by the translocase of the outer membrane (TOM) which passes the 

pre-protein to the translocase of the inner membrane (TIM). Protein import, sorting and 

maturation are assisted by a number of cytosolic and mitochondrial chaperones (HSPs), 

which require energy in the form of ATP, to prevent improper association of unfolded 

pre-protein with TOM and to facilitate protein folding and prevent degradation of newly 

imported proteins respectively (Whelan and Glaser, 1997). Once in the matrix, the 

targeting sequences are proteolytically removed by a specific mitochondrial processing 

peptidase (MPP) integrated into the ETC (Section 1.2.2.2) before being redirected to 

their final location and becoming functional. 

 

Thus, it is possible to predict subcellular localization of a given protein based on 

N-terminal sequence information. A variety of subcellular localization prediction tools 

with different machine-learning algorithms are available publicly, such as iPSORT 

(Bannai et al., 2002) and TargetP (Emanuelsson et al., 2000). These algorithms typically 
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predict 1500-3000 Arabidopsis proteins to be targeted to the mitochondria (Millar et al., 

2005). Heazlewood et al. (2004) utilized four different subcellular prediction programs 

MitoProt II (Claros and Vincens, 1996), iPSORT, Predotar (Small et al., 2004) and 

TargetP to predict the number of nuclear-encoded proteins in Arabidopsis targeted to 

the mitochondria. Only 40-50% of experimentally determined mitochondrial targeted 

proteins were predicted by these programs. Also, of the 240 putative mitochondrial 

proteins which were experimentally identified in the human T leukemia cells, up to 

62.0% of these proteins were correctly predicted by TargetP and PSORT II to localize 

in the mitochondria (Rezaul et al., 2005). The subcellular localization analysis of the 

experimentally determined vacuole proteins in Arabidopsis using PREDOTAR, 

iPSORT and TargetP showed that only 45% were correctly predicted to have a putative 

vacuolar signal peptide by at least one of these prediction programs (Carter et al., 2004). 

These examples indicate that the predictions derived from the localization prediction 

programs do not necessarily reflect which proteins that are actually targeted to the 

mitochondria. Therefore, relying on only one or two sets of prediction programs will not 

give an accurate result, because the number of false-positives (number of non-

mitochondrial proteins predicted) or false-negatives (number of mitochondrial proteins 

not detected) resulting from any individual program (or combination) can be significant. 

 

Subcellular localization of a protein can also be determined experimentally by 

large-scale organelle proteomic experiments (Section 1.4) complemented with protein 

import assays and/or fluorescence protein tagging analyses. A number of publicly 

available databases have collated experimental and prediction data, such as SUBA 

(http://www.plantenergy.uwa.edu.au/suba; (Heazlewood et al., 2007)), LOCATE 

(http://locate.imb.uq.edu.au/; (Fink et al., 2006)) and eSLDB 

(http://gpcr.biocomp.unibo.it/esldb/;  (Pierleoni et al., 2006)), allowing the subcellular 

localization of a gene of interest to be queried. 

1.4 Analysis of the mitochondrial proteome 

The term “proteome” has been defined as the identities, quantities, structures 

and biochemical and cellular functions of all proteins in an organism, organ, or 

organelle, and how these properties vary in a given space, time and physiological state 

(Anderson and Anderson, 1996). A proteomic approach to study cell functions can 

obtain much information that cannot be retrieved from genomic or transcriptomic 
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experiments. Proteomic techniques identify the proteins within a cell and crucially it is 

these proteins that provide the functional capacity of a system. In addition, proteomics 

can also provide information about subcellular localization and post-translational 

protein modifications of the gene product. In contrast, microarray analysis provides a 

snap-shot of the steady-state level of transcripts in a cell.  

 

The mitochondria perform a wide range of functions within the cell (Section 1.2), 

thus mapping of their proteome will help to understand the biochemistry of cellular 

metabolism and functional linkages between different organelles or cellular structures. 

Gel-based approaches have been the most common method used in studying the 

mitochondrial proteome. In particular, two-dimensional gel electrophoresis, first 

described by O’Farrell (1975), has been used extensively in attempts to resolve the 

mitochondrial proteome from different species in the last three decades. In 2D-gel 

electrophoresis, the first and second dimension separates proteins according to their 

isoelectric point and molecular mass, respectively. It allows for the arraying and 

quantitative analysis of many proteins (up to ~500-1000) simultaneously, providing an 

assessment of protein expression. One key advantage of this technique is that it provides 

a broad snapshot of a cell or subcellular compartment. This technique obtains relatively 

high resolution of individual protein spots compared to the conventional one-

dimensional gel electrophoresis. However, the identification of proteins is only possible 

when two-dimensional gel electrophoresis is used in conjunction with sensitive 

analytical techniques such as immunodetection and mass spectrometry. In recent years, 

mass spectrometry (MS) has emerged as one of the major analytical tools in 

biochemistry and biotechnology. MS is an analytical tool primarily concerned with the 

separation of molecular (and atomic) species according to their mass. Today MS is the 

most sensitive method for the analysis of protein mass. Sensitivity is so high that 

analysis of peptides at the picomole and femtomole level is possible (Shevchenko et al., 

1996; Lim et al., 2002). 

1.4.1 Building the mitochondrial proteome – a historical perspective 

The uniqueness of mitochondria when compared to other organelles has 

attracted attention from the scientific community since the identification of 

mitochondria in the mid-1950s as the ATP generating organelle in the cell. The first 

protocol for isolating mitochondria was first described in the late 1940s based on 
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differential centrifugations (Hogeboom et al., 1948), leading to a number of discoveries 

that shaped our fundamental knowledge of the functions of mitochondria. However, 

techniques of isolating pure mitochondria free of contaminants (such as chloroplasts) 

from plants were lacking. It was not until Douce and coworkers (1977) first purified 

“contaminant-free” mitochondria from spinach leaves using differential sucrose 

gradients that this problem was resolved. The purity of isolated plant mitochondria was 

further improved when PercollTM and/or PVP gradients were incorporated during the 

purification procedure (Moller et al., 1981; Neuburger et al., 1982; Day et al., 1985a). 

 

However, due to the lack of experimental techniques to obtain protein sequence 

information, analysis of proteins separated by one- and two-dimensional gel 

electrophoresis has been difficult in early experiments. Only a few key mitochondrial 

components in green organs of plants and their corresponding molecular mass were 

determined in early gel-based experiments. These include malate dehydrogenase in 

Brassica napus (Goonewardena and Wilson, 1979), succinate dehydrogenase in 

potatoes (Hattori and Arahi, 1982), α-subunit of ATP synthase in Fava bean (Boutry et 

al., 1983) and glycine decarboxylase complex in pea (Day et al., 1985a). In addition, 

only a few gel-based analyses were carried out on the whole mitochondrial polypeptide 

composition, such as in yeast (Stephenson et al., 1980), human lymphoid cells 

(Anderson, 1981), potato tubers (Rotig and Chauveau, 1987) maize seeds (Diano, 1982), 

etiolated maize shoots (Forde and Leaver, 1980), pea leaves (Remy et al., 1987) and 

various maize organs (Newton and Walbot, 1985), with only a few protein spots/bands 

identified with immunoblotting or evidence-based molecular mass matching. 

 

In the last decade, many mitochondrial proteins resolved from gel 

electrophoresis have been identified as a result of the rapid development of DNA and 

protein sequencing technologies (for example Edman sequencing) and the use of liquid 

chromatography and MS. Furthermore, recent advancements of proteomics and its 

techniques is a direct result of large-scale nucleotide sequencing of expressed sequence 

tag and genomic DNA libraries. Without this large-scale effort, the sequence of a given 

protein could not be readily inferred. Two plant genomes have also been completed to 

high fidelity, notably Arabidopsis (The Arabidopsis Genome Initiative, 2000) and, 

recently, rice (International Rice Genome Sequencing Project, 2005). In addition, the 

sequence information of many mitochondrial proteins is now available in public 
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databases such as NCBI (http://www.ncbi.nlm.nih.gov) and Swiss-Prot 

(http://www.expasy.org/sprot), allowing protein sequences to be easily retrieved or 

deposited. As a consequence, the mitochondrial proteome has now been mapped and 

studied extensively in various model organisms. The soluble and hydrophobic profiles 

from Arabidopsis dark-grown suspension cell culture (Kruft et al., 2001; Millar et al., 

2001b; Brugiere et al., 2004), human SH-SY5Y cells (Scheffler et al., 2001), heart 

(Taylor et al., 2003), rat liver suspension cell culture (Lopez et al., 2000), yeast 

(Sickmann et al., 2003), normal and Texas-cytoplasm maize from unpollinated ears 

(Hochholdinger et al., 2004), Chlamydomonas reinhardtii (van Lis et al., 2003), green 

and non-green pea tissues (Bardel et al., 2002) and non-green rice tissues (Heazlewood 

et al., 2003; Huang et al., 2009). Although 500-1000 protein spots can be resolved from 

dark-grown Arabidopsis cell culture using 2D gel electrophoresis (Kruft et al., 2001; 

Millar et al., 2001b), a protein can often appear as multiple spots due to factors such as 

protein degradation and post-translational modifications. Hence the non-redundant set 

of proteins visualized on these gels is often considerably less than the number of protein 

spots.  

 

More recently, the combination of gel electrophoresis, liquid chromatography-

tandem MS (LC-MS/MS) and bioinformatics has improved the number of non-

redundant mitochondrial proteins identified – a set of 416 and 322 mitochondrial 

proteins with different functions has been defined in Arabidopsis (Heazlewood et al., 

2004) and rice (Huang et al., 2009) respectively, while 851 and 1098 mitochondrial 

proteins were identified in yeast and mouse respectively (Reinders et al., 2006; 

Pagliarini et al., 2008). Most of the proteins identified in Arabidopsis (80%) have 

mitochondrial functions in cellular metabolism, defense and stress tolerance, 

mitochondrial gene expression regulation and transport, although the role of a large 

proportion of proteins (20%) remains unclear (Heazlewood et al., 2004).  

1.4.2 Dynamic nature of the mitochondrial proteome 

Because the state of mitochondria is highly influenced by the developmental and 

environmental cues, the mitochondrial proteome is expected to be dynamically 

regulated to meet physiological and biochemical demands. This is achieved by changing 

the rate of gene expression, protein synthesis and/or protein turnover, which can be 

captured by measuring changes in protein abundance. Another level of regulation is 
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protein activity, controlled by post-translational modification and protein-protein 

interactions. Hence, examining the alterations of these aspects in mitochondria will 

provide insights about the potential regulation of the metabolic networks.  

 

Early reports have documented changes in the mitochondrial protein profiles in 

different plant organs, such as leaves, petioles and roots from spinach (Sahlstrom and 

Ericson, 1984); green and etiolated leaves, root and callus from wheat (Rios et al., 

1991); roots, leaves and flowers from sugar beet (Lind et al., 1991); tubers, shoots and 

callus from potato (Colas des Francs-Small et al., 1992); shoot, scutella, endosperm and 

cob from developing maize (Newton and Walbot, 1985); and green and etiolated leaves, 

epicotyls and roots from pea (Remy et al., 1987). Most of these reports have pointed out 

the differences in the abundance of glycine decarboxylase complex subunits in different 

organs, which were later quantified in pea based on the intensities of the protein spots 

(Humphery-Smith et al., 1992). The abundance of formate dehydrogenase and ATP 

synthase β-subunit in potato tuber and callus was compared using a combination of 2D-

PAGE and immunodetection (Colas des Francs-Small et al., 1992). In a more recent 

report, the pea mitochondrial proteome from leaves, roots and seeds was separated by 

2D-IEF/SDS-PAGE and 433 protein spots were detected, with selected protein spots 

identified by tandem MS (Bardel et al., 2002). Root mitochondria could be 

distinguished from leaf mitochondria by the presence of a distinct set of proteins. For 

example, FDH was detected in seed and root mitochondria but not in the mitochondria 

of dark-grown and green leaves of pea (Bardel et al., 2002). 

  

In mammals, the mitochondrial proteomes from specific organs have been more 

extensively studied. Of the 236 mouse mitochondrial proteins investigated by Mootha et 

al. (2003), only about 40% were detected in all the tissues investigated (brain, heart, 

liver and kidney). However, about 57% of the 236 genes were transcribed into 

detectable amount of mRNA in all four tissues, suggesting the expression of some genes 

was suppressed post-transcriptionally, or proteins were inactivated or degraded post-

translationally (Mootha et al., 2003). In a later report, it was estimated that ~33% of the 

mitochondrial proteins were “specifically” expressed either in rat muscle, heart or liver 

(Forner et al., 2006). The abundance of subunits in the OxPhos apparatus also appeared 

to be altered in different rat organs (Reifschneider et al., 2006). Using the quantitative 

information on the proteomic comparison of rat liver, brain, kidney and heart in 
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mitochondria, the impact of tissue homogeneity on function was assessed by estimating 

the metabolic fluxes of key biochemical pathways based on the abundance of proteins 

that participate in these pathways (Johnson et al., 2007a; Johnson et al., 2007b).  

 

The effects of the mitochondrial proteome subject to different stresses or 

environmental conditions, e.g. oxidative stress, have also been extensively studied. For 

example, in yeast, three small proteins responded differently to elevated temperature 

treatment, but the abundance of the majority of the mitochondrial proteins did not alter 

significantly (Major et al., 2006). Similarly, the mitochondrial proteome did not exhibit 

any significant changes in yeast when grown under low glucose conditions (Ohlmeier et 

al., 2004). Yet, changes in the abundance of transcripts encoding these proteins were 

observed, suggesting gene expression was regulated either post-transcriptionally or 

post-translationally. No significant changes were observed in the heart and kidney 

mitochondrial proteome of ethanol-fed rats, whereas 20 proteins related to alcohol 

detoxification were altered in abundance in liver mitochondria, indicating an organ-

specific response to harmful compounds in rat mitochondria (Shi et al., 2008). Although 

the mitochondrial matrix proteome did not show any differences in air-adapted rice after 

transferring from anoxic condition, the level of assembled complex III and the 

abundance of cytochrome c are significantly higher (Millar et al., 2004). Chilling, 

drought and herbicide treatment in pea causes changes in the abundance of 33 

mitochondrial proteins (Taylor et al., 2004). Notably one third of all the proteins 

identified in the study were photorespiratory enzymes which generally decreased in 

abundance in all treatments, indicating these components are particularly sensitive to 

external stimuli. Comparison of the mitochondrial protein profile in rice embryo tissue 

at 0 or 48 hr after germination or after growth under aerobic and anaerobic conditions 

for 48 h identified a number of protein spots that showed significant differences in 

abundance (Howell et al., 2006; Howell et al., 2007). Finally, of the 37 mitochondrial 

proteins that were identified to be altered in abundance in Arabidopsis cell culture 

exposed to various oxidative stresses, nearly half of them are degradation products 

(Sweetlove et al., 2002). Because the TCA cycle enzymes and respiratory apparatus are 

particularly vulnerable to oxidative damage, it was proposed that a stress-defense 

mechanism is activated such that the rate of turnover of these components was elevated 

to cope with the limitation in synthesizing ATP.  
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1.5 Aims and Approaches 

1.5.1 Aims of the study 

The shoot and the root have been defined as the two principal organ-systems in 

most flowering plants. Different organs developing above the soil, such as stems, leaves 

and flowers, together form the shoot system. The root system includes those parts of the 

plant below the ground, such as the roots, tubers, and rhizomes. The functional roles of 

different plant systems and organs are different: the stems are responsible for mediating 

water and nutrient contents between leaves and roots; leaves are able to trap sunlight, 

thereby allowing various light-induced metabolic pathways to occur; and roots are 

responsible for the absorption, storage and transport of water and nutrients from the soil 

(Purves et al., 1998). Since the roles of different plant systems and organs are different, 

expression of the same set of genes in different cell types should be regulated to meet 

the basic requirements specified by the organs or tissues. The heterogeneity in the 

mitochondrial proteome and its impact on metabolism in different organs has been 

extensively studied in mammalian systems, but so far this type of proteomic analysis is 

lacking in plant mitochondria (see Section 1.4.2). Thus, the two main objectives of this 

project are: 

 

i) To compare the mitochondrial proteome of non-photosynthetic systems 

(cell culture and root) with a photosynthetic system (shoot) using the 

model plant Arabidopsis (Chapter 3); 

ii) To determine the protein composition of mitochondria from several 

major plant organs, namely cell culture (callus), leaves, roots, flowers, 

stems and siliques (Chapter 4). 

 

However, differences in the mitochondrial proteome of photosynthetic and non-

photosynthetic systems observed in (i) could be due to the fundamental differences in 

the system’s physiological functions rather than as a direct consequence of 

photosynthesis and photorespiration. Therefore, the dynamics in the mitochondrial 

proteome in the leaf during the day and night, representing photosynthetic and non-

photosynthetic condition respectively, was considered to be the third objective of this 

project: 
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iii) To characterize the diurnal responses in the leaf mitochondrial proteome 

(Chapter 5). 

1.5.2 Approaches 

In all three objectives, proteins from isolated mitochondria are fractionated by 

2D-differential in-gel electrophoresis (DIGE)-IEF/SDS PAGE, which allows mapping 

and quantification of proteins from two different samples within one gel. This technique 

overcomes problems created by the traditional method in which these samples will be 

compared from different gels which will increase technical variation. Protein spots 

resolved on a gel will be excised and digested with trypsin and their identities were 

revealed using a combination of tandem mass spectrometer (MS/MS) and the Mascot 

search algorithm. Protein and transcript correlation analysis will be done to examine the 

regulation of gene expression. Transcript data will either be obtained experimentally 

using ATH1 GeneChips or bioinformatically from publicly available databases such as 

genevestigator (http://www.genevestigator.ethz.ch). For objective (i) and (iii), 

proteomic data will be complemented with immunodetection, enzyme activity assays 

and oxygen consumption measurements, which serve to confirm the proteomic data or 

extract data that cannot be otherwise detected with 2D-DIGE. Combining all these data 

with past literature, it will be possible to model the metabolic fluxes of key biochemical 

pathways in mitochondria from different organs or at different time points during a 

day/night cycle. 
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2.1 Arabidopsis Growth and Maintenance 

2.1.1 Arabidopsis cell culture 

Arabidopsis cell suspension (ecotype Landsberg erecta) was cultured in growth 

medium (1x Murashige & Skoog medium without vitamins, 3% sucrose, 0.5 mg/l 

naphthaleneacetic acid, 0.05 mg/l kinetin, pH 5.8) at 22oC under constant light (100 

µmolm-2s-1) with orbital shaking at 100-120 rpm. Cultures were maintained in 250 ml 

Erlenmeyer flasks by the inoculation of 20 ml of 7-10 days old cells into 100 ml fresh 

growth medium every seven days. Dark-grown cells used for mitochondrial isolation 

were subcultured from seven-day-old light grown cultures and grown for seven days 

under the same conditions as described for light-grown cell cultures. 

2.1.2 Arabidopsis hydroponic culture 

Conditions for the hydroponic culture were adapted from Schlesier et al. (2003) 

with slight modifications. Approximately 30 mg (150-300 seeds) of wild type 

Arabidopsis thaliana seeds (ecotype Columbia) were surface-sterilized in 70% ethanol 

for 2 minutes followed by 15 minutes incubation in 5% bleach/0.1% Tween 20, 

inverting 5 times every 5 minutes. Seeds were then washed five times with sterilized 

water (SW), and were then carefully dispensed on a stainless steel wire mesh platform 

(mesh size 1 mm; 7 cm x 7 cm x 3 cm) layered previously with 1% sterilized agarose in 

a round plastic vessel (diameter 120 mm, height 140 mm) containing approximately 300 

ml liquid medium ((¼-strength Murashige & Skoog medium without vitamins, ¼-

strength Gamborg B5 vitamins solution, 2 mM MES, 1% [w/v] sucrose, pH 5.8). 

Arabidopsis plants were grown under 16/8 hr light/dark period with a light intensity of 

100-125 µmolm-2s-1 at 22oC over 21 days. Liquid medium was regularly replaced with 

freshly-made medium every seven days. 

2.1.3 Arabidopsis root culture 

Roots from 3-week-old hydroponics culture (Section 2.1.2) were detached and 

pre-washed in root culture medium (0.38% [w/v] Gamborg’s B5 salt with vitamins, 3% 

sucrose, pH 5.8). Roots were then inoculated in 50 ml root culture medium at 22oC for 

6-8 weeks in the dark under constant agitation at 100 rpm. Root culture was maintained 

by subculturing small amount of roots into a new culture flask containing freshly 

prepared sterilized root culture medium. 
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2.1.4 Cultivation of Arabidopsis on soil 

Arabidopsis plants were grown on soil mix containing compost, perlite and 

vermiculite (in ratio of 3:1:1) at 22oC under 16 h light/8 h dark photoperiod with a light 

intensity of 100-125 µmolm-2s-1. To improve germination rate and synchrony, trays 

containing sowed seeds were transferred to a cold (4oC) dark room for 2-3 days for 

stratification.  

2.2 Isolation of Mitochondria 

2.2.1 Arabidopsis cell culture 

Isolation of mitochondria from cell culture was carried out using the method 

modified from Millar et al. (2001b) and Sakamoto et al. (2000). Cells (250 g) were 

incubated at 25oC for 3 hours in ~800ml enzyme buffer (0.4 M mannitol, 36 mM MES, 

0.4% [w/v] cellulase [“Onozuka”, Yakult Pharmaceutical, Tokyo, Japan], 0.05% [w/v] 

Pectolyase [“Y-23”, Kyowa Chemical Products, Osaka, Japan], pH 5.7). Protoplasts 

were harvested by washing twice in enzyme buffer without cellulase and pectolyase at 

800 x g for 5 minutes. Cells were disrupted in extraction buffer (0.45 M mannitol, 50 

mM tetra-sodium pyrophosphate, 0.5% [w/v] PVP, 0.5% [w/v] BSA, 2 mM EGTA, 20 

mM cysteine, pH 8.0) by 5 strokes in a Potter-Elvehjem homogeniser. The homogenate 

was centrifuged at 1500 x g for 5 minutes and the resulting supernatant was then 

centrifuged at 18600 x g for 20 minutes. The pellet of crude organelles was carefully 

resuspended in mannitol wash buffer (0.3 M mannitol, 0.1% [w/v] BSA, and 10 mM 

TES, pH 7.5). Following one stroke in a Potter-Elvehjem homogeniser, the crude 

organellar fraction was gently layered over a 35 ml discontinuous PercollTM density 

gradient consisting of 18% (5 ml) over 23% (25 ml) and 40% (5 ml) PercollTM solution 

in mannitol wash buffer. The gradient was then centrifuged at 40,000 x g for 45 minutes. 

The mitochondrial fraction was seen as an off-white band near the 23%-40% (v/v) 

PercollTM interface. The upper layers of the density gradient were removed and the 

mitochondrial band collected. The transferred mitochondrial band was diluted ~5-fold 

with mannitol wash buffer and centrifuged at 24,000 x g for 10 minutes. The 

mitochondrial-enriched homogenate was collected and PercollTM density centrifugation 

was repeated once as described for the first gradient. The mitochondrial fraction was 

then diluted ~5-fold with sucrose wash buffer without BSA (0.3 M sucrose and 10 mM 

TES, pH 7.5) and centrifuged at 24000 x g for 15 minutes. The wash was further 
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repeated twice to ensure all the PercollTM residues were removed. The resulting fraction 

was stored in sterile eppendorf tubes at -80oC in 500 µg pellet. 

2.2.2 Shoot from hydroponically grown Arabidopsis 

Shoot mitochondria were isolated from 3 week-old hydroponically grown 

Arabidopsis using a method adapted from Day et al. (1985a) with slight modifications. 

Intact plants were removed from sucrose liquid media and shoots were separated away 

from roots. All subsequent steps were carried out on ice in a cold room (4oC) unless 

indicated otherwise. Approximately 300 g of shoot material was homogenized with a 

Polytron blender (at a setting between 3-5; Kinematica, Kriens, Switzerland) in 900 ml 

of cold grinding medium (0.3 M sucrose, 25 mM tetra-sodium pyrophosphate, 1% [w/v] 

PVP-40, 2 mM EDTA, 10 mM KH2PO4, 1% [w/v] BSA, 20 mM ascorbic acid, pH 7.5) 

for 10 sec twice with 5-10 sec intervals between bursts. The homogenate was filtered 

through 4 layers of cheesecloth and centrifuged at 1,500 x g for 5 minutes. The 

supernatant was carefully decanted into new centrifuge tubes and centrifuged at 24,000 

x g for 15 minutes. The organelle pellet was further washed by repeating the 1,500 and 

24,000 x g centrifugation steps twice in sucrose wash buffer (0.3 M sucrose, 0.1% [w/v] 

BSA, and 10 mM TES, pH 7.5). The pellet of crude organelles was carefully 

resuspended in sucrose wash buffer using a clean paintbrush and gently layered over a 

35 ml continuous 28% PercollTM solution blended with a 0% to 4.4% PVP-40 gradient 

in a 50 ml centrifuge tube. The gradient was then centrifuged at 40,000 x g for 45 

minutes. The mitochondrial band was seen as a yellow-greenish band near the bottom of 

the tube. The upper layers of the density gradient were removed and the mitochondrial 

band was collected and transferred into a new 50 ml centrifuge tube using a disposable 

pipette. The mitochondrial fraction was diluted ~5-fold with sucrose wash buffer and 

centrifuged at 24,000 x g for 10 minutes. The washed fraction was further purified with 

PercollTM density centrifugation as described in the first gradient. The resulting 

mitochondrial band was diluted ~5-fold with sucrose wash buffer without BSA and 

centrifuged at 24000 x g for 10 minutes. The wash was repeated twice and the resulting 

pellet was resuspended in ~1 ml of residual supernatant. Isolated mitochondria were 

stored in sterile eppendorf tubes at -80oC as a 500 µg pellet.  
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2.2.3 Dark-grown Arabidopsis hairy root culture 

Root mitochondria were isolated from 6 week-old hairy root culture using a 

method modified from Day et al. (1985a). All steps were carried out on ice in a cold 

room (4oC) unless indicated otherwise. Approximately 50 g fresh weight of roots was 

ground with mortar and pestle in 100 ml of grinding medium (0.3 M sucrose, 25 mM 

tetra-sodium pyrophosphate, 1% [w/v] PVP-40, 2 mM EDTA, 10 mM KH2PO4, 1% 

[w/v] BSA, 20 mM ascorbic acid, pH 7.5, 1 tablet of Complete protease inhibitor 

(Roche, Dee Why, Australia) per 100 ml solution). The homogenate was filtered 

through 4 layers of cheesecloth. The roots were then further homogenized using a 

Polytron blender (at a setting between 3-5; Kinematica, Kriens, Switzerland) in 200 ml 

of cold grinding medium for 10 seconds twice with 5-10 seconds intervals between 

bursts. The resulting homogenate was filtered through 4 layers of cheesecloth and 

centrifuged at 1,500 x g for 5 minutes. The supernatant was carefully decanted into new 

centrifuge tubes and centrifuged at 24,000 x g for 15 minutes. The organelle pellet was 

further washed by repeating the 1,500 and 24,000 x g centrifugation steps once in 

sucrose wash buffer. The pellet of crude organelles was carefully resuspended in 

sucrose wash buffer and gently layered over a 35 ml continuous 28% PercollTM solution 

blended with a 0% to 4.4% PVP-40 gradient in a 50 ml centrifuge tube. The gradient 

was then centrifuged at 40,000 x g for 45 minutes. The mitochondrial band was seen as 

a light-brownish band near the bottom of the tube. The upper layers of the density 

gradient were removed and the mitochondrial band was collected and transferred into a 

new 50 ml centrifuge tube using a disposable pipette. The mitochondrial fraction was 

diluted ~5-fold with sucrose wash buffer and centrifuged at 24,000 x g for 10 minutes. 

The washed fraction was further purified with PercollTM density centrifugation as 

described in the first gradient. The resulting mitochondrial band was diluted ~5-fold 

with sucrose wash buffer without BSA and centrifuged at 24000 x g for 10 minutes. The 

wash was repeated twice and the resulting pellet was resuspended in ~1 ml of residual 

supernatant. Isolated mitochondria were stored in sterile eppendorf tubes at -80oC as a 

500 µg pellet.  

2.2.4 Free flow electrophoresis 

To further purify mitochondria from other contaminating organelles, free flow 

electrophoresis (FFE) was performed after the second PercollTM gradient.  Prior to FFE, 

the enriched mitochondrial fraction was washed 3 times with FFE separation medium 
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(10 mM acetic acid, 10 mM triethanol amine, 1 mM EDTA, 280 mM sucrose) to 

remove PercollTM. FFE was conducted using the BD Free Flow Electrophoresis system 

(BD Australia, North Ryde, Australia) with a separation chamber height of 0.5mm. 

Separation medium (10 mM acetic acid, 10 mM triethanol amine, 1 mM EDTA, 280 

mM sucrose: inlets 2 – 6) and counterflow medium (same composition) as well as 

electrode stabilization media (100 mM acetic acid, 100 mM triethanol amine, 10 mM 

EDTA, 200 mM sucrose) were injected into the separation chamber at a speed of 200 

ml/h. The temperature of the separation chamber was constantly maintained at 5ºC. 

Media for anode and cathode circuit consisted of 100 mM acetic acid, 100 mM 

triethanol amine and 10 mM EDTA. A voltage of 600 V was applied which resulted in 

current of ~103 mA. Before the FFE run, the sample (~10 µg protein/µl) was subjected 

to 1 stroke in a Potter Elvehjem homogenisator. Sample injection speed was 2000 µl/h – 

3000 µl/h depending on the sample yield and the degree of contamination.  

2.2.5 Isolation of mitochondria from small quantities of plant 
material 

Mitochondria from flowers, stems and siliques from soil-grown plants, and roots 

from hydroponic cultures were isolated using a method described previously (Howell et 

al., 2006) with slight modifications. Briefly, plant materials were ground with a pre-

cooled mortar and pestle in 10 ml of grinding medium (0.45 M mannitol, 50 mM tetra-

sodium pyrophosphate, 0.5% (w/v) PVP, 0.5% (w/v) BSA, 2 mM EGTA, 20 mM 

cysteine, pH 8.0, 1 tablet of Complete protease inhibitor (Roche, Dee Why, Australia) 

per 100 ml). The mixture of medium and plant material was then further homogenized 

using a Polytron blender (Kinematica, Kriens, Switzerland). The resulting homogenate 

was centrifuged at 1,500 x g for 5 minutes. The supernatant of crude organelles was 

carefully was gently layered over a 7 ml discontinuous PercollTM density gradient 

consisting of 18% (2 ml) over 23% (3 ml) and 40% (2 ml) PercollTM solution in 

mannitol wash buffer. The gradient was then centrifuged at 40,000 x g for 45 minutes. 

The mitochondrial band was seen as a brownish band at the 23%-40% interface. The 

mitochondrial fraction was collected using a flat-bottomed needle and transferred into a 

new 10 ml centrifuge tube. The mitochondrial fraction was diluted in sucrose wash 

buffer without BSA and centrifuged at 24,000 x g for 10 minutes. The pellet was then 

transferred to a 2 ml eppendorf tube, diluted in sucrose wash buffer without BSA and 
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centrifuged at 24000 x g for 10 minutes. The resulting pellet was resuspended in ~50-

100 µl of residual supernatant and stored at -80oC. 

2.3 Protein quantification, separation and detection 

2.3.1 Protein quantification 

Total protein concentration in mitochondrial-enriched fractions was estimated 

according to Bradford (1976), using the Coomassie® Plus Protein Assay Reagent 

(Pierce, Rockford, USA). 500 µl of Coomassie® Plus Protein Assay Reagent and 500 µl 

SW were mixed in a plastic cuvette. This mixture was used to zero a spectrophotometer 

measuring absorbance at 595 nm. A one to five microlitre aliquot of resuspended 

sample was then added to the cuvette and mixed by pipetting. The absorbance at 595 

nm was measured and recorded on a UVmini-1240 UV-VIS Spectrophotometer 

(Shimadzu Scientific Instruments, Sydney, Australia) and the corresponding protein 

content estimated from a standard curve generated using BSA standards.  

2.3.2 One-dimensional SDS polyacrylamide gel electrophoresis (1D-
SDS-PAGE) 

SDS-PAGE was performed according to the protocol of Laemmli (1970). 

Protein samples were resuspended in 2x sample buffer (125 mM Tris-HCl pH 6.8, 4% 

(w/v) SDS, 20% (v/v) glycerol, 0.004% (w/v) bromophenolblue, 20% (v/v) β-

mercaptoethanol) and immediately heated at 95oC for 2 minutes. Samples were loaded 

onto either a Biorad Criterion (Bio-Rad Laboratories, Gladesville) precast gel (10–20% 

(w/v) acrylamide) or a large Biorad Protean II (Bio-Rad Laboratories, Gladesville) 1 

mm x 16 cm x 11 cm polyacrylamide gel consisting of a stacking gel (0.1% (w/v) SDS, 

4% acrylamide:bis-acrylamide (33:1), 0.05% (w/v) ammonium persulfate, 0.05% (v/v) 

TEMED, 125 mM Tris-HCl pH 6.8) and a separating gel (0.1% (w/v) SDS, 12% 

acrylamide:bis-acrylamide (33:1), 0.25% (w/v) ammonium persulfate, 0.5% (v/v) 

TEMED, 375 mM Tris-HCl pH 8.8). The upper and lower tank reservoirs were filled 

with running buffer (200 mM glycine, 1% (w/v) SDS, 25 mM Tris-HCl, pH 8.6). Gels 

were run at a constant current of 20 mA per Biorad Criterion precast gel for 3 hours, or 

25 mA per large Protean II gel for 5 hours, until the dye front reached the end of the gel. 
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2.3.3 Isoelectric focusing (IEF)/SDS-PAGE 

Soluble mitochondria protein samples (500 µg) were extracted by the addition of 

acetone to a final concentration of 80% (v/v), and samples were stored at -20°C 

overnight or -80°C for 2 hours. Mitochondrial proteins were collected by centrifugation 

at 20,000 x g for 15 minutes. The pellets were resuspended in 450 µl IEF rehydration 

solution (8 M urea, 2% (w/v) CHAPS, 0.5% (v/v) IPG-buffer pI 3-10, 18 mM DTT, 

small amount of bromophenolblue) and subjected to centrifugation at 20,000 x g for 15 

minutes to remove any insoluble material. Each sample was loaded on to a IPGphor 

ceramic strip holder (GE Healthcare, Sydney, Australia). A 24 cm, pI 3-10 nonlinear 

immobilized pH gradient strip (GE Healthcare, Sydney, Australia) was then placed into 

the strip holder with gel side down. The strip holder was covered with 1 ml of mineral 

oil (Immobiline DryStrip Cover Fluid; GE Healthcare, Sydney, Australia). Rehydration 

and isoelectric focusing of proteins was carried out using the IPGphor 3 (GE Healthcare, 

Sydney, Australia) with the following phases: (1) 30 V for 12 hours; (2) 500 V for 1 

hour; (3) 1 hour gradient up to 1000 V; (4) 2 hours gradient up to 3000 V; (5) 2 hours 

gradient reaching 8000 V; (5) 8000 V for 6 hours. Current and power were limited to 50 

µA and 5 W respectively. 

 
Following isoelectric focusing, excess oil on the immobilized pH gradient strips 

was removed, and each strip was equilibrated in equilibration solution (6 M urea, 50 

mM Tris-HCl pH 8.8, 2% glycerol, small amount of bromophenolblue added) 

containing 65 mM DTT for 15 minutes at room temperature with gentle rocking. The 

equilibration step was repeated once with 135 mM iodoacetamide added to the 

equilibration solution. The equilibrated strips were then quickly rinsed in 1.5 M Tris-

HCl (pH 8.8) containing 1% SDS, and were positioned above a 12% separating gel (25 

cm x 18 cm x 1 cm; 0.1% (w/v) SDS, 12% acrylamide:bis-acrylamide (33:1), 0.25% 

(w/v) ammonium persulfate, 1% (v/v) TEMED, 375 mM Tris-HCl pH 8.8). Strips were 

overlaid with overlay solution (375 mM Tris-HCl (pH 8.8), 0.1% (w/v) SDS, 0.5% (w/v) 

agarose, small amount of bromophenolblue added). Gels were assembled and 

underwent electrophoresis in the Ettan DALTsix gel tank (GE Healthcare, Sydney, 

Australia) containing running buffer. Gel electrophoresis was performed at 45 mA for 

5-6 hours. The temperature was maintained at 10oC by a refrigerated MultiTemp™ II 

Thermostatic Circulator (GE Healthcare, Sydney, Australia).  
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2.3.4 Blue native (BN)/SDS-PAGE 

BN/SDS-PAGE was performed as previously described in Schagger (2000). 

Mitochondrial proteins (1 mg) were resuspended in 100 µl solubilization buffer (30 mM 

HEPES (pH 7.4), 150mM potassium acetate, 10% glycerol, 5% (w/v) digitonin). 

Samples were incubated at 4oC for 20 minutes and then centrifuged at 20,000 x g for 15 

minutes to remove unsolubilized material. The supernatant was mixed with 5 µl (w/v) 

5% Coomassie Blue solution (750 mM ε-amino caproic acid, 5% (w/v) Coomassie 250 

G) and the mixture was immediately loaded on to a  1.5 mm thick polyacrylamide gel 

consisting of a stacking gel (0.25 M ε-amino caproic acid, 25 mM Bis-Tris-HCl pH 7.0, 

4% (w/v) acrylamide:bis-acrylamide (33:1), 0.05% (w/v) ammonium persulfate, 0.05% 

(v/v) TEMED) and a separating gradient gel (0.25 M ε-amino caproic acid, 25 mM Bis-

Tris-HCl pH 7.0, 4.5-16% (w/v) acrylamide:bis-acrylamide (33:1), 0-18% (v/v) glycerol, 

0.05% (w/v) ammonium persulfate, 0.05% (v/v) TEMED). The upper and lower gel 

tanks were filled with pre-chilled cathode buffer (50 mM Tricine, 15 mM Bis-Tris, 

0.02% (w/v) Coomassie 250G, pH 7.0) and anode buffer (300 mM Bis-Tris-HCl, pH 

7.0) respectively. Electrophoresis was carried out at 4oC using the following phases: (1) 

constant voltage of 100 V for 45 minutes, (2) constant current at 15 mA for 10-12 hours, 

voltage is limited to 500 V. 

  

Following Blue-Native separation, the protein lane of interest was cut, incubated 

in 1 % (w/v) SDS and 1 % (w/v) β-mercaptoethanol for 30 minutes and washed in 

distilled water for 60 seconds. The lanes were placed near the top of the smaller plate 

and the plates were assembled for casting of the second dimension. The second 

dimesion consisted of a separating gel (1 M Tris-HCl pH 8.45, 0.1% (w/v) SDS, 11% 

(v/v) glycerol, 16% (w/v) acrylamide:bis-acrylamide (33:1), 0.03% (w/v) ammonium 

persulfate, 0.03% (v/v) TEMED), a spacer gel (1 M Tris-HCl pH 8.45, 0.1% (w/v) SDS, 

10% (w/v) acrylamide:bis-acrylamide (33:1), 0.03% (w/v) ammonium persulfate, 

0.03% (v/v) TEMED) and a sample stacking gel (0.5 M ε-amino caproic acid, 50 mM 

Bis-Tris-HCl pH 7.0, 10% acrylamide:bis-acrylamide (33:1), 10% (w/v) glycerol, 0.1% 

(w/v) SDS, 0.085% (w/v) ammonium persulfate, 0.085% [v/v] TEMED). The upper and 

lower gel tank reservoirs were filled with tricine cathode buffer (0.1 M Tris, 0.1 M 

tricine, 0.1 % (w/v) SDS) and tricine anode buffer (0.1 M Tris-HCl, pH 8.9) 
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respectively. Gels were run at 30mA per gel with a voltage limit of 500 V for 15-17 

hours or until the dye front reached the bottom of the gel.  

2.3.5 Differential in-gel electrophoresis (DIGE) 

For samples to be separated by IEF/SDS-PAGE, 50 µg of mitochondrial proteins 

were acetone extracted by the addition of acetone to a final concentration of 80% (v/v). 

Samples were stored at -20°C overnight. The pellets containing mitochondrial proteins 

were collected by centrifugation at 20,000 x g for 15 minutes. Each sample was then 

solubilized in 10 µl lysis buffer (8 M urea, 4% (w/v) CHAPS, 40 mM Tris base, pH 8.5) 

and subjected to centrifugation at 20,000 x g for 15 minutes to remove any insoluble 

material. Each sample was labeled with 1 µl of 400 µoml weight- and pI-matched 

fluorescent dyes Cy2, Cy3 or Cy5 (GE Healthcare, Sydney, Australia) on ice in the dark. 

After 30 minutes, the labeling reaction was stopped by the addition of 1 µl of a 10 mM 

lysine solution. 12 µl of lysis buffer with DTT (8 M urea, 4% (w/v) CHAPS, 22 mM 

DTT, 40 mM Tris base, pH 8.5) were added to each sample. And all the samples were 

combined, and IEF rehydration solution was added to give a final volume of 450 µl. All 

subsequent electrophoretic steps were then carried out as described in Section 2.2.3. The 

gel apparatus was protected from light during electrophoresis to prevent bleaching of 

the fluorophor. 

 

For samples to be separated by BN/SDS-PAGE, 50 µg of proteins were 

resuspended in 5 µl blue-native solubilization buffer and incubated at 4oC for 20 

minutes. Each sample was labeled with 1 µl of 400 nmol weight- and pI-matched 

fluorescent dyes Cy2, Cy3 or Cy5 (GE Healthcare, Sydney, Australia) on ice in the dark 

for 30 minutes. The labeling reaction was stopped by the addition of 1 µl of a 10 mM 

lysine solution. All the samples were combined, mixed with 1 µl 5% (w/v) Coomassie 

Blue solution and loaded onto the gel. Electrophoresis was carried out as previously 

described in Section 2.3.4. The gel apparatus was protected from light during 

electrophoresis to prevent bleaching of the fluorophor.  

 

Fluorescent protein spots were visualized on a TyphoonTM laser scanner (GE 

Healthcare, Sydney, Australia) at 100-micron resolution using the appropriate excitation 

wavelengths: 488 nm for Cy2, 532 nm for Cy3 and 633 nm for Cy5. Image comparison 

was performed using the DeCyder software package (version 6.5, GE Healthcare, 
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Sydney, Australia). Sets of gels were first analyzed using the differential in-gel analysis 

mode of the DeCyder (GE Healthcare, Sydney, Australia) software package prior to a 

comprehensive biological variance analysis including all gel sets with the same software. 

Gel spots were filtered according to their presence (usually a protein spot had to present 

in all gel images), average ratio in abundance change at least greater than 1.5, and 

Student’s t test value and/or one-way ANOVA value (p < 0.05). Gel pictures were 

electronically overlaid using the Image QuantTLTM software v5 (GE Healthcare, 

Sydney, Australia).  

2.3.6 Western blotting and immunodetection 

Proteins were transferred from polyacrylamide gels to onto HybondTM-C extra 

nitrocellulose blotting membrane (GE Healthcare, Sydney, Australia) using a Hoefer 

Semiphor semi-dry blotting unit (GE Healthcare, Sydney, Australia). Following SDS-

PAGE, the gel was incubated in transfer buffer (40 mM glycine, 50 mM Tris, 0.04% 

[w/v] SDS, 20% [v/v] methanol) for 1 hour with gentle agitation. Ten pieces of 

Whatman paper and a membrane cut to the same size as the gel were also soaked in 

transfer buffer for at least 10 minutes. The transfer set up was 5 pieces of Whatman 

paper stacked onto the anode, followed by the membrane, gel, and the remaining 5 

pieces of Whatman paper. Transfer was performed for 90 minutes at a constant current 

of 0.8 mA/cm2. Efficiency of transfer was inspected by staining the membrane with 

Ponceau S stain (0.2% (w/v) Ponceau S, 1% (v/v) acetic acid) and subsequently 

destained by rinsing in TBS-Tween (0.15 M NaCl, 10 mM Tris-HCl, pH 7.4, 0.1% [v/v] 

Tween-20). The membrane was either used immediately for immunodetection or air-

dried and stored at 4oC until use. 

 
Following western blotting, the membrane was incubated in 1% (w/v) blocking 

solution (Roche, Dee Why, Australia) for 1 hour with gentle rocking. After blocking, 

the membrane was rinsed once in TBS-Tween for 5 minutes, and then incubated in 

primary antibody solution diluted in TBS-Tween for 1 hour with gentle rocking. The 

membrane was washed by three quick rinses, a 15 minute and two 5 minute washes 

with TBS-Tween. The washed membrane was then incubated in a horseradish 

peroxidase-conjugated secondary antibody (1:15000 dilution in TBS-Tween) for 1 hour 

with gentle rocking. The membrane was washed as described previously and incubated 

for a few minutes with detection solution prepared either from the BM 
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Chemiluminescence Blotting Substrate (POD) Kit (Roche, Dee Why, Australia) or  the 

Amersham ECLTM Western Blotting System (GE Healthcare, Sydney, Australia). 

Signals on the membrane were detected using the Image QuantTM RT ECLTM system. 

The intensities of the chemiluminescence signals were quantified using Image 

QuantTLTM software 7 (GE Healthcare, Sydney, Australia). 

2.3.7 Protein visualization by coomassie staining 

Gels were stained with colloidal Coomassie (0.96% (w/v) phosphoric acid, 8% 

(w/v) ammonium sulphate, 0.08% (w/v) Commassie G250, 20% (v/v) methanol) 

overnight on a rocker at room temperature. Alternatively, gels could be fixed with a 

fixing solution (40% (v/v) methanol and 10% (v/v) acetic acid) for at least 30 minutes 

before staining. Proteins were visualized after destaining with 0.5% (v/v) phosphoric 

acid.  

2.4 Identification of protein spots by tandem mass 
spectrometry 

2.4.1 Peptide extraction by in-gel digestion 

In-gel digestion of the selected gel spots was performed according to 

Shevchenko et al. (1996). Protein spots of interest were excised from gels and placed in 

wells of a 96-well microtitre plate. Approximately 50 µl of destaining solution (50% 

(v/v) acetonitrile, 25 mM NH4HCO3) was added to samples and incubated for 45 

minutes while shaking at 800 rpm on a orbital shaker. The destaining solution was 

removed, replenished and incubated as in the previous step. Destained gel slices were 

dried at 50°C for 20 minutes and then digested at 37°C overnight after the addition of 

15 µl digestion solution (12.5 µg/ml trypsin, 25 mM NH4HCO3). After the overnight 

incubation, 15 µl of acetonitrile were added to each of the gel slices followed by a 15 

minutes incubation. The resulting supernatant was removed from the gel slice and was 

stored in a sterile microfuge tube or 96-well microtitre plate. Peptide extraction buffer 

(15 µl; 50% (v/v) acetonitrile, 5% (v/v) formic acid) was then added to the gel slice and 

incubated for 15 minutes with shaking at 800 rpm. The resulting supernatant was 

removed from the gel slice and was stored in the microfuge tube or 96-well microtitre 

plate. Peptide extraction from the gel slice with peptide extraction buffer was repeated 

once. The supernatant was then dried in a SpeedVac (Labconco, Kansas City, MO, USA) 
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for 1 h. Peptides were resuspended in 16 µl of 0.1X peptide extraction buffer for 

analysis by mass spectrometry (Section 2.4.2). 

2.4.2 Tandem mass spectrometry and identification of protein spots 

2.4.2.1 Liquid chromatography (LC)-electrospray-ionization (ESI)-IonTRAP 

Samples were resuspended in 5% [v/v] acetonitrile and 0.01% [v/v] formic acid. 

Peptides were loaded onto self packed Microsorb (Varian Inc., Mulgrave, Australia) 

C18 (5μm, 100Å) reverse phase columns (0.5 x 50 mm) using an Agilent Technologies 

(Forest Hill, Australia) 1100 series capillary liquid chromatography system and eluted 

into a XCT Ultra IonTrap mass spectrometer (Agilent Technologies, Forest Hill, 

Australia) with an ESI source equipped with a low flow nebuliser in positive mode and 

controlled by Chemstation (Agilent Technologies, Forest Hill, Australia) and MSD Trap 

Control version 6.0 (Build 38.15) software (Bruker Daltonics, Preston, Australia). 

Peptides were eluted from the C18 reverse phase column at 10 μl per minute using a 9 

minute acetonitrile gradient (5 – 80% [v/v]) in 0.1% [v/v] formic acid at a regulated 

temperature of 50°C. The method used for initial ion detection utilized a mass range of 

200 – 1400 m/z with scan mode set to Standard (8100 m/z per sec) and Ion Charge 

Control (ICC) conditions set at 250000 and 3 averages taken per scan. Smart mode 

parameter settings were employed using a target of 800 m/z, a Compound Stability 

factor of 90%, a Trap Drive Level of 80% and Optimize set to Normal. Ions were 

selected for MS/MS after reaching an intensity of 80000 cps and two precursor ions 

were selected from the initial MS scan. MS/MS conditions employed SmartFrag for ion 

fragmentation, a scan range of 70 - 2200 m/z using an average of 3 scans, the exclusion 

of singly charged ions option and ICC conditions set to 200000 in Ultra scan mode 

(26000 m/z per sec). Resulting MS/MS spectra were exported from the DataAnalysis 

for LC/MSD Trap version 3.3 (Build 149) software package (Bruker Daltonics, Preston, 

Australia) using default parameters for AutoMS(n) and compound export. 

 

Results were queried against an in-house Arabidopsis database comprising 

ATH1.pep (release 8) from The Arabidopsis Information Resource (TAIR) and the 

Arabidopsis mitochondrial and plastid protein sets (combined database containining a 

total of 30700 protein sequences with 12656682 residues) using the Mascot search 

engine version 2.1.04 and utilizing error tolerances of ± 1.2 Da for MS and ± 0.6 Da for 



Chapter 2. Materials and Methods 
 

44 

MS/MS, ‘Max Missed Cleavages’ set to 1, with variable modifications of Oxidation (M) 

and Carboxymethyl (C) or Carbamidomethyl (C), instrument set to ESI-TRAP and 

peptide charge set at 2+ and 3+. ATH1.pep is a non-redundant database with 

systematically named protein sequences based on Arabidopsis genome sequencing and 

annotation. Results were filtered using ‘Standard scoring＇, ‘Max. number of hits’ set 

to “AUTO” and ‘Ions score cut-off’ at 27 (see Section 2.4.2.3 for why this cut-off was 

used).  

2.4.2.2 Matrix-assisted laser desorption/ionization (MALDI)-time-of-flight (TOF)-

TOF MS/MS 

Samples were resuspended in TA solution (acetonitrile: 0.1% (v/v) trifloroacetic 

acid (1:2)) and an equal volume of TA containing saturating concentration of α-cyano-

4-hydroxycinnamic was added. The mixture was spotted and dried on a polished 

stainless steel target plate (Bruker Daltonics). MALDI-TOF-TOF MS/MS data were 

collected using an Ultraflex III TOF/TOF (Bruker Daltonics, Preston, Australia) 

equipped with a LIFT-MS/MS component controlled by the FlexControl software 

package (version 3.0 Build 173).  Calibration of the instrument was performed using 

Peptide Calibration Standard II (Bruker Daltonics, Preston, Australia) over the mass 

range of 700-4000 Da. In the MS mode, the peptide mass fingerprint (PMF) of a sample 

was obtained by positive reflector mode with accelerating voltage limited to 29.5 kV. 

Following MS acquisition, each spectrum was automatically submitted to the Biotools 

software package (version 3.1 Build 2.22; Bruker Daltonics, Preston, Australia) for 

PMF search in Mascot. For samples that were identified by PMF, a maximum of 10 

precursor ions were selected for further analysis in LIFT-MS/MS mode. The 

accelerating voltage of the collision cell (ion source 1) and the LIFT cell were limited to 

8 kV and 19 kV respectively, allowing masses to be analyzed in the reflector with high 

sensitivity. For each MS/MS spectrum, 250 laser shots were recorded for the parent 

signal and 800 laser shots were recorded for the fragment signal. The MS and MS/MS 

spectra were automatically processed by smoothing, baseline subtraction, noise filtering 

and peak assignment in the FlexAnalysis software (version 3.0 Build 92; Bruker 

Daltonics, Preston, Australia). Following MS/MS acquisition, the combined PMF and 

MS/MS spectra were automatically submitted to the Mascot search engine by Biotools 

for protein identification. Criteria for protein identification include: error tolerances of ± 

0.5 Da for MS and ± 0.5 Da for MS/MS, ‘Max Missed Cleavages’ set to 1, with variable 
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modifications of Oxidation (M) and Carbamidomethyl (C), instrument set to MALDI-

TOF-TOF and peptide charge set at 1+. Results were filtered using ‘Standard scoring’, 

‘Max. number of hits’ set to “AUTO” and ‘Ions score cut-off’ at 27 (see Section 2.4.2.3 

for why this cut-off was used).  

2.4.2.3 Validation of protein matches by bioinformatics and statistical strategies 

A protein match was automatically validated only when at least two unique 

peptides both showing an ion score higher than 38 (Mascot defined significance 

threshold p≤0.05) were present. For proteins identified by a significant peptide having a 

score above the significance threshold, only the spectrum of the significant peptide was 

thoroughly inspected to fulfil the criteria before accepting as a match: (i) each peak 

corresponding to a fragmented ion was clearly above base-line background noise, (ii) a 

series of at least four continuous y or b ions were observed, (iii) peptides did not match 

to any sequences in trypsin or any commonly known contaminants. For proteins 

identified only by multiple peptides with each ion scored above the homology threshold 

(usually between 27 and 37), every single MS/MS spectrum was thoroughly checked. 

When all the criteria were met, the final protein score must have exceeded 37 or the 

match was be rejected. In order to estimate the false-positive rate (FPR) of our protein 

identification strategy, a single concatenated mgf file generated by MASCAT (Agilent 

Technologies) comprised of all the MS/MS output data was then used to search against 

TAIR8 (target), reversed (decoy) and randomized TAIR8 (decoy) Arabidopsis database 

using the above search strategy. The false-positive rate in target-decoy searches was 

found to be 3-4% for peptides with ion scores >27 (Figure 2.1), which was calculated 

using the equation described previously (Elias and Gygi, 2007). 

 

When peptides were matched to multiple members of a protein family encoded 

by different Arabidopsis genes, each protein match was manually inspected to identify 

the peptide(s) that uniquely assigned to one gene product but not to the others. Protein 

isoforms that were identified by the same set of peptides are both assigned as protein 

matches. When proteins of different families were identified in a gel spot, a reference 

map of the Arabidopsis mitochondrial proteome was used to identify the most probable 

match, taking into account the number of peptides with ion scores >38 and the quality 

of the delta mass for each peptide. For protein matches with only one unique peptide, 

the peptide sequence was searched against the non-redundant protein database in NCBI 
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BLASTP (taxonomy was limited to Arabidopsis) to ensure no other proteins share 

exactly the same peptide sequence. 
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Figure 2.1. Distribution of false-positive rate for different Mascot ion score threshold. FPR 
is determined by searching a concatenated mgf file containing all the MS/MS spectra from 189 
protein spots (see Chapter 3) against a forward and decoy Arabidopsis TAIR8 database in 
Mascot using different peptide cut-off scores.  

2.5 Enzyme activity assays and respiratory measurements 

2.5.1 Enzyme assays 

All enzyme assays were carried out at 25oC using a U2810 spectrophotometer 

(Hitachi, Pleasanton, USA) and UV Solution (Build 414; Hitachi, Pleasanton, USA), 

unless otherwise stated. 

2.5.1.1 Pyruvate dehydrogenase (PDH)complex 

PDH activity was measured according to Taylor et al. (2004). The enzyme 

activity was monitored spectrophotometrically at 340 nm using the following mixture: 

70 mM Tris-HCl pH 7.5, 20 mM cysteine, 0.05% (v/v) Triton X-100, 120 µM CoA, 2 

mM MgCl2, 200 µM TPP and 2 mM NAD+. The reaction was initiated by the addition 

of 1 mM pyruvate and 50-100 µg of mitochondrial protein.  

2.5.1.2 2-oxoglutarate dehydrogenase (OGDC) complex  

OGDC activity was meaured using the method described previously (Taylor et 

al., 2004). The enzyme activity was measured spectrophotometrically at 340 nm using 

the following mixture: 70 mM Tris-HCl pH 7.0, 20 mM cysteine, 0.05% (v/v) Triton X-

100, 120 µM CoA, 2 mM MgCl2, 200 µM TPP, 500 µM AMP and 2 mM NAD+. The 
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reaction was initiated by the addition of 1 mM 2-oxoglutarate and 50-100 µg of 

mitochondrial protein. 

2.5.1.3 Formate dehydrogenase (FDH) 

FDH activity was measured as described by Oliver (1981). Mitochondria (100 

µg) were added to the reaction mixture containing 20 mM HEPES (pH 7.6), 0.1% (v/v) 

triton X-100 and 1 mM NAD+. The reaction was initiated by the addition of 15 mM 

sodium formate and the NAD+ reduction was followed at 340 nm. 

2.5.1.4 NAD-malic enzyme 

The activity of NAD-malic enzyme was measured according to Jenner et al. 

(2001). The enzyme activity was measured spectrophotometrically at 340 nm using the 

following mixture: 70 mM HEPES-NaOH pH 6.7, 0.05% (v/v) Triton X-100, 60 µM 

CoA, 20 mM MnCl2, 5 mM DTT, 2 mM NAD+, 25 µM NADH and 0.1 mM KCN. The 

reaction was initiated by the addition of 2.5 mM malate and 50-100 µg of mitochondrial 

protein. 

2.5.1.5 Fumarase 

Fumarase was assayed as described by Hatch (1978). The enzyme activity was 

measured spectrophotometrically at 240 nm using the following mixture: 70 mM 

KH2PO4-NaOH pH 7.7 and 0.05% (v/v) Triton X-100. The reaction was initiated by the 

addition of 50 mM malate and 50-100 µg of mitochondrial protein. 

2.5.1.6 Glutamate dehydrogenase (GDH) 

The amination and deamination activity of GDH at A340 was measured 

according to Turano et al. (1996). The reaction mixture for the amination assay 

contained 100 mM Tris-HCl pH 8.0, 50 mM (NH4)2SO4, 0.25 mM NADH, 1 mM CaCl2. 

The reaction mixture for the deamination assay contained 100 mM Tris-HCl pH 9.3, 

0.05% (v/v) Triton X-100, 0.25 mM NAD and 1 mM CaCl2. The amination and 

deamination activities of GDH were measured at the change in absorbance at A340 at 

30oC after the addition of 13 mM 2-oxoglutarate and 35 mM glutamate, respectively. 

2.5.1.7 Aconitase 

Aconitase was assayed using a modification of the method of MacDougall and 

ap Rees (1991). The rate of change in A340 was monitored in the following mixture: 80 
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mm HEPES-NaOH (pH 7.5), 0.5 mM NADP, 0.5 mM MnCl2, 2 units NADP-isocitrate 

dehydrogenase, and 0.05% (v/v) Triton X-100. The reaction was initiated by the 

addition of 8 mM aconitate.  

2.5.1.8 Malate dehydrogenase (MDH) 

The activity of malate dehydrogenase was measured by following NADH 

oxidation to NAD+ at 340 nm. The assay was carried out using the following reaction 

mixture: 90 mM KH2PO4-KOH (pH 7.4), 0.05% (v/v) Triton X-100, 5 mM MgCl2, 2 

µM NADH. The reaction was initiated by the addition of OAA to the final 

concentration of 750 µM.  

2.5.1.9 Citrate synthase 

The activity of citrate synthase was measured by following APAD reduction to 

APADH at 365nm by citrate synthase-dependent MDH reaction. The assay was carried 

out using the following reaction mixture: 90 mM triethanolamine-KOH (pH 8.5), 0.05% 

(v/v) Triton X-100, 10 mM malate, 20 µM APAD and 2 units malate dehydrogenase. 

The reaction equilibrated at room temperature for 15 minutes, and citrate synthase 

activity was measured after the addition of 17 µM acetyl-CoA. 

2.5.1.10 Isocitrate dehydrogenase (IDH) 

IDH was assayed by monitoring the rate of change in A340 following the 

reduction of NAD in the reaction mixture containing 50 mM Tris-acetate (pH 7.2), 

0.05% (v/v) Triton X-100, 2 mM NAD, 20 mM MnCl2, 50-100 µg of mitochondrial 

protein and 20 mM isocitrate.  

2.5.1.11 Succinyl-CoA ligase 

The succinyl-CoA ligase assay was carried out based on the method described 

by Studart-Guimaraes et al. (2005). The assay is based on the principle that ATP 

produced by the enzyme would be used to drive NAD reduction in the enzymatic cycle 

between glycerol-3-phosphate oxidase and glycerol-3-phosphate dehydrogenase. 

Mitochondria (100 µg) were incubated in 100 µl of reaction medium (100 mM 

tricine/KOH (pH8.0), 10 mM MgCl2, 100 µM EDTA, 1 U ml-1 glycerokinase, 10 mM 

phosphate, 2.5 mM ADP, 100 µM 5',5' diadenosinpentaphosphate, 120 mM glycerol 

and 100 µM succinyl-CoA) for 10 minutes. The reaction was stopped by the addition of 

50 µl of 1 M HCl, and the mixture was neutralized with 50 µl of 1 M NaOH. The 
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reaction mixture was heated at 95oC for 20 minutes to destroy the remaining 5',5'-

diadenosinpentaphosphate. Following cooling on ice for 5 minutes, the rate of glycerol-

3-phosphate turnover was measured by mixing the reaction mixture with 100µl of 

medium containing 100mM tricine-KOH (pH 8.0), 2.25 mM MgCl2, 1.5 mM NADH, 

2.7 U ml-1 glycerol-3-phosphate oxidase, 1.1 Uml-1 glycerol-3-phosphate 

dehydrogenase. The absorbance at 340 nm and at 30oC was read using POLARstar 

Optima (BMG Labtech, Mornington, Australia) implemented with software that 

allowed automated analysis. 

2.5.1.12 O-acetylserine (thiol-)lyase 

O-acetylserine (thiol-)lyase (cysteine synthase) activity was measured according 

to the method described by Kuske et al. (1994). The reaction mixture (100 mM Tris-

HCl pH 7.6, 20 mM O-acetylserine, 1 mM Na2S) was preincubated at 34oC for 2 

minutes. The reaction was started with the addition of 100 µg protein to 1 ml of reaction 

mixture. Samples were incubated at 34oC for 10 minutes, and the reaction stopped by 

addition of 200 µl of 1.5 M trichloroacetic acid. Proteins were precipitated by 

centrifugation for 5 minutes and the supernatant was added to 1 ml acid ninhydrin 

reagent (250 mg ninhydrin in 10 mL of 3:2 [v/v] acetic acid/HCl). Samples were heated 

at 95oC for 5 minutes and then cooled on ice for 5 minutes. 2 ml of ice cold ethanol was 

added to each sample, mixed, and the absorbance measured at 546 nm. The 

concentration of cysteine in each sample was calculated against a standard curve 

prepared with known cysteine concentrations. 

2.5.2 Chlorophyll measurements 

The chlorophyll concentration of isolated mitochondria was quantified by a 

spectrophotometric chlorophyll assay described by Arnon (1949). Approximately 100 

μg (approximately 5 ug/ul) of sample was diluted in 100% acetone to the final volume 

of 100 μl. The mixture was vortexed and centrifuged at 18,000 x g for 1 minute. The 

supernatant was collected and absorbance readings were taken at 645 nm and 663 nm 

using 80% (v/v) acetone as a blank on an ND-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE, USA). The chlorophyll concentration was calculated 

using the following equation: 

 

Chlorophyll concentration in μg/ μg protein =    [(A645 x 20.2)+(A663 x 8.02)] x 0.1 ml    
           Volume (used for measurement) x 100 μg 
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2.5.3 Measurement of oxygen consumption of mitochondrial 
fractions 

Oxygen consumption of plant extracts and crude and purified mitochondria was 

measured in a computer controlled Clark-type O2 electrode unit (Hansatech-Instruments, 

Pentney, England). Calibration of the electrode was carried out by the addition of 

sodium dithionite to remove all oxygen in the electrode chamber. The air-saturated 

oxygen concentration was assumed to be 240 μM. All reactions were carried out using 1 

ml of mitochondrial reaction medium (0.3 M sucrose, 5 mM K2H2PO4, 10 mM TES, 10 

mM NaCl, 4 mM MgSO4, 0.1% [w/v] BSA, pH 7.2) and 100 μg of mitochondrial 

sample. Cytochrome c oxidase activity was determined by the rate of oxygen 

consumption according to Neuburger et al. (1982). Pyruvate (10 mM), succinate (5 

mM), glutamate (10 mM), malate (10 mM), glycine (10 mM), formate (10 mM), NADH 

(1 mM), NAD (2 mM), CoA (12 µM), TPP (0.2 mM) and KCN (0.5 mM) were added 

as appropriate to modulate the oxygen consumption rates of mitochondria.  

2.6 Transcript analysis of genes encoding for mitochondrial 
proteins 

2.6.1 Isolation of plant total RNA 

Approximately 100 mg of Arabidopsis leaves, stems, roots, flowers or cells were 

ground to a fine powder with a mortar and pestle pre-cooled with liquid nitrogen. Total 

RNA of these tissues was isolated using the RNeasy Plant Mini Kit (QIAGEN, 

Doncaster, Australia) as described by the manufacturer’s instructions. An on-column 

treatment of total RNA sample with RNase-free DNaseI (QIAGEN, Doncaster, 

Australia) during the isolation procedure and a second treatment with Ambion TURBO 

DNase (Applied Biosystems, Australia) after RNA isolation were performed to ensure 

complete removal of contaminating DNA. 

 

Isolation of total RNA from Arabidopsis siliques was performed using the Plant 

RNA Isolation Kit and Aid (Ambion, Foster City, CA, USA) with brief modifications. 

Approximately 20-25 mg of tissues were ground into a fine powder using a mortar and 

pestle pre-cooled with liquid nitrogen. The tissues were disrupted in a 1 ml mixture of 

lysis buffer and Plant RNA Isolation Aid (9:1) for 5.5 minutes using a ball mill grinder.  

The sample was incubated at room temperature for 5 minutes and centrifuged at 15,000 
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x g for 5 minutes. The supernatant was retained and 300 µl of chloroform were added. 

The mixture was then vortexed vigorously for 5 minutes, followed by centrifugation at 

13,000 x g for 15 minutes at 4oC. The RNA-containing top phase (light-yellow 

appearance) was transferred to a new tube and the extraction procedure using 

chloroform was repeated once. Further purification of RNA was performed exactly as 

described in the manufacturer’s instructions, except that RNA was eluted in 70 µl of 

warm RNase-free water. Removal of DNA contamination was accomplished with 

Ambion TURBO DNase (Applied Biosystems, Australia). 

 

Quality and quantity of total RNA was assessed by spectrophotometric analysis 

of the A260/A280 ratio using an ND-1000 UV-Vis Spectrophotometer (NanoDrop 

Technologies, Wilmingon, DE, USA). An A260/A280 ratio of 1.8-2.1 indicated the RNA 

sample was essentially free of contaminating proteins and interfering materials such as 

phenol and chloroform. The assumption that one A260 unit of single-stranded RNA 

corresponds to 40 µg/ml was used to calculate the RNA concentration and yield. The 

quality of total RNA was also assessed using an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Palo Alto, CA, USA) to observe the integrity of the 18S and 28S rRNA 

peaks/bands. 

2.6.2 Microarray experiments and data analysis 

Microarray analysis of the changes in transcript abundance in cell culture and 

shoot was performed using Affymetrix GeneChip Arabidopsis ATH1 Genome Arrays 

(catalog no. 900386, Affymetrix, Santa Clara, CA, USA). Synthesis of double-stranded 

cDNA, biotin labeling and fragmentation of cDNA, target hybridization, washing, 

staining and scanning of arrays were performed as specified in the Affymetrix 

GeneChip Expression Analysis Technical Manual. Oligo B2 and Biotinylated 

Hybridization Controls (Affymetrix, Santa Clara, CA, USA) were included in the 

hybridization as controls. Prior to hybridization to an ATH1 Gene Chip, the quality of 

the target cRNA was assessed by hybridization of the prepared cRNA to a Test3 array 

(catlog no. 900341, Affymetrix, Santa Clara, CA, USA). Hybridization was performed 

in an Affymetrix GeneChip Hybridization Oven 640. Washing and staining were 

performed using an Affymetrix Fluidics Station 450. Scanning was performed with an 

Affymetrix GeneChip Scanner 3000. Washing, staining, scanning and data extraction 

were performed using Affymetrix QC Toolbox Software (version 2; Affymetrix, Santa 
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Clara, CA, USA). CEL files generated were further analysed using Avadis Analysis 

Software (version 4.3; Strand life Sciences, Carlsbad, CA, USA). Data were normalized 

using MAS5 algorithm and subjected to log2 transformation. “Absent” probe sets were 

filtered out before averaging three biological replicates to get the expression value and 

false discovery rate (FDR)-adjusted p-values (t-test and/or one-way ANOVA). 

2.7 Analysis of Data from Publicly-Available Databases 

The Arabidopsis subcellular localization database, SUBA 

(http://www.suba.bcs.uwa.edu.au; (Heazlewood et al., 2007)), was used to determine all 

the genes that are likely to be found in the mitochondria. It was used to retrieve the 

functional category of each gene encoding for mitochondrial protein in order to sort 

them into functional categories for further analysis. We also expanded our list of 

functional categories to include photorespiration, heat shock proteins and various ETC 

complexes. 

 

The transcript levels of genes of interest from different organs were downloaded 

from Genevestigator v2 (http://www.genevestigator.ethz.ch; (Zimmermann et al., 

2004)).  All the data were imported into TIGR MultiExperiment Viewer 4.0 (Saeed et 

al., 2003) for hierarchical clustering. Data were subjected to log2 transformation and 

normalized. The adjusted data were then clustered by average hierarchical linkage of 

genes using a Pearson correlation (non-centered). In order to measure the constitutive 

and/or tissue-selective expression of a gene, a number of statistical analyses were 

performed. Raw data from the averaged tissue expression arrays downloaded from 

Genevestigator (Zimmermann et al., 2004) were first subjected to normalization. Data 

for each gene were then transformed by dividing each of the signal intensities across 31 

different tissue types by the maximum expression level for that particular gene.  

 

In order to estimate the correlation between transcript level (from 

Genevestigator) and protein abundance of each gene across a number of organs, the 

abundance (displayed as spectral counts) of the mitochondrial proteins of interest in 

each organ was extracted from the AtProteome Database (http://fgcz-

atproteome.unizh.ch/; (Baerenfaller et al., 2008)). The raw spectral counts for each gene 

were then normalized against the total number of spectral counts in each organ. 
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Transcript data was normalized by dividing each of the signal intensities across all the 

mitochondrial components by the maximum expression level for that particular organ.  

2.8  Statistical Analysis 

Unless stated otherwise, all data obtained from experiments were expressed as 

mean ± standard error about the mean, in two significant figures. Statistical 

significances were evaluated by Students t-test or one-way ANOVA using Microsoft 

Excel XP (2002, SP3) or the statistical software package R (version 2.6.1). The variance 

of each component (e.g. gene) was calculated using the equation: 
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To calculate the Spearman rank correlation, each dataset was first sorted by 

signal/abundance in ascending order and each value was assigned a rank. The Spearman 

rank correlation coefficient was then calculated using the following equation: 
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where ai is the rank of the mRNA level for gene i and bi is the rank of the protein level 

for gene i. The Pearson correlation coefficient was used to determine the relationship 

between two different sets of data (e.g. transcript and protein level) using the following 

equation:  
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3.1  Introduction 

Photosynthesis is a biochemical process in which light energy is absorbed by a 

plant and used to generate carbohydrates from CO2, with the consumption of water and 

the evolution of oxygen. Ultimately, nearly all living things depend on the energy and 

by-products produced from photosynthesis for their nourishment, making it vital to life 

on Earth. Photosynthesis takes place in chloroplasts, mainly in mesophyll cells in the 

actively growing leaves and young stems of plants where light is easily accessed by the 

photosynthetic machinery. On the other hand, photosynthesis is largely absent in roots 

as they are usually not exposed to light. Instead, roots are actively engaged in 

acquisition and storage of nutrients absorbed from its surrounding environment or 

transported from the shoot. Thus, roots have a set of non-photosynthetic leucoplasts, 

amyloplasts and proteinoplasts, that are specialized in storing, starch, lipids and proteins 

respectively. Also, the large and small subunits of RuBisCo have been shown to be 

present at a much lower level in leucoplast (Wan et al., 1996), indicating the specialized 

metabolic role of the chloroplast as the main site of photosynthesis that is tightly 

coupled with the fixation of carbon in photosynthetic tissues. 

 

Although mitochondria are well-known for their role as the main site aerobic 

respiration in the plant cell, an increasing number of studies have also shown that they 

fulfil specialized roles during photosynthesis. The rapid rates of glycine-dependent 

respiration and the inactivation of mitochondrial PDH complex by phosphorylation in 

green tissues suggests that the TCA cycle is down-regulated and mitochondrial 

metabolism is geared towards glycine decarboxylation during photorespiration in the 

light (Douce et al., 2001; Tovar-Mendez et al., 2003). Photosynthesis is influenced by 

the function of mitochondrial complex I and uncoupling proteins (Dutilleul et al., 2003; 

Sweetlove et al., 2006), and its performance can be affected when the activity of TCA 

enzymes is altered (Carrari et al., 2003; Nunes-Nesi et al., 2005; Nunes-Nesi et al., 

2007). While the mitochondrial genome is transcribed at a different rate in a light/dark 

cycle, the overall transcript pool is maintained at a steady-state level (Okada and 

Brennicke, 2006). The nuclear encoded components of mitochondria, such as internal 

NADH dehydrogenases (nda1 and nda2), alternative oxidase (aox), serine 

hydroxymethyltransferase (shm1), and glycine decarboxylase P-protein (gdcP), show 

rapid transcriptional response to light/dark transition and large changes in diurnal 
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transcript pool sizes (Turner et al., 1993; McClung et al., 2000; Svensson and 

Rasmusson, 2001; Michalecka et al., 2003). These examples have also emphasized the 

functional significance of mitochondria in coordinating a great variety of biochemical 

pathways in a complex, highly regulated cellular environment. 

 

Proteomic analysis of mitochondria in the model plant Arabidopsis have so far 

identified over 500 nuclear-encoded mitochondrial proteins in non-photosynthetic cell 

culture (Heazlewood et al., 2004; Heazlewood et al., 2007). However, there is relatively 

little data available on which of these proteins are constitutively or differentially 

expressed under photosynthetic conditions. A previous survey of the pea mitochondrial 

proteome, for example, has gained insight into the specialized role of mitochondria in 

various photosynthetic and non-photosynthetic organs (Bardel et al., 2002). In general, 

the abundance of photorespiratory enzymes is higher in the illuminated leaf than in the 

etiolated leaf mitochondria, whereas ATP synthase subunits, aldehyde dehydrogenase, 

pyruvate dehydrogenase subunits and cysteine synthase are more abundant in the 

mitochondria from dark-grown pea leaf tissues (Bardel et al., 2002). 

 

A typical cell contains many kinds of organelles and molecules, so studying the 

function or characteristics of mitochondria usually begins with a purification step. Also, 

in order to correctly interpret results with confidence during the proteomic analysis, the 

high purity of the mitochondrial fraction is a pre-requisite so that interference arising 

from contaminants during the analysis is minimal. Plant mitochondria have been 

traditionally purified from total cell extracts of storage organs, etiolated tissues, 

photosynthetic shoot or leaf samples or cell cultures by a combination of differential 

centrifugation and sucrose, PVP and/or PercollTM gradient(s)(Douce et al., 1977; 

Neuburger et al., 1982; Day et al., 1985a). These techniques separate mitochondria from 

other cellular compartments based on the differences in their size and density. However, 

since there is always a degree of overlap in the size and density with other organelles, it 

is difficult to obtain a mitochondrial fraction which is entirely free of contaminants, 

even after multiple centrifugation and gradient purification steps. In recent years, free 

flow electrophoresis (FEE), combined with the traditional purification procedure, has 

been increasingly employed to isolate a variety of cellular compartments in different 

organisms, such as mitochondria, peroxisomes and lysomes (Marsh, 1989; Volkl et al., 
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1997; Zischka et al., 2003; Eubel et al., 2008). Instead of relying on size or density, FFE 

separates different organelle particles based on the differences in their surface charge. In 

FFE, a mitochondrial fraction purified using differential and gradient centrifugation is 

injected into a laminar buffer stream, deflected by a electric field and collected at the 

end of the separation chamber. As a result, mitochondria are isolated with high degree 

of purity, which subsequently improves proteomic analysis.  

3.2  Aims and Strategy 

The work described in this chapter attempts to gain insight into the differences 

in the protein profiles between mitochondria purified from non-photosynthetic (cell 

culture and root) and photosynthetic (shoot) systems in the model plant Arabidopsis. 

Specifically, these experiments aimed to: 

a) Isolate putative mitochondrial fractions using combination of differential density 

centrifugation and FFE. 

b) Compare the mitochondrial proteome of Arabidopsis cell culture, shoot and root. 

c) Establish which components of metabolic pathways are specialized in 

mitochondria isolated from photosynthetic or non-photosynthetic system 

d) Examine whether the bulk of the mitochondrial proteome is maintained 

transcriptionally or post-transcriptionally. 

 

Subcellular fractionation of mitochondria has previously been optimized in 

Arabidopsis cell culture using two successive PercollTM gradients (Millar et al., 2001b) 

and in pea greening cotyledon using a PVP/PercollTM gradient (Day et al., 1985a). To 

gain the best possible yield of mitochondria with high purity, these methods were 

slightly modified (See Section 2.2.2 and Section 3.3.1), and the resulting mitochondrial 

fractions were injected into FFE system. The purity of the FFE-purified mitochondrial 

fraction was assessed using immunodetection against plastidic, mitochondrial and/or 

peroxisomal marker proteins. The contaminants that are present in the pre-FFE treated 

samples but absent or reduced afterwards are systematically identified using 2D-

DIGE/IEF/SDS-PAGE and MS/MS. Furthermore, the integrity of the mitochondrial 

fraction was assessed by oxygen consumption assays with a variety of respiratory 

substrates.  
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The FFE-purified mitochondrial samples from shoot, root and cell culture were 

then analyzed in three ways: (i) oxygen consumption of various respiratory substrates, 

(ii) catalytic enzyme activity measurements, (iii) proteomic analysis using 2D-

DIGE/IEF/SDS-PAGE and MS/MS. For DIGE anaylsis between the three systems, 

pairwise comparisons were conducted, i.e. cell culture vs shoot, shoot vs root and cell 

culture vs root, and the proteins that changed in abundance in these comparisons were 

identified using LC-MS/MS. With this quantitative and identity information as well as 

evidence from previous literature, it is possible to predict which part of the TCA cycle, 

photorespiration and other related pathways are differentially expressed in the various 

systems. Finally, by combining proteomic and microarray data, the extent by which a 

change in transcript or protein abundance correlates with each other was assessed using 

pairwise comparison. 

3.3  Results 

3.3.1 Purification of mitochondria using differential centrifugation, 
density gradient centrifugation and free flow electrophoresis 

3.3.1.1 Isolation of mitochondria by differential and gradient centrifugation 

Mitochondria from 7 day-old dark-grown Arabidopsis cell cultures were isolated 

using protoplast preparation and disruption described by Sakamoto et al. (2000), 

followed by differential centrifugation and PercollTM density gradient purification 

according to Millar et al. (2001b)(Section 2.2.2.1). Using this modified method, the 

protoplasts were initially prepared by digesting the cell wall with cellulase and 

pectolyase. Protoplasts were then disrupted gently with a homogenizer, releasing 

various cellular compartments. Mitochondria were then separated from plastids and 

peroxisomes using a discontinuous PercollTM gradient based on their differences in 

density. The marker enzyme map developed by Millar et al. (2001b) has shown that the 

activities of key organelle marker enzymes were detected in the three major regions of 

the gradient, as outlined in Figure 3.1a (right): (i) plastidic markers were present as a 

yellow band near the interphase of 18%/23% PercollTM steps; (ii) mitochondrial markers 

were present as a white brownish band near the 23%/40% interphase; (iii) peroxisomal 

markers were found towards the bottom of the tube near the 40% PercollTM gradient 

phase, which is tightly coupled to the mitochondrial-enriched fraction. Using this 
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modified method, approximately ~10 mg mitochondrial proteins were recovered from 

200 g of starting material. In comparison, the method previously described by Millar et 

al. (2001a; 2001b), in which cells are disrupted mechanically by vigorous 

homogenization, yields ~3-4mg from the same amount of cells. The improved yield in 

the modified method indicates that gentle homogenization can potentially reduce the 

level of damage and rupturing of cell culture mitochondria, and consequently improves 

the overall protein yield. 

 
To purify mitochondria from the Arabidopsis shoots, a method developed by 

Day et al. (1985a) for isolating pea mitochondria from leaves was adapted and modified 

in this work. In this method, tissues were homogenized, filtered and subject to a number 

of low- and high-speed centrifugation steps before PVP/PercollTM gradient 

centrifugations were performed (Section 2.2.2.2). The distribution of organelles in a 

continuous 0-4.4% PVP (w/v) and 28% PercollTM (v/v) gradient is shown in Figure 3.1b. 

Marker enzyme assays carried out by Day et al. (1985a) have detected plastidic proteins 

near the top of the gradient, which corresponds to a broad green band at the top of 

gradient in the centrifuge tube; whereas mitochondrial and peroxisomal enzymes 

(yellow-brownish band) co-migrated to the end of the gradient, seen by the yellow-

brownish band at the bottom of the tube (Figure 3.1b, right). However, the migration of 

chloroplastic contaminants in the PVP/PercollTM gradient is also affected by the number 

of initial low- and high-speed centrifugations (1,500 and 24,000 x g respectively) prior 

to gradient centrifugations. As shown in Figure 3.1b (middle), when low- and high 

speed centrifugation was performed once, the mitochondrial fraction would appear as a 

slight greenish band, indicative of contamination by chloroplastic components. 

Performing a second gradient using the same or different gradient composition as the 

first gradient can partially remove such contaminants (data not shown). No more than 

three successive low/high speed centrifugation steps were performed and these steps 

were carried as quickly as possible to avoid loss of proteins due to multiple 

centrifugation steps and potential protein degradation due to the extended periods of the 

purification procedure. Using this method, approximately 2 mg of mitochondrial 

proteins was recovered from 200 g of shoot material. 

 
Obtaining sufficient root material for purifying mitochondria in Arabidopsis is a 

difficult task – while hundreds of grams of shoot material were harvested from 250 mg 
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of seeds germinated under hydroponic conditions, only 5 to 10 g of root material was 

harvested from the same amount of plants. In order to increase the amount of root 

material for proteomic analysis, root cultures were established by incubating roots, 

which were excised from hydroponic plants, in a growth medium under a prolonged 

dark period. The established root culture 5-6 weeks after the onset of culturing showed a 

general light whitish-brown appearance, with increasing darkness towards the center of 

the root culture where older part of the roots were located (Figure 3c, left). 

Approximately 2-3 g of root material could be harvested from each culture flask. It was 

possible to harvest up to a hundred grams of root tissues for purifying mitochondria, 

thereby allowing sufficient amount of protein to be recovered for subsequent analyses. 

The purification procedure used for isolating mitochondria from shoot material was also 

used for root culture material. The distribution of organelles in a continuous, 0-4.4% 

(w/v) PVP and 28% PercollTM (v/v) gradient is shown in Figure 3.1c (middle). The 

yellow-brownish band at the top represents the plastidic fraction and the light brownish 

band at the bottom of the centrifuge tube represents the mitochondrial and/or 

peroxisomal fraction. A second gradient step was also performed, showing that most of 

the plastidic contaminants were removed during the first gradient (Figure 3.1c, right). 

Using this method, approximately 4-5 mg of mitochondrial protein was recovered from 

200 g of root material. 

3.3.1.2 Further purification of mitochondria by FFE 

(Note: The work on FFE purification of cell culture mitochondria was conducted by Dr 

Holger Eubel and can be found in the refereed journal article titled “Free Flow 

Electrophoresis for purification of plant mitochondria by surface charge”. See 

publication list on page ii for details. Only the work on shoot and root will be described 

in the following Section.) 

 

Washed and PercollTM-free mitochondrial-enriched sample was continuously 

injected into the separation chamber of the FFE system. An electric current was applied 

perpendicularly to the electrolyte and sample flow, leading to the movement of 

negatively-charged particles towards the anode. Figure 3.2 shows that mitochondria are 

separated away from other contaminating compartments as a consequence of differing 

deflection rates. In all cases, the two most abundant streams observed on the FFE 

system are usually the broad green stream (in the case of shoot) or light-yellow/brown 
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stream (in the case of root) near the anode (stream 1 in Figure 3.2a) and a distinctively 

sharp white stream in the middle of the separation chamber (stream 2 in Figure 3.2a). 

As shown in Figure 3.2a, two minor streams were also present, namely stream 3 which 

was running close to the right of the stream 2, and stream 4 which was the least 

deflected in the separation chamber. Fractionated samples were collected at the end of 

the chamber in a 96-well plate. The amount of organellar particles in each fraction was 

monitored by optical density measurements. A representative diagram of each run is 

shown in Figure 3.2b. One main peak was observed around fractions 38-43 while minor 

peaks were also observed to the left and right of the main peak.  
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Figure 3.1 (continues on the next page). 
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Figure 3.1. Purification of Arabidopsis mitochondria from other cellular compartments 
using differential PercollTM gradients. (a) Photograph of a culture of Arabidopsis dark-grown 
cells after 7 days (left). Cell culture mitochondria were isolated using a discontinuous PercollTM 
gradient, consisting of 40%, 23% and 18% (v/v) PercollTM (right). The mitochondrial-enriched 
fraction was present as a yellow-brown band near the 23% and 40% interface. (b) Photograph of 
Arabidopsis shoot grown hydroponically after 21 days (left). Shoot mitochondria were purified 
using a continuous 0-4.4% (w/v) PVP / 28% PercollTM gradient. The amount of plastidic 
contamination in the mitochondrial-enriched fraction is influenced by the number of low/high 
speed centrifugation performed. Mitochondrial fraction appeared as a white-greenish band when 
low/high speed centrifugations were performed only once (middle), whereas a yellow-brownish 
appearance was observed just above the bottom of the tube when the initial low/high speed 
centrifugation steps were carried out three times (right). (c) Photograph of a culture of 
Arabidopsis roots 5-6 weeks after the onset of culturing in growth medium (left). Root 
mitochondria were purified using a continuous 0-4.4% (w/v) PVP / 28% PercollTM gradient. In 
both first (middle) and second (right) gradient, fractions containing mitochondria were present 
as yellow-brownish band at the bottom of the tube. Note that peroxisomes may also be present 
in the mitochondrial-enriched fraction. 



Chapter 3. Comparative Analysis of the Mitochondrial Proteome for Photosynthetic 
and Non-Photosynthetic Metabolism 
 

64 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fi
gu

re
 3

.2
. S

ep
ar

at
io

n 
of

 p
re

-p
ur

ifi
ed

 m
ito

ch
on

dr
ia

l f
ra

ct
io

ns
 fr

om
 A

ra
bi

do
ps

is
 h

yd
ro

po
ni

ca
lly

-g
ro

w
n 

sh
oo

t a
nd

 r
oo

t c
ul

tu
re

 in
 th

e 
FF

E
 s

ys
te

m
. 

(a
) 

Sc
he

m
at

ic
 il

lu
st

ra
tio

n 
of

 F
FE

 s
ep

ar
at

io
n 

of
 o

rg
an

el
le

s 
fr

om
 s

ho
ot

 (
le

ft)
 a

nd
 r

oo
t (

rig
ht

). 
El

ec
tri

c 
cu

rr
en

t w
as

 a
pp

lie
d 

ac
ro

ss
 th

e 
se

pa
ra

tio
n 

ch
am

be
r, 

ca
us

in
g 

th
e 

de
fle

ct
io

n 
of

 d
iff

er
en

t o
rg

an
el

la
r p

ar
tic

le
s 

ac
co

rd
in

g 
to

 th
ei

r s
ur

fa
ce

 c
ha

rg
e.

 T
he

 fo
ur

 m
os

t a
bu

nd
an

t s
tre

am
s 

ob
se

rv
ed

 o
n 

th
e 

FF
E 

sy
st

em
 a

re
 

la
be

le
d 

as
 1

-4
. F

ra
ct

io
ns

 w
er

e 
co

lle
ct

ed
 a

t t
he

 e
nd

 o
f t

he
 s

ep
ar

at
io

n 
ch

am
be

r i
n 

a 
96

-w
el

l p
la

te
. A

rr
ow

s 
at

 th
e 

bo
tto

m
 n

ea
r t

he
 “

m
ed

ia
 in

le
ts

” 
re

pr
es

en
t t

he
 

7 
m

ed
ia

 in
le

ts
 to

 th
e 

se
pa

ra
tio

n 
ch

am
be

r a
nd

 th
e 

di
re

ct
io

n 
of

 th
e 

ar
ro

w
 in

di
ca

te
s 

th
e 

di
re

ct
io

n 
of

 th
e 

m
ed

iu
m

 fl
ow

 in
 th

e 
se

pa
ra

tio
n 

ch
am

be
r. 

SI
, s

am
pl

e 
in

le
t; 

“-
“,

 c
at

ho
de

; “
+”

, a
no

de
. (

b)
 G

ra
ph

s 
sh

ow
in

g 
th

e 
di

st
rib

ut
io

n 
of

 o
pt

ic
al

 d
en

si
ty

 m
ea

su
re

d 
as

 a
bs

or
ba

nc
e 

at
 2

80
nm

 in
 e

ac
h 

fr
ac

tio
n 

se
pa

ra
te

d 
by

 th
e 

FF
E 

sy
st

em
.  

 



Chapter 3. Comparative Analysis of the Mitochondrial Proteome for Photosynthetic 
and Non-Photosynthetic Metabolism 
 

65 

Presumingly the green stream represents the chloroplastic contaminants in shoot, 

then the white beam (stream 2) seen during FFE should contain mostly mitochondrial 

components. To establish the distribution of organelles across the FFE fractions, equal 

volume of every second fraction was loaded onto 1D SDS gels. In agreement with the 

spectrophotmetric measurements, the majority of the protein contents concentrated 

mostly in fraction 39 to 43 in both shoot and root samples. Immunodetection was then 

performed using antibodies raised against protein markers for mitochondria, 

peroxisomes and/or chloroplasts (Figure 3.3). A monoclonal antibody against maize 

mitochondrial HSP70 detected a protein with an apparent molecular weight of ~75 kDa 

only in the fractions that contains the bulk of the protein content. Similar result was also 

observed when the FFE-fractions from root were probed against another monoclonal 

antibody porin. This suggested that these fractions should contain mostly mitochondria-

enriched proteins.  

 

Polyclonal antibodies against a chloroplastic marker protein, the small subunit of 

RuBisCo (RbcS), detected a significant amount of a 16 kDa protein band the anodic 

side of FFE fractions in shoot sample. This confirms the chloroplastic origin of the 

green stream observed during FFE purification. Also significantly less RbcS was 

detected in the fractions that contain mostly the mitochondrial particles, indicative of 

removal of the major contaminating organelle, chloroplasts, in the shoot mitochondrial 

sample. Using western blots to immunodetect the peroxisomal marker protein, Kat2, a 

band of approximately 47 kDa was detected in the fractions that were also recognized in 

the mitochondrial marker proteins in both shoot and root samples. As noted earlier, the 

white beam containing mitochondria (stream 2) migrated closely with another beam, 

which could be comprised of peroxisomes. Indeed, on the right (cathode side) of the 

most abundant mitochondria-enriched fraction in the root sample, higher immuno-signal 

of Kat2 was detected while the protein concentration in these fractions was clearly 

lower. Therefore, reduction in the peroxisomal contamination can be achieved by 

selecting only the fraction(s) with the highest protein concentration. In the cell culture 

sample, the 4th stream observed during the FFE was identified as being most likely 

broken organelle membranes (Eubel et al., 2007). 
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Figure 3.3. Distribution of mitochondria and contaminating plastids and peroxisomes in 
the FFE fractions. Coomassie-stained SDS-PAGE and immunoblots of every second of the 30 
fractions collected after FFE from shoot (a) and root (b) are shown. Gels were loaded on a 
volume basis to monitor the distribution of marker proteins in the FFE fractions: mitochondria 
(mtHSP70 and porin), peroxisomes (Kat2) and plastids (RbcS). 
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 In order to reduce the yield loss after FFE, fractions with the highest protein 

concentration were pooled (e.g. fraction 38-41 for the shoot sample (Figure 3.3a) and 

fraction 40-42 for the root sample(Figure 3.3b)). Immunodetection was then conducted 

to assess the level of contaminations by other organelles in the pooled mitochondrial 

fractions derived from shoot or root material (Figure 3.4). The complete loss of signal 

for RbcS in the shoot sample indicates an efficient removal of chloroplasts during FFE. 

This was also confirmed by the reduced level of chlorophyll in the mitochondrial pellet 

after FFE treatment (Figure 3.4b). The Kat2 signal was also reduced in the pooled 

sample in both shoot and root. The colour of the root mitochondrial pellet was dark-

brown before the FFE, whereas a light-brown/yellow pellet was seen after FFE 

treatment, indicative of the removal of one of the main contaminants, Kat2, in the 

sample (Figure 3.4c). In comparison, the mitochondrial markers, mtHSP70 and porin, 

were increased in abundance in both FFE-purified samples (Figure 3.4a). 

 
Figure 3.4. Assessment of the purity of pooled mitochondrial fractions. (a) Coomassie-
stained SDS-PAGE and immunoblots of mitochondrial fraction before (-FFE) and after (+FFE) 
FFE from shoot and root. Equal amount of protein were loaded in each lane. Marker proteins 
used for western blots included mtHSP70 and porin (mitochondrial), Kat2 (peroxisomal) and 
RbcS (plastidic). (c) Photographs of organellar pellets derived from shoots before (“-FFE”) and 
after FFE treatment (“+FFE”). The chlorophyll content in the mitochondrial pellet is shown 
below the picture. (c) Photographs of organellar pellets derived from root before (“-FFE”) and 
after FFE treatment (“+FFE”) 
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3.3.1.3 Identification of contaminants in the shoot mitochondrial sample prior to 

FFE 

Given a drastic reduction in the abundance of a common chloroplastic 

contaminant, RbcS, in the FFE-treated mitochondria in green shoots, it was interesting 

to examine the abundance of contaminants in the mitochondrial proteome of the pre-

FFE sample. Therefore, a quantitative approach was undertaken to compare pre-FFE 

and FFE-treated mitochondria using DIGE CyDye Technologies (GE Healthcare). In 

this approach, an equal amount of FFE and pre-FFE samples were individually labeled 

with a fluorescent dye, Cy3 or Cy5, and a 1:1 mixture of these samples was labeled with 

Cy2 which serves as an internal standard common to all gels. As shown in Figure 3.5, 

the general pattern of the protein spots resembled the mitochondrial protein profiles 

published previously (Millar et al., 2001). A set of three gels were analyzed using 

DeCyder software package (GE Healthcare). Only proteins with a threshold of 3-fold 

change in abundance and p < 0.05 (n = 3) were selected. However, apparent changes in 

abundance of several spots in Figure 3.5 could not be analyzed because they could not 

be identified from the Coomassie stained gel with confidence. In total, 20 protein spots 

could be visualized on a coomassie-stained 2D gel for analysis by LC-MS/MS 

(indicated by arrows in Figure 3.5) and their identities are summarized in Table 3.1.  

 

Of the 20 protein spots that were analyzed, a total of 20 gene products were 

identified. All of these protein spots were more abundant in the pre-FFE sample. Two 

mitochondrial proteins that were often identified on a mitochondrial protein map, ATP 

synthase beta subunit and succinate dehydrogenase subunit 6, were in the analysis found 

in the same spot with another contaminant. However, these two mitochondrial proteins 

identified by MS/MS have a substantially lower MOWSE score and thus it is likely that 

they do not contribute to the changes in abundance detected in the protein spots during 

the image analysis. The abundances of large and small subunits of RuBisCo (spots 1, 2, 

17) and Rubisco activase (Spot 11) were reduced by at least 4-fold in the FFE-treated 

sample, consistent with the reduction of RbcS observed in the western blots. These 

proteins were also found in the plastid proteomes but not in mitochondrial proteomes in 

previous studies in Arabidopsis (Kleffmann et al., 2004; Giacomelli et al., 2006; Goulas 

et al., 2006; Peltier et al., 2006). Although a photosystem II-like chlorophyll a/b binding 

protein has been previously found in the study of the mitochondrial membrane 
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proteome (Brugiere et al., 2004), the results here indicate that the bulk of the thylakoid 

membrane proteins (Spot 4, 6, 7, 8) were removed as the result of the FFE treatment. 

Previous proteomic evidence also suggests that these proteins were of chloroplastic 

origin (Friso et al., 2004; Peltier et al., 2004; Vidi et al., 2006), therefore these proteins 

are likely to be contaminants in the pre-FFE mitochondrial sample. Beta-glucosidase 

(Spot 18 and 19), which catalyzes the hydrolysis of glucosides with cellobiose and β-

linked oligosaccharides, has been found in the ER in GFP localization analysis 

(Matsushima et al., 2003) and in various non-mitochondrial compartments in several 

proteomic studies (Bae et al., 2003; Carter et al., 2004; Reumann et al., 2007). A 

number of proteins found to be reduced by at least four times in the FFE samples were 

previously identified in the proteome of PercollTM-purified mitochondria, namely 

transketolase (Spot 5), heat shock protein 70 (Spot 13) 60 kDa chaperonin alpha subunit 

(Spot 12) and Clp proteases (Spot 15) (Heazlewood et al., 2004). The chloroplastic 

origin of these proteins was also supported by the mapping of chloroplastic proteins in 

several studies (Froehlich et al., 2003; Kleffmann et al., 2004; Peltier et al., 2006). The 

abundance of glutamine synthetase (Spot 10) was decreased by 13-fold after FFE 

treatment. Interestingly, although so far there has been no mass spectrometry evidence 

of this protein in the mitochondrial proteome, it has been shown to be dual-targeted to 

both mitochondria and plastids based on GFP tagging experiment (Taira et al., 2004). 

Therefore, it is possible that the plastidic form of this enzyme was removed during the 

FFE. However, further experimentation, such as protein import assays, is required to 

confirm the dual-targeted nature of this protein.  

 

Together, these results show that most of the contaminating proteins identified 

are located in the chloroplast and the ER. Therefore, chloroplasts are the major 

contaminants in pre-FFE treated mitochondrial sample in shoot and the majority of 

them could be removed after the FFE treatment. 
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Figure 3.5. DIGE 2D IEF/SDS-PAGE of pre-FFE vs FFE-treated mitochondria from shoot. 
Samples of post-FFE (labeled with Cy3, shown in green) and pre-FFE (labeled with Cy5, shown 
in red) were compared. Top: Spot intensity maps as derived from the scanner, analysed with the 
DeCyder™ software package (GE Healthcare). The abundance of spots encircled in red or green 
has significantly increased or decreased compared to the profile in the other sample. Bottom: 
Gel pictures were electronically overlaid using Image Quant TL™ software (GE Healthcare). 
Yellow spots represent proteins of equal abundance between the tissues. Spots which are more 
abundant in FFE-treated sample are green and those more abundant in the pre-FFE treated 
sample are red. Arrows indicate proteins unambiguously identified by MS/MS, the numbers 
correlate with table 3.1. 



Chapter 3. Comparative Analysis of the Mitochondrial Proteome for Photosynthetic 
and Non-Photosynthetic Metabolism 
 

71 

 
 
 
 
 
 
 
 
 

 
 
 
  

 

T
ab

le
 3

.1
. 

Pr
ot

ei
ns

 f
ro

m
 m

ito
ch

on
dr

ia
l 

sa
m

pl
es

 f
ou

nd
 t

o 
va

ry
 i

n 
ab

un
da

nc
e 

(r
at

io
>3

, 
p<

0.
05

) 
be

tw
ee

n 
pr

e-
FF

E
 a

nd
 F

FE
-t

re
at

ed
 

m
ito

ch
on

dr
ia

l s
am

pl
es

. I
de

nt
ity

 o
f p

ro
te

in
s w

as
 d

et
er

m
in

ed
 b

y 
ta

nd
em

 m
as

s s
pe

ct
ro

m
et

ry
 (M

S)
, t

he
 p

re
di

ct
ed

 m
ol

ec
ul

ar
 w

ei
gh

t (
M

W
) a

nd
 is

oe
le

ct
ric

 
po

in
t (

pI
) o

f t
he

 m
at

ch
ed

 p
ro

te
in

 a
nd

 th
e 

ge
l s

am
pl

e 
ar

e 
sh

ow
n 

al
on

g 
w

ith
 th

e 
M

O
W

SE
 s

co
re

 (p
<0

.0
5 

w
he

n 
sc

or
e>

38
), 

nu
m

be
r o

f p
ep

tid
e 

m
at

ch
ed

 to
 

ta
nd

em
 m

as
s 

sp
ec

tra
 a

nd
 th

e 
pe

rc
en

ta
ge

 c
ov

er
ag

e 
of

 th
e 

m
at

ch
ed

 s
eq

ue
nc

e.
 P

ro
te

in
 s

po
ts

 w
ith

 a
t l

ea
st

 th
re

e-
fo

ld
 c

ha
ng

e 
(p

<0
.0

5,
 n

=3
) w

er
e 

pr
es

en
te

d 
as

 in
cr

ea
se

d 
in

 th
e 

pr
e-

FF
E 

sa
m

pl
es

 c
om

pa
re

d 
to

 F
FE

-r
ea

te
d 

sa
m

pl
e.

 S
po

t n
um

be
rs

 sh
ow

n 
co

rr
es

po
nd

 to
 sp

ot
s i

n 
Fi

gu
re

 3
.5

. 
 



Chapter 3. Comparative Analysis of the Mitochondrial Proteome for Photosynthetic 
and Non-Photosynthetic Metabolism 
 

72 

3.3.2 Differential analysis of Arabidopsis photosynthetic and non-
photosynthetic mitochondrial proteome 

3.3.2.1 Respiratory characteristics of cell culture, shoot and root mitochondria 

The respiratory rates in purified mitochondria from cell culture, root culture and 

hydroponic shoot culture were determined using oxygen electrode measurements with 

various respiratory substrates (Figure 3.6). These respiratory rates were similar to 

previously published rates from PercollTM-purified mitochondria from Arabidopsis cell 

culture (Millar et al., 2001b; Sweetlove et al., 2002) and leaf (Keech et al., 2005).  

 

Pairwise comparisons of the respiratory rates indicated the similarity and 

differences in the substrate specificity of these organelles in response to different levels 

of photosynthetic metabolism. Shoot mitochondria could use glycine or formate as a 

respiratory substrate, while for cell culture and root mitochondria these were very poor 

substrates with respiratory rates 5-10 times lower than shoot mitochondria. In contrast, 

the oxidation rate of externally supplied NADH via the cytosol facing rotenone-

insensitive NADH dehydrogenases was at least 50% in higher root mitochondria than in 

cell culture and shoot mitochondria. While cell culture and shoot mitochondria could 

oxidize malate + glutamate at a similar rate, a minimum of 60% decrease in oxidation 

rate was recorded in root mitochondria. Glutamate can be utilized by mitochondria due 

to a matrix located glutamate dehydrogenase, generating NADH and making 2-

oxoglutarate that can enter the TCA cycle. Here, electron transport in shoot, root and 

cell culture mitochondria could be supported by glutamate as a sole substrate. The 

capacity of mitochondria to use malate + pyruvate and malate + glutamate and succinate 

as substrates was similar in root, shoot and cell culture on a protein basis. 
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Figure 3.6. Differences in the substrate-dependent respiration in mitochondria from shoot, 
root and cell culture. Oxygen consumption in the presence of respiratory substrates and 
cofactors was measured in cell culture (red bar), shoot (green bar) and root (blue bar). Data is 
expressed as nmol min-1 mg-1 of protein. Data were compared in a pairwise manner using one-
way ANOVA with p < 0.05 followed by Tukey’s HSD Post-hoc test with p < 0.05. A “*” sign 
indicates the highest rate in the root sample while there are no significant differences in the 
respiration rate when comparing cell culture and shoot. A “+” sign indicates the highest rate in 
shoot sample while there are no significant differences in the respiration rate when comparing 
cell culture and root. Data correspond to means ± standard error of three independent 
experiments. 
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3.3.2.2 Quantitative proteomic comparison of shoot, root and cell culture 

mitochondria 

In order to study the effect of differences in the photosynthetic capacity on 

overall mitochondrial function, a quantitative comparison of the protein composition in 

shoot, root and cell culture mitochondrial samples was performed using differential 2D 

(DIGE) IEF/SDS-PAGE. In this approach, each pair of samples (e.g. cell culture and 

shoot) was labeled with different CyDyes, pooled and separated on a 2D-gel. This 

results in a total of three independent sets of sample pairs to be analyzed separately, 

namely cell culture and shoot (Figure 3.7), shoot and root (Figure 3.8) and root and cell 

culture (Figure 3.9). As seen in these CyDye images, a substantial set of changes are 

apparent from the coloured overlay of the fluorescence images. These sets of images 

were then analyzed independently using DeCyder quantitation software (GE 

Healthcare). Protein spots that reproducibly changed in abundance by two-fold between 

the two samples with p < 0.05 (n=3) were selected for further analysis. Individual spots 

on paired preparative Coomassie stained gels were selected and analyzed using LC-

MS/MS (indicated by arrows in Figure 3.7, 3.9 and 3.11). In total, 173 differentially 

abundant protein spots were analyzed and the identities of the proteins were 

summarized in Table 3.2 (shoot and cell culture comparison), Table 3.3 (shoot and root 

comparison) and Table 3.4 (cell culture and root comparison). It was apparent that for 

some spots the staining intensity was different for fluorophore labeling and Coomassie 

staining. Therefore, some proteins with changing abundances could not be analyzed 

because they could not be identified with confidence from the Coomassie stained gel. In 

Table 3.2, 3.3 and 3.4, identified proteins have been organized according to their 

putative function to provide sections on different functional classes of proteins. In 

parallel to the proteomic analysis, functional assays of several enzymes of the TCA 

cycle and its related pathways were also performed (Figure 3.13 and 3.14). Based on the 

data from the enzyme activities and/or protein abundance, metabolic schemes are drawn 

to summarize the differences in the TCA cycle and photorespiration for each pair of the 

DIGE analysis (Figure 3.8, 3.10 and 3.12). The following sections will be divided into 

eight parts according to functional categories that are found to differ between cell 

culture, shoot and/or root mitochondria. 
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Figure 3.7. DIGE 2D IEF/SDS-PAGE of cell culture vs shoot mitochondria. Samples of 
shoot (labeled with Cy3, shown in green) and cell culture (labeled with Cy5, shown in red) were 
compared. Top: Spot intensity maps as derived from the scanner, analysed with the DeCyder™ 
software package (GE Healthcare). The abundance of spots encircled in red have significantly 
increased or decreased compared to the profile in the other tissue. Bottom: Gel pictures were 
electronically overlaid using Image Quant TL™ software (GE Healthcare). Yellow spots 
represent proteins of equal abundance between the tissues. Spots which are more abundant in 
shoot sample are green and those more abundant in the cell culture sample are red. Arrows 
indicate proteins unambiguously identified by MS, the numbers correlate with Table 3.2. 
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(a) 

 
(b) 

 
Figure 3.8. (continues on the nex page). 
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Figure 3.8. Scheme showing the differences in shoot and cell culture mitochondrial 
metabolism focused on: (a) the entry and exit of carbon intermediates from the TCA cycle 
and (b) the photorespiratory and C1 pathways. Enzymes in green were elevated in 
abundance or activity in shoot mitochondria, those in red were elevated in cell culture 
mitochondria, and those in purple were unchanged or no data were available for both samples. 
Abbreviations: 2-OGDH, 2-oxoglutarate dehydrogenase; ACON, aconitase; AGT2, alanine: 
glyoxylate aminotransferase; AlaAT, alanine aminotransferase; ALDH, aldehyde 
dehydrogenase; AspAT, aspartate aminotransferase; CAS, β-cyano-alanine synthase; CS, citrate 
synthase; FDH, formate dehydrogenase; FUM, fumarase; GDC, glycine decarboxylase complex; 
GDH, glutamate dehydrogenase; glycoDH, glycolate dehydrogenase; ICDH, isocitrate 
dehydrogenase; MDH, malate dehydrogenase; NAD-ME, NAD-malic enzyme; OAS, O-
acetylserine; OAS-TL, O-acetylserine (thiol)-lyase; PDH, pyruvate dehydrogenase; S-CoA-L, 
succinyl-CoA ligase; SAT, serine acetyltransferase; SDH, succinate dehydrogenase; SHMT, 
serine hydroxymethyltransferase.  
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Figure 3.9. DIGE 2D IEF/SDS-PAGE of shoot vs root mitochondria. Samples of root 
(labeled with Cy3, shown in green) and shoot (labeled with Cy5, shown in red) were compared. 
Top: Spot intensity maps as derived from the scanner, analysed with the DeCyder™ software 
package (GE Healthcare). The abundance of spots encircled in red have significantly increased 
or decreased compared to the profile in the other tissue. Bottom: Gel pictures were 
electronically overlaid using Image Quant TL™ software (GE Healthcare). Yellow spots 
represent proteins of equal abundance between the tissues. Spots which are more abundant in 
root sample are green and those more abundant in the shoot sample are red. Arrows indicate 
proteins unambiguously identified by MS, the numbers correlate with Table 3.3. 
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(a) 

 
(b) 

 
Figure 3.10. (continues on the next page) 
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Figure 3.10. Scheme showing the differences in shoot and root mitochondrial metabolism 
focused on: (a) the entry and exit of carbon intermediates from the TCA cycle and (b) the 
photorespiratory and C1 pathways. Enzymes in green were elevated in abundance or activity 
in shoot mitochondria, those in blue were elevated in root mitochondria, and those in purple 
were unchanged or no data were available for both samples. Abbreviations: 2-OGDH, 2-
oxoglutarate dehydrogenase; ACON, aconitase; AGT2, alanine: glyoxylate aminotransferase; 
AlaAT, alanine aminotransferase; ALDH, aldehyde dehydrogenase; AspAT, aspartate 
aminotransferase; CAS, β-cyano-alanine synthase; CS, citrate synthase; FDH, formate 
dehydrogenase; FUM, fumarase; GDC, glycine decarboxylase complex; GDH, glutamate 
dehydrogenase; glycoDH, glycolate dehydrogenase; ICDH, isocitrate dehydrogenase; MDH, 
malate dehydrogenase; NAD-ME, NAD-malic enzyme; OAS, O-acetylserine; OAS-TL, O-
acetylserine (thiol)-lyase; PDH, pyruvate dehydrogenase; S-CoA-L, succinyl-CoA ligase; SAT, 
serine acetyltransferase; SDH, succinate dehydrogenase; SHMT, serine 
hydroxymethyltransferase. 
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Figure 3.11. DIGE 2D IEF/SDS-PAGE of cell culture vs root mitochondria. Samples of cell 
culture (labeled with Cy3, shown in green) and root (labeled with Cy5, shown in red) were 
compared. Top: Spot intensity maps as derived from the scanner, analysed with the DeCyder™ 
software package (GE Healthcare). The abundance of spots encircled in red have significantly 
increased or decreased compared to the profile in the other tissue. Bottom: Gel pictures were 
electronically overlaid using Image Quant TL™ software (GE Healthcare). Yellow spots 
represent proteins of equal abundance between the tissues. Spots which are more abundant in 
cell culture sample are green and those more abundant in the root sample are red. Arrows 
indicate proteins unambiguously identified by MS, the numbers correlate with Table 3.4. 
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(a) 

 
(b) 

 
 
Figure 3.12. (continues on the next page) 
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Figure 3.12. Scheme showing the differences in cell culture and root mitochondrial 
metabolism focused on: (a) the entry and exit of carbon intermediates from the TCA cycle 
and (b) the photorespiratory and C1 pathways. Enzymes in red were elevated in abundance 
or activity in cell culture mitochondria, those in blue were increased in root mitochondria, and 
those in brown were unchanged or no data were available for both samples. Abbreviations: 2-
OGDH, 2-oxoglutarate dehydrogenase; ACON, aconitase; AGT2, alanine: glyoxylate 
aminotransferase; AlaAT, alanine aminotransferase; ALDH, aldehyde dehydrogenase; AspAT, 
aspartate aminotransferase; CAS, β-cyano-alanine synthase; CS, citrate synthase; FDH, formate 
dehydrogenase; FUM, fumarase; GDC, glycine decarboxylase complex; GDH, glutamate 
dehydrogenase; glycoDH, glycolate dehydrogenase; ICDH, isocitrate dehydrogenase; MDH, 
malate dehydrogenase; NAD-ME, NAD-malic enzyme; OAS, O-acetylserine; OAS-TL, O-
acetylserine (thiol)-lyase; PDH, pyruvate dehydrogenase; S-CoA-L, succinyl-CoA ligase; SAT, 
serine acetyltransferase; SDH, succinate dehydrogenase; SHMT, serine 
hydroxymethyltransferase. 
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Figure 3.13. Differences in the catalytic activities of TCA cycle enzymes in mitochondria 
from shoot, root and cell culture. Activity of PDH (a), CS (b), ACON (c), S-CoA-L (d), FUM 
(e) and MDH (f) was measured in cell culture (red bar), shoot (green bar) and root (blue bar). 
Data were expressed as nmol min-1 mg-1 of protein for (a), (b), (d) and (e) and μmol min-1 mg-1 
of protein for (c) and (f). Data were compared using one-way ANOVA with p < 0.05 followed 
by a pairwise comparison using Tukey’s HSD Post-hoc test with p < 0.05. A “*” sign indicates 
all data were significantly different from each other. A  “+” sign indicates that only cell culture 
is significantly different from the other samples while the activity in shoot and root is 
statistically similar. Data correspond to means ± standard error of three independent 
experiments 
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Figure 3.14. Differences in the catalytic activities of the non-TCA cycle enzymes in 
mitochondria from shoot, root and cell culture. Activity of deamination and amination by 
GDH (a and b respectively), NAD-ME (c) and FDH (d), was measured in cell culture (red bar), 
shoot (green bar) and root (blue bar). Data were expressed as nmol min-1 mg-1 of protein for (a), 
(c) and (d) and μmol min-1 mg-1 of protein for (b). Data were compared using one-way ANOVA 
with p < 0.05 followed by a pairwise comparison using Tukey’s HSD Post-hoc test with p < 
0.05. A “*” sign indicates all data were significantly different from each other. Data correspond 
to means ± standard error of three independent experiments 

3.3.2.2.1 Increased photorespiratory apparatus in shoot mitochondria 

The abundance of most of the components of the glycine decarboxylase complex 

(GDC, H-, T- and P-subunit) and the serine hydroxymethyltransferase (SHMT) in 

mitochondria isolated from photosynthetic shoot are 2-90 fold higher than in non-

photosynthetic cell culture and root mitochondria. These proteins can also be easily 

observed in Figure 3.7 and 3.9 as the major changes in total abundance between the 

samples. The L protein of GDC is shared with a number of other enzyme complexes in 

plant mitochondria, namely the pyruvate, 2-oxoglutarate and branched-chain amino acid 

dehydrogenases. Two genes encode isoforms of this protein in Arabidopsis (At1g48030 

and At3g17240), the former has been proposed as the isoform linked to GDC based on 

enhanced transcript abundance in photosynthetic tissues (Vauclare et al., 1998; Lutziger 
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and Oliver, 2001). In our analysis, At1g48030 is the more abundant protein in the shoot 

compared to both cell culture and root mitochondria, while the At3g17240 is more 

abundant in shoot mitochondria only when it is compared to cell culture mitochondria. 

Although one of the protein spots identified as L-protein has a higher abundance in the 

root compared to shoot mitochondria, it is likely a degradation product on the basis of 

its mobility on the 2D-gel. Both GDC P-protein isoforms (At2g26080 and At4g33010) 

are more abundant in shoot mitochondria. Of the three H protein isoforms, two are more 

than 20-fold higher in shoot mitochondria (At1g32470, At2g35370) while the third 

(At2g35120) is more abundant in cell culture and root mitochondria. Interestingly, the 

abundance of the two leaf H protein isoforms were higher in cell culture than in root, 

indicating glycine cleavage in cell culture may be maintained to a certain level even 7 

days after transfer from light to dark. Nevertheless, these changes in combination 

underlie the 10-fold greater glycine-dependent oxygen consumption in shoot 

mitochondria (Figure 3.6), and provide a much more detailed insight into the protein 

isoforms responsible for this specialized function. 

3.3.2.2.2 Differences in tricarboxylic acid cycle functions 

With mitochondrial respiration in the light significantly shifted to a role in 

photorespiration, a number of studies have suggested that TCA cycle function is 

reduced in the light (Budde and Randall, 1990; Hanning and Heldt, 1993; Igamberdiev 

and Gardestrom, 2003; Tcherkez et al., 2005). Pyruvate dehydrogenase (PDH) complex  

is a key entry point of carbon into the TCA cycle, and is considered to be a vital point in 

its regulation as phosphorylation / dephosphorlyation controls the activity of the enzyme. 

This complex is made up of three major components, one of which (E3, At3g17240) is 

shared between GDC as well as other dehydrogenases in mitochondria (Section 

3.2.2.2.1). Changes in the abundance of other PDH subunits were observed mainly in 

the comparison of cell culture and shoot mitochondria. The dihydrolipoamide 

acetyltransferases (E2) form the core of the enzyme and both single lipoyl and double 

lipoyl isoforms are present in Arabidopsis (Taylor et al., 2004). In this proteomic 

analysis, the double lipoyl form (At3g52200) is more abundant in cell culture, while the 

singly lipoyl form (At1g54220) is more abundant in shoot mitochondria. Two isoforms 

of the catalytic E1α subunit are also present in both shoot and cell culture samples, but 

in both cases the shoot protein spots show a more acidic pI (Figure 3.7, Figure 3.15a). A 

similar pattern of pI shift in E1α subunits can also be observed in the shoot and root 
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comparison (Figure 3.15b), although the abundance of basic and acidic form altered by 

a lesser extent (1.3- to 1.7-fold). In contrast, the basic form of E1α subunit is 

predominantly present in equal abundance in mitochondria from non-photosynthetic cell 

culture and root (Figure 3.15c). This is consistent with the known changes in these 

protein subunits during phosphorylation (Gemel and Randall, 1992; Bykova et al., 

2003a), suggesting more of the E1α is phosphorylated and thus inactive in the shoot 

mitochondrial samples. Assaying PDH in the presence of pyruvate and absence of ATP, 

to fully dephosphorylate and activate the enzyme, revealed a similar activity in all 

mitochondrial samples (Figure 3.13a).  
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Figure 3.15. Zoomed-in view of the pI-shift of pyruvate dehydrogenase E1α subunit on 2D-
gels. The following samples were labeled and compared: (a) shoot (Cy3, labeled as green) and 
cell culture (Cy5, labeled as red). (b) root (Cy3, labeled as green) and shoot (Cy5, labeled as 
red). (c) cell culture (Cy3, labeled as green) and root (Cy5, labeled as red). The DIGE images 
focusing at the pI range of 6.6-7.0 is shown on the left. The arrows indicate the locations of the 
phosphorylated (more acidic) and dephosphorylated (more basic) form of PDH. On the right, 
histograms comparing the abundance of phosphorylated and dephosphorylated form of PDH are 
shown. Data in the histograms correspond to means ± standard error of three independent 
experiments 
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The abundance of citrate synthase (CS) is 3-4 fold higher in cell culture than 

shoot and root mitochondria, whereas CS in shoot and root mitochondria does not 

exhibit a significant change above the statistical threshold used in this proteomic 

analysis. Consistently, the highest activity of CS was measured in mitochondria isolated 

from cell culture, but CS activity was ~2-fold higher in root than shoot mitochondria 

(Figure 3.13b). These data are consistent with the decrease in TCA cycle flux in shoot 

mitochondria through the inactivation of PDH complex.  

 

Looking at the next downstream reaction in the TCA cycle catalyzed by 

aconitase, it is apparent that two of its isoforms also differ in abundance: At2g05710 is 

the dominant isoform in cell culture and is reduced in abundance in shoot (Figure 3.7, 

Table 3.2); At2g05710 identified in the root protein spots show a more acidic pI than 

the one identified in cell culture (Figure 3.11, Table 3.4); while At4g26970 is 

specifically enhanced in protein abundance in shoot as it is 7-fold higher than in cell 

culture (Figure 3.7, Table 3.2) and its protein spot is matched to the equally abundant 

acidic isoform of At2g05710 in root (seen as yellow protein spot in Figure 3.9). To 

determine the impact of the pI shift of the enzyme and the switch of isoforms on 

aconitase function, spectrophotometric assays of aconitase activity were performed 

(Figure 3.13b). These showed a five-fold lower aconitase activity in shoot and root 

mitochondria than in cell culture mitochondria.  

 

In shoot mitochondria, the abundance of two isoforms of 2-oxoglutarate 

dehydrogenase E2 subunits are consistently lower than in cell culture mitochondria 

(Table 3.2). Because the enzyme catalytic activity assay was carried out close to 

physiological pH (7.5) in the cell, low activity of root mitochondrial aconitase 

(At2g05710) could be due to the inactivation of the enzyme by post-translational 

mechanisms. Interestingly, analysis of co-expression data using Gene Expression 

Angler (Toufighi et al., 2005) shows that At2g05710 is closely co-expressed not with 

other TCA cycle enzymes, but components of the fatty acid beta oxidation pathway, 

acetyl-CoA acyltransferase (Kat2; At2g33150, r-value = 0.648) and enoyl-CoA 

hydratase (At4g16210, r-value = 0.652), suggesting it has a role in mitochondrial 

utilization of citrate synthesized by the peroxisome, rather than citrate synthesized 

inside the mitochondrion. The higher catalytic activity of CS but similar ACON activity 
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in the root sample compared to the shoot sample might suggest that part of the citrate 

synthesized by CS in root mitochondria could be exported to the cytosol, which can 

then either be utilized for generating 2-oxoglutarate and re-entering the TCA cycle (see 

Section 3.3.2.2.3 below) or supporting the glyoxylate cycle in the peroxisome.  

 

On the non-decarboxylating side of the TCA cycle, the abundance of two 

succinyl-CoA ligase (S-CoA-L) subunits varied between the organ/cell types 

investigated. The catalytic (α-) subunit of S-CoA-L (At5g08300) is more abundant in 

shoot mitochondrial sample compared to root and cell culture samples. While the 

regulatory (β-) subunit of S-CoA-L (At2g20420) is present in all samples, an apparent 

shift of protein spot towards a more basic pI is observed in root mitochondria. The pI 

and molecular mass of β-subunit of S-CoA-L from cell culture and shoot mitochondria 

match to the phosphorylated β-S-CoA-L in potato tuber mitochondria (Bykova et al., 

2003a). This indicates that the movement of β-subunit of S-CoA-L in root mitochondria 

could be the consequence of its dephosphorylation. Spectrophotometric assay of S-

CoA-L in the mitochondrial samples shows that the activity of the enzyme in root is ~2-

fold higher than in shoot and cell culture (Figure 3.13d), suggesting the modified 

protein is probably related to the increase in S-CoA-L activity in root. These data also 

correlate well with the transcript abundance and enzyme activity of S-CoA-L measured 

in tomato leaves and roots (Studart-Guimaraes et al., 2005).  

 

The abundance of fumarase is 6-fold higher in shoot than in cell culture 

mitochondria (Table 3.2), but no significant differences in catalytic activity can be 

identified between these organelles (Figure 3.13e). In contrast, the abundance of malate 

dehydrogenase (MDH) is higher in shoot than cell culture mitochondria. This was 

confirmed by assaying MDH from the mitochondrial samples in the opposite direction 

(formation of malate from OAA). The highest enzyme activity was measured in the 

shoot sample (Figure 3.13f), indicating that a section of the non-decarboxylating part of 

the TCA cycle is up-regulated in the light. 

3.3.2.2.3 Bypasses of TCA cycle for 2-oxoglutarate formation  

A number of enzymes linking amino acid metabolism and the TCA cycle were 

highlighted in the DIGE comparisons. Alanine aminotransferase (AlaAT) is present as 

two proteins spots with different pI on the 2D-gel, with the basic form being more 
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abundant in shoot and reduced in non-photosynthetic tissues. It has been shown that the 

transcript abundance for mitochondrial AlaAT is 13-fold higher in green leaves than in 

root (Igarashi et al., 2003), suggesting this enzyme is under transcriptional and post-

translational control. Moreover, aspartate aminotransferase (AspAT) was most abundant 

in shoot mitochondria, the catalytic activity of NAD-malic enzyme is higher in non-

photosynthetic cell culture and root mitochondria (Figure 3.14c) and glutamate 

dehydrogenase subunits moved on the gels to more acidic pI values in shoot and root 

mitochondria with respect to cell culture mitochondria (Table 3.2 and 3.4). The 

combination of these enzymes could be used to bypass the several reactions in the TCA 

cycle, feeding amino acid pools and generating 2-oxoglutarate for export from the 

mitochondrion (Figure 3.8a, 3.10a and 3.12a).  

  

Even though glutamate dehydrogenase catalyzes a reversible reaction, 

mitochondrial glutamate dehydrogenase (GDH) is generally understood to work in the 

deaminating direction to form 2-oxoglutarate and contribute to NADH production that 

can then be used by the respiratory chain to couple to ATP production (Thomas, 1978; 

Srivastava and Singh, 1987; Aubert et al., 2001). Assay of GDH from our mitochondrial 

samples in both directions showed that while there was no increase in the maximal 

activity in the deaminating direction in all samples (Figure 3.11a), there was a 40% 

decrease in the maximum aminating activity in shoots and roots (Figure 3.11b). This 

change in enzyme properties correlates with the pI shift in this protein (Table 3.2 and 

3.4) and would suggest an increased potential for net 2-oxoglutarate production by 

GDH in shoot and root mitochondria.  

 

In shoot, aspartate aminotransferase (AspAT) and alanine aminotransferase 

(AlaAT) provide additional routes for the formation of 2-oxoglutarate from glutamate 

through transamination of OAA and pyruvate respectively (Figure 3.8a and Figure 

3.10a). This scenario provides pathways for 2-oxoglutarate formation that are 

independent of the early down-regulated steps of the TCA cycle, which can be used in 

further assimilation of nitrogen outside mitochondria or could fuel the later steps of the 

TCA cycle at a higher rate. This proposal supports previous evidence that shows the 

TCA cycle partially operates in the light (Hanning and Heldt, 1993; Chen et al., 2005) 

and that flux through mitochondrial ICDH is not essential for 2-oxoglutarate formation 
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in Arabidopsis (Lemaitre et al., 2007). Transport properties of isolated plant 

mitochondria and the principles of the malate-aspartate shuttle are consistent with this 

pathway (Journet et al., 1981). In another scenario, OAA entering shoot mitochondria 

can be: (i) converted into malate by MDH, (ii) condensed with acetyl-CoA by citrate 

synthase, or (iii) used to feed the amino acid pool via AspAT (Figure 3.8a and Figure 

3.10a). The enhanced MDH activity in shoot (Section 3.3.2.2.2, Figure 13f) is consistent 

with the important role of OAA in malate and glutamate transport into mitochondria, 

thereby mediating photosynthesis and respiration in the light (Hanning et al., 1999; 

Raghavendra and Padmasree, 2003). As alanine aminotransferase catalyzes the 

reversible transfer of an amino group from glutamate to pyruvate to form 2-oxoglutarate 

and alanine, it can not only play a role in amino acid metabolism but also in limiting 

entry into the down-regulated portion of the TCA cycle by depleting the pyruvate pool. 

 

In the mitochondria from non-photosynthetic cell culture and root, malate 

provides an alternative route for entry of the TCA cycle via the formation of pyruvate in 

an oxidation reaction catalyzed by a NAD-dependent malic enzyme (NAD-ME) (Figure 

3.8a, 3.10a, 3.12a). Pyruvate produced can be decarboxylated to acetyl-CoA or 

transaminated to produce alanine or 2-oxoglutarate. NAD-ME bypass of the TCA cycle 

is the major pathway carried out by root mitochondria, as seen by the 40% increase in 

enzyme activity (Figure 3.14c). In addition, MDH activity in non-photosynthetic models 

are comparatively lower than in photosynthetic shoots (Figure 3.6), suggesting that the 

rate of OAA generation from malate via MDH was comparatively lower. Thus, the 

decrease in MDH activity in root mitochondria could potentially allow malate to be 

removed by re-oxidizing to pyruvate at a higher rate and/or by exporting for OAA 

formation in the cytosol. These results are consistent with the transcriptional induction 

of MDH by light (Price et al., 2004; Thum et al., 2004; Rasmusson and Escobar, 2007), 

whereas the transcript abundance of NAD-ME is lower during the day than during the 

night (Tronconi et al., 2008). NAD-ME activity was also previously found to be higher 

in the root system compared to various photosynthetic shoot organs (Tronconi et al., 

2008).  

3.3.2.2.4 Differences in other amino acid metabolic/catabolic pathways   

Four proteins of the branched-chain amino acid catabolism alter in abundance in 

cell culture and shoot mitochondria, but in different directions: isovalery-CoA 
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dehydrogenase (IVD; At3g45300) and electron transfer ubiquinone oxidoreductase 

(ETFQO; At2g43400) are higher in cell culture, while branched-chain α-keto-acid 

dehydrogenase (BCKDH, also GDC L-protein; At3g17240) and both subunits of β-

methylcrotonyl-CoA carboxylase (MCCase; At1g03090 and At4g34030) are higher in 

the shoot sample. The abundance of these enzymes in the other pairs of comparisons (i.e. 

the shoot and root comparison and cell culture and root comparison) was not altered 

significantly within the threshold used for this analysis (i.e. fold change less than two 

and/or p > 0.05). Enzymes in the branched-chain amino acid catabolic pathway are 

shared between Leu, Val and Ile catabolism, namely BCKDH, IVD and ETFQO, 

whereas MCCase exclusively catalyzes the degradation of Leu. It has been shown that 

respiration by cell culture mitochondria via ETFQO best utilizes Val and the Val 

derived organic acid (α-ketoisovaleric acid) over Leu or Ile derivatives (Taylor et al., 

2004), whereas plant leaf mitochondria are best known for catabolism of Leu (Anderson 

et al., 1998) and the knockout of ETFQO in Arabidopsis leads to accumulation 

primarily of Leu derived organic acids in leaves (Ishizaki et al., 2005; Ishizaki et al., 

2006). Leu degradation is carried out in the mitochondria, as all of the proteins in the 

pathway have been identified in the proteome of PercollTM-purified Arabidopsis 

mitochondria (Taylor et al., 2004). Thus, the end product of leucine degradation, acetyl-

CoA, can enter the TCA cycle and cysteine biosynthetic pathway. 

 

The abundance of arginase (At4g08870) is 2-fold higher in shoot than cell 

culture mitochondria. Arginase, which catalyzes the breakdown of arginine into 

ornithine and urea, is targeted to the mitochondria in soybean (Goldraij and Polacco, 

2000). Arginine is an important nitrogen storage, and accounts for at least 50% of the 

total free amino acid nitrogen pool in germinating soybean seedlings (de Ruiter and 

Kolloffel, 1983). Ornithine can be degraded into glutamate and L-glutamate γ-

semialdehyde, which can be used as a precursor for 2-oxoglutarate formation in 

mitochondria and proline biosynthesis in the cytosol respectively. A gene encoding an 

arginine-ornithine transporter has been characterized, suggesting transport of arginine 

and ornithine into the mitochondria is important in providing additional carbon and 

nitrogen sources during development (Goldraij and Polacco, 2000; Catoni et al., 2003; 

Hoyos et al., 2003; Palmieri et al., 2006). It has been proposed that ornithine 

degradation is carried out in the mitochondria and is facilitated by photorespiration, thus 
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playing a role in mobilizing nitrogen source between chloroplasts and mitochondria 

(Linka and Weber, 2005).  

3.3.2.2.5 Coupling of glycolate, formate and cysteine metabolism with photorespiratory 

metabolism  

A number of other mitochondrial metabolic networks that might be linked to 

both the photorespiratory pathways and the TCA cycle can also be proposed based on 

the proteins upregulated in shoot mitochondria. Glycolate dehydrogenase/oxidase 

(GlycoDH; At4g36400), a FAD-oxidase domain containing protein which catalyzes the 

oxidation of glycolate to glyoxylate, is 2-fold higher in abundance in shoot than cell 

culture mitochondria. While peroxisomal glycolate oxidation is essential for the 

photorespiratory pathway, mitochondrial glycolate degradation is not essential as 

mtGlyDH mutants grow under ambient CO2 concentration (Niessen et al., 2007). 

However, it is noteworthy that the abundance of alanine glyoxylate aminotransferase 

(AGT2; At4g39660) was lower in shoot than cell culture mitochondria. AGT2 could 

couple with glycolate dehydrogenase in converting glycolate into glycine using alanine 

as an amino donor, which provides substrate for photorespiratory GDC. This is 

consistent with evidence that the release of radioactive CO2 from 14C-labeled glycolate 

is significantly reduced when the concentration of glycine added to isolated 

mitochondria increases (Niessen et al., 2007). Thus, it is possible that, in the light where 

the total mitochondrial glycine pool is high in shoot mitochondria, the amount of 

glycine input into the photorespiratory pool by AGT2 may be restricted. 

 

Glyoxylate can also be readily oxidized non-enzymatically to produce formate 

(Amory et al., 1992). This pathway could be the preferred fate of glyoxylate in shoot 

mitochondria, since the abundance of formate dehydrogenase (FDH; At5g14780) in 

shoot mitochondria is significantly higher. Also, dysfunction of GDC leads to the 

production of formaldehyde (Guilhaudis et al., 2000; Bardel et al., 2002), which can be 

readily detoxified to produce less-toxic formate by an aldehyde dehydrogenase (ALDH; 

At3g48000). Although ALDH can also detoxify acetaldehyde derived from PDH 

complex dysfunction, this reaction is likely to be more predominant in root 

mitochondria (ALDH abundance is similar in shoot and root) because PDH activity is 

lowered in the light (Section 3.3.2.2.2). Furthermore, a 5-fold increase in formate-

dependent respiration and at least 3-fold increase in FDH activity in shoot mitochondria 
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compared to cell culture and root (Figure 3.14d) suggests a higher influx into the 

mitochondrial formate pool in shoots. Formate dehydrogenase (FDH) catalyzes the 

oxidation of formate to produce CO2. NADH produced from formate oxidation can then 

be used by the respiratory chain (Hourton-Cabassa et al., 1998). Oxidation of formate, 

therefore, may offer an alternative pathway to energy production in mitochondria. 

Alternatively, formate can enter photorespiration via C1 metabolism for serine 

formation, but the oxidation of formate by FDH has been suggested to favour over 

photorespiratory metabolism in the Arabidopsis leaf (Li et al., 2002; Li et al., 2003).  

 

The cysteine biosynthetic pathway in the mitochondria involves the assimilation 

of inorganic sulfur and its integration into the amino acid pool. A cysteine synthase 

complex is comprised of serine acetyltransferase (SAT) and O-acetylserine (thiol)-lyase 

(OAS-TL) which incorporates serine and acetyl-CoA with free sulphide in a two-step 

cysteine biosynthetic pathway (Wirtz et al., 2001; Hell et al., 2002; Wirtz et al., 2004). 

Three proteins in the cysteine biosynthetic pathway are targeted to the mitochondria, 

surprisingly two of them differ in protein level in different tissues (Table 3.2-3.4). In 

root, OAS-TL (At3g59760) is 2-fold more abundant in root than shoot mitochondria, 

but it appears as a degradation product based on the molecular weight of the protein 

spot. However, previous analysis showed that the loss of mitochondrial OAS-TL 

accounts for 20% loss of total cellular OAS-TL activity in root but no changes was 

observed in leaf (Watanabe et al., 2008), therefore the data here may indicate that 

protein turnover rate could be high in root to facilitate increased protein activity in root 

mitochondria. In comparison, β-cyano-alanine synthase (CAS, A3g61440) is the most 

dominant form of cysteine synthase in shoot. In potato, the activity of CAS was higher 

in leaves than tuber (Maruyama et al., 2001). These changes are also comparable to the 

alteration in the expression of the transcript measured previously in Arabidopsis, where 

a higher level of expression was detected in the leaf than root tissue (Watanabe et al., 

2008).  

3.3.2.2.6 Alterations in the respiratory chain and ATP synthase 

Although 2D (DIGE) IEF/SDS-PAGE allowed the identification of several 

respiratory chain proteins which were differentially expressed, only a limited number of 

hydrophobic proteins were resolved due to their lack of solubility under IEF conditions. 

To assess any possible changes in the structure and composition of the respiratory 
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complexes, digitonin-treated mitochondrial fractions isolated from root, cell culture and 

shoot were fractionated by differential 2D (DIGE) blue-native/SDS-PAGE (Figure 

3.15). BN/SDS-PAGE allows a separation of protein complexes in the first dimension, 

and a separation of individual components in the protein complexes in the second 

dimension. The composition and relative abundance of the major respiratory complexes 

were very similar between shoot, root and cell culture samples (Figure 3.16). Protein 

spots that differed in abundance between the samples were identified using LC-MS/MS 

(Table 3.2-3.4). The proteins identified were membrane bound SHMT1 and minor 

forms of ATP9 that appeared to be more abundant in the shoot sample; while GDH1, 

arginase and pyrroline-5-carboxylate dehydrogenase appeared to be more abundant in 

the root sample. The abundance of prohibitin (At1g03860) was also found to increase in 

the shoot sample. Prohibitin has been proposed to stabilize the mitochondrial respiratory 

complexes in rice (Takahashi et al., 2003) and previously shown to regulate membrane 

protein degradation by AAA-proteases (FtSH) in yeast (Steglich et al., 1999). Recently, 

a study on FtSH knockouts showed a reduction in respiratory activities and reduced 

assembled complexes (Kolodziejczak et al., 2007) and the loss of FtSH in the mutant 

can be partially compensated by the transcriptional upregulation of prohibitins and 

HSP70 (Gibala et al., 2009). Stabilizing ETC protein turnover in the light is vital 

because the mitochondrial ETC plays an important role in dissipating excess redox 

equivalents from the chloroplasts (Raghavendra and Padmasree, 2003).  

 

The subunit 6 of SDH (SDH6, At1g08480) appeared to be post-translationally 

modified in the cell culture mitochondrial samples, as seen by an apparent decrease in 

the molecular mass of the shoot and root protein band in the BN/SDS-PAGE (Spot 93 

and 94 in Figure 3.16a and Table 3.2; Spot 178 and 179 in Figure 3.16b and Table 3.4) 

and the increased acidity of the shoot protein spot in the IEF/SDS-PAGE (Spot 48 and 

49, Figure 3.7, Table 3.2). This protein was identified as one of the plant specific 

subunits in complex II (Millar et al., 2004), but its exact role in complex II function is 

not certain. Two iron-sulfur subunit of the succinate dehydrogenase (SDH), SDH2-1 

(At3g27380) and SDH2-2 (At5g66760), are higher in abundance in root than in shoot 

and cell culture samples. This is consistent with the differences in transcript abundance 

in various vegetative organs measured previously (Elorza et al., 2004). However, the 

rate of succinate oxidation in shoot, root and cell culture mitochondria did not reflect 
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the changes in protein abundance observed in DIGE BN/SDS-PAGE (Figure 3.6). COX 

capacity and succinate dehydrogenase activity have also been shown to decline during 

root ageing in soybean plants (Millar et al., 1998), thus it will be interesting to measure 

the effect of COX activity on succinate oxidation in the shoot, root and cell culture 

mitochondria. High exogenous NADH oxidation by root mitochondria could also be 

due to age-specific differences (Figure 3.6), as a similar rate increase was observed 

when mitochondria isolated from fresh and aged beetroot were compared (Menz and 

Day, 1996). 

 

The 16 kDa and 24 kDa subunits of complex I (At2g27730 and At4g02580 

respectively) were identified by 2D DIGE IEF/SDS-PAGE to be differentially 

expressed, surprisingly in opposite directions in shoot and cell culture. Two gamma 

carbonic anhydrase isoforms (At5g66510 and At1g47260) were also identified to be 

mostly downregulated in root. The α and β subunits of the mitochondrial processing 

peptidase, which forms an integral part of the b/c complex (Braun et al., 1992; Braun 

and Schmitz, 1999), are higher in abundance in root mitochondria than in shoot 

mitochondria. However, the BN/SDS-PAGE showed no significant difference in the 

abundance of the assembled complex I, III and I+III (Figure 5). The differences in the 

amount of these particular subunits may represent variations between shoot, root and 

cell culture mitochondria in the state of the protein assembly into complex I or III and 

the abundance of these subunits in the matrix. Interestingly, the plant specific 16 kDa 

subunit is one of the few complex I subunits that can be readily identified in matrix 

samples from Arabidopsis mitochondria (Meyer et al., 2007). Most of other changes 

seen on the 2D DIGE IEF/SDS-PAGE separation were matched to alpha or beta 

subunits of the ATP synthase (Table 2). These were all minor spot variants for these 

proteins or low level degradation products: there was no apparent change in the major 

spots containing the bulk of ATP synthase subunits on either IEF/SDS-PAGE or 

BN/SDS-PAGE. 
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(a) 

 
Figure 3.16. (continues on the next page) 
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(b) 

 
Figure 3.16. (continues on the next page) 
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(c) 

 
Figure 3.16. DIGE 2D BN/SDS-PAGE comparing shoot, root and cell culture 
mitochondria. (a) cell culture (labeled with Cy3, shown in green) and shoot (labeled with Cy5, 
shown in red) mitochondria; (b) shoot (labeled with Cy3, shown in green) and root (labeled with 
Cy5, shown in red) mitochondria; (c) cell culture (labeled with Cy3, shown in green) and root 
(labeled with Cy5, shown in red). Top: Spot intensity maps as derived from the scanner, 
analysed with the DeCyder™ software package (GE Healthcare). The abundance of protein 
spots encircled in red have significantly increased or decreased compared to the profile in the 
other tissue. Bottom: Gel pictures were electronically overlaid using Image Quant TL™ 
software (GE Healthcare). Yellow protein spots represent proteins of equal abundance between 
the tissues. Protein spots which are more abundant in one sample but not in the other are either 
shown as green or red in colour. Arrows indicate proteins unambiguously identified by MS, the 
numbers correlate with Table 3.2-3.4. Roman numerials on x-axis indicate the positions of 
individual mitochondrial respiratory complexes: I+III2, supercomplex of complex I and a dimer 
of complex III; I, complex I; V, complex V (ATP synthase); III, complex III (cytochrome b/c, 
complex); IV, complex IV (cytochrome c oxidase), II, complex II (succinate dehydrogenase). 
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3.3.2.2.7 Proteins with other functions 

A peptide deformylase was nearly 7 fold more abundant in cell culture than shoot and 

root mitochondria. This protein has been shown by GFP to be localized in mitochondria 

in Arabidopsis (Giglione et al., 2000). It was proposed to remove the N-formyl group on 

modified initatior Met residues found at the N-terminus of proteins as the first step 

towards post-translational Met removal by a methionine aminopeptidase. A member of 

the mitochondrial glycoprotein family of proteins was found (At4g32605) that appears 

to be four-fold more abundant in cell culture than shoot and root mitochondria. Two 

glycine-rich RNA binding proteins (At1g74230 and At1g4g13850), an uncharacterized 

transcription factor (At4g32605) and a PBS lyase HEAT-like protein (At3g62530) were 

also increased in spot abundance in cell culture. A number of heat shock proteins and 

chaperonins were more abundant in non-photosynthetic tissues, for example 10 kDa 

chaperonin (At1g14980) and HSP60 (At3g13860) are more abundant in cell culture 

than in shoot sample. In contrast, inosine 5-monophosphate dehydrogenase (At5g10860) 

was identified as a down-regulated protein spot only in the cell culture sample. The 

movement of porin (VDAC3, At5g15090) on the 2D-gel was also different in 

mitochondria isolated from photosynthetic and non-photosynthetic systems, with acidic 

spots more abundant in shoots while the basic protein spot were the dominant porin in 

cell culture and root. A number of Cys-dependent ROS scavenging proteins are 

differentially expressed: peroxiredoxin (At3g06050) is more abundant in mitochondria 

from photosynthetic shoot, glutaredoxin (At3g15660) is higher in abundance in cell 

culture than root mitochondria, and adrenodoxin  (At3g07480) exhibits a slight increase 

in molecular weight in shoot compared to cell culture (Figure 3.7). 

3.3.2.3 Do transcriptional or post-transcriptional processes maintain differences 

in the mitochondrial proteome? 

To assess to what extent changes in mitochondrial protein abundance correlate 

with elevated levels of transcripts in Arabidopsis shoot, root and cell culture, I 

performed Affymetrix GeneChip experiments using triplicate RNA samples prepared 

from the same plant material I used for mitochondrial isolations. Data were analyzed in 

pairs of three similar to the comparison performed in the DIGE experiments. Transcript 

data were then compared with the corresponding Proteomic data. The raw data of these 

experiments are available from ArrayExpress under accession number E-ATMX-31, 

experiment name Millar_Athal_cells. 
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In all the pairwise analysis, 18721 gene products were called positive in the 

array replicates. In each comparison, 3727 and 5799 genes were significantly 

upregulated in shoots and cell culture respectively (fold change ≥ 2), 2566 and 5755 

genes were significantly upregulated in roots and shoots respectively (fold change ≥ 2), 

and 2723 and 3459 genes were significantly upregulated in cell culture and roots 

respectively (fold change ≥ 2). Of the non-redundant set of 82 proteins found to be 

different in abundance between cell culture shoot and root mitochondria (Table 3.2-3.4), 

73 of the transcripts were detected in the array experiments and these data were matched 

for further analysis. The change in abundance of transcript was assigned to all the 

corresponding spots detected in the DIGE experiment, excluding protein spots that were 

previously found to be the minor spots (defined here as translationally-modified 

proteins or degradation products on the 2D-gel) for these proteins in 2D-gels (data not 

shown). In addition a further series of protein spots, present in the DIGE analysis but 

found not to change significantly, were matched to genes by comparison to reference 

gels for Arabidopsis mitochondria (data not shown), 92 of these could be matched to 

transcripts detected in the replicated array experiments.  

 
This provided a set of 165 different data points which are shown in a scatter plot of 

mRNA to protein expression ratio in cell culture and shoot and root mitochondria 

(Figure 3.17). The diagonal line (y = x) would be expected if the protein and mRNA 

abundance ratio is perfectly correlated. As expected, the majority of the mitochondrial 

components are clustered within quadrants B and C, indicative of a positive correlation 

between protein and mRNA abundance. A parametric correlation analysis of the plotted 

data using the Pearson correlation method gives correlation coefficient ranging from 

0.33 to 0.53 (p < 0.0001), indicating mRNA and protein abundance ratio in each 

comparison pair of the shoot, root and cell culture mitochondria is positively and 

moderately correlated. Notably, only 13-25% of the genes fall into quadrants A and D, 

indicating discordant changes in transcript and protein abundance. This subset includes 

components involved in the TCA cycle, stress defense and also branched-chain amino 

acid catabolism. Overall this suggests that protein abundance within these systems is 

likely to be controlled at a range of different levels but does contain a significant 

element of control by transcript abundance. A number of other studies broadly 

comparing mRNA level and protein abundance in a variety of species is consistent with 
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the analysis presented in this study (Gygi et al., 1999; Kleffmann et al., 2004; Le Roch 

et al., 2004; Nie et al., 2005). 

 
Figure 3.17. Scatter plot representations of the correlation between mRNA and protein 
expression levels. The protein abundance ratio of mitochondrial components between shoot and 
cell culture samples, shoot and root samples and cell culture and root samples (y-axis) , taken 
from table 3.2, 3.3 and 3.4 respectively, was plotted against the transcript abundance ratio for 
the same components (x-axis) in log10 scale (n = 165). Each component was assigned to a 
functional category as indicated. The Pearson correlation coefficient (r) of the logarithm of 
mRNA abundance ratio versus the logarithm protein abundance ratio is shown (p < 0.0001). 
The plotted line (y = x) represents a hypothetical perfect correlation between the two datasets. 
Four quadrants (A-D) were assigned as indicated. Genes within quadrants A and D are 
components that are discordant, i.e. having opposite transcript and protein abundance ratios. 
The annotation of the genes and their corresponding mRNA and protein abundance ratio 
included in the scatter plot are shown in Appendix III.  
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3.4  Discussion 

3.4.1 High purity mitochondrial isolates are required for the 
comparative analysis of the proteome changes in the 
organelles 

Studying and contrasting mitochondrial proteomes requires highly purified 

fractions free of other cellular contaminants. The final yield of the mitochondrial 

proteins is also crucial as some laboratory techniques and methods (e.g. 2D-PAGE) 

require a substantial amount of mitochondria. 

 

PercollTM gradient density separation technique has been optimized and 

employed to isolate mitochondria from a range of plant tissues for large-scale proteomic 

anaylsis. The most problematic are the green photosynthetic tissues because the 

mitochondrial fraction often co-migrates with the chlorophyll-containing fractions. We 

demonstrated that performing at most three initial differential centrifugation steps after 

tissue grinding is important to prevent the co-migration of chlorophyll-containing 

fractions with the mitochondrial fraction from shoot extracts (Figure 3.1). Although 

performing multiple centrifugation steps before the gradient centrifugation can greatly 

improve the purity of the mitochondria, this often leads to reduced yield of 

mitochondrial proteins (data not shown; also see Kruft et al. (2001) and Hausmann et al. 

(2003)). Moreover, despite multiple differential centrifugation and gradient density 

centrifugation steps performed, our analysis shows that the pellet of enriched 

mitochondria contains a considerable amount of chlorophyll (Figure 3.4b) and multiple 

chloroplastic proteins were identified in the proteome of pre-FFE treated mitochondria 

from green tissues (Figure 3.5). Consistently, previous proteomic analysis often 

identified subunits of RuBisCo in mitochondria prepared for various comparative 

analyses in pea plants (Bardel et al., 2002; Taylor et al., 2005).  

 

Mitochondria isolated from non-green plants typically have very low level of 

plastid contaminants, resulting in the successful characterization of the proteome 

composition in dark-grown Arabidopsis cell culture (Kruft et al., 2001; Millar et al., 

2001b; Brugiere et al., 2004; Heazlewood et al., 2004), maize (Hochholdinger et al., 

2004) and rice (Heazlewood et al., 2003). Peroxisomal contaminants become the major 
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interference in these proteomic analyses from non-photosynthetic plant tissues. For 

example, 3-keto-acyl-CoA thiolase and acetyl-CoA carboxylase were often found in the 

mitochondrial proteome in these studies, but these proteins were later found to not be 

targeted to the mitochondria in GFP tagging and in vitro import experiments (Carrie et 

al., 2007).  

 

FFE provides a third parameter for purifying mitochondria from other cellular 

compartments on the basis of the differences in their surface charge. The contamination 

in pooled mitochondrial sample from Arabidopsis root and shoot material after FFE 

treatment was significantly reduced, as seen by the 5-fold reduction in Kat2 immuno-

reaction in the root material and more than 10-fold decrease in RbcS in the shoot 

material. However, improved purity was countered by reduced protein yield after FFE. 

Spectrophotometric measurement of the FFE fractions (Figure 3.2b) showed that the 

main peak comprised only ~60% of the total protein loaded. Therefore, in order to 

obtain sufficient material for subsequent proteomic analysis, the minimum amount of 

starting material for shoot, root and cell culture is increased to 400 g, 200 g and 250 g 

respectively, with the mitochondrial protein yield ranging from 2 mg for root to 7 mg in 

cell culture after FFE treatment. Purifying mitochondria with FFE can also improve 

proteomic analysis by reducing the amount of degraded mitochondrial proteins through 

the removal of damaged mitochondria and increasing the amount of low abundance 

proteins thus making more in-depth proteomic analysis possible (Zischka et al., 2003). 

3.4.2 Dynamics of the plant mitochondrial proteome in non-
photosynthetic and photosynthetic organ systems 

In total, nearly 50% of the 165 major proteins observed on 2D gels altered in 

abundance by more than 2-fold between the three pairs of comparisons of Arabidopsis 

mitochondrial cell, root and shoot samples, suggesting that overall mitochondrial 

composition in plants is likely to be very dynamic. The pair that exhibits the most 

significant difference in the mitochondria proteome was cell culture and shoot, with 

40% of the protein spots regulated differentially (fold change ≥ 2) between them. This is 

followed by shoot and root pair (23%, fold change ≥ 2). Not surprisingly, the root and 

cell culture pair showed the least changes in protein abundance (17%, fold change ≥ 2). 

The differences in protein abundance between these two non-photosynthetic systems 
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cannot be explained by the differences in their photosynthetic capacity alone because 

both of them lacked green plastids and were not photosynthetic. Such differences could 

be due to the heterogeneity of mitochondrial proteome required for specific regulation 

of genes for specific energy needs or substrate options in different tissue-types.  

 

The complexity of this heterogeneity across a range of tissues in Arabidopsis is 

also evident from the abundance of transcripts for mitochondrial components in 

previous studies (Picault et al., 2002; Elorza et al., 2004; Elhafez et al., 2006; Lemaitre 

and Hodges, 2006; Gonzalez et al., 2007). The heterogeneity of mitochondria has been 

investigated extensively in mammals using qualitative and quantitative proteomic 

analysis of mitochondria from a variety of tissues and organs of rat and mouse (Mootha 

et al., 2003; Forner et al., 2006; Johnson et al., 2007b; Pagliarini et al., 2008). These 

analyses sit on the backdrop of many reports of differences in mitochondrial function, 

structure and abundance between mammalian tissues (Cairns et al., 1998; Collins et al., 

2002; Benard et al., 2006). The proteomic studies show modification of the abundances 

of mitochondrial central machinery, a varying percentage of organ-specific 

mitochondrial proteins (some of unknown function) and apparent biochemical links 

between the observed alteration of mitochondrial composition and the known 

specialization of the cell type. The claimed proportion of the mammalian mitochondrial 

proteome that is ubiquitously or constitutively expressed and the proportion that is more 

organ-specific vary depending on the type and extent of each analysis. The study by 

Mootha et al (2003) suggests only ~50% of the mouse mitochondrial proteome was 

ubiquitously present and that ~50% was tissue-specific. A more detailed and 

quantitative study of the mitochondrial matrix proteome from rat tissues, by the same 

authors, found fewer qualitative (organ-specific) differences but many quantitative 

(organ-selective) differences (Forner et al., 2006). Thus our plant mitochondrial data are 

consistent with what is found in mammals not only in terms of the number of proteins 

changing in abundance, but the clear linkage of these changes with altering 

requirements of the cellular metabolism in the organ types studied (Figures 3.8, 3.10 

and 3.12). 

 

A key functional difference between mitochondria from photosynthetic and non-

photosynthetic tissues appears to be substrate choice or availability. A related pattern of 
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changes in substrate choice is apparent in mitochondria from different mammalian 

tissues. This is observed as differences in the abundance of components in TCA cycle 

and GABA shunt, fatty acid β oxidation, the urea cycle and amino acid metabolic 

pathways. These are seen in the proteomic studies (Mootha et al., 2003; Forner et al., 

2006; Johnson et al., 2007b), but also in functional studies and modeling of mammalian 

mitochondrial metabolism (Johnson et al., 2007a). The metabolic pathways involved 

differ in plants because mitochondria have a different set of substrate choices in vivo, 

for example β-oxidation of fatty acids does not occur in mitochondria but has been 

relocated to peroxisomes in plants (Reumann et al., 2007).  

 

The following sub-sections will attempt to explore several examples of 

similarities and differences in photosynthetic and non-photosynthetic mitochondrial 

metabolism from a wider perspective. Integration of the comparative analysis and the 

functional differentiation between photosynthetic and non-photosynthetic metabolisms 

are summarized in Figure 3.18 and Figure 3.19. 

3.4.2.1 Stiochiometry of the Respiratory complexes 

We found in Arabidopsis that there were very few differences in protein 

abundance of oxidative phosphorylation complexes (Figure 3.15). In agreement, far 

fewer differences in the abundance of components in the OxPhos apparatus between 

mammalian tissues have been observed, perhaps because of the constraint of defined 

supercomplex stoichiometries between OxPhos complexes. However, large tissue 

specific changes in ubiquinone (UQ) and cytochrome c contents, alterations in maximal 

activities and catalytic constants and also in total cellular content/capacity of OxPhos 

have been reported in mammals (Cairns et al., 1998; Collins et al., 2002). In plants, 

ATP production by OxPhos has been linked to maintain redox balance in the chloroplast 

and cytosolic sucrose synthesis in the light (Kromer, 1995; Raghavendra and Padmasree, 

2003), whereas the mitochondria continuously operate in state 3 in the dark to avoid 

ADP limitation and the accumulation of NADH (Igamberdiev and Kleczkowski, 2006). 

However, the catalytic activity of each OxPhos complex in the photosynthetic and non-

photosynthetic organs/cells has not been measured and compared, and, thus, it will be a 

subject for further investigation. 
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3.4.2.2 Compartmentation of 2-oxoglutarate formation from TCA cycle-

generated citrate 

The main difference between photosynthetic and non-photosynthetic tissues is 

the activation state of the PDH complex. As expected, PDH complex is largely 

inactivated in shoot due to the operation of GDC which contributes a large proportion of 

NADH production in the light. This also results in the reduction of carbon flux into the 

TCA cycle, as seen by the low activity of citrate synthase in the shoot compared to the 

two non-photosynthetic tissues. Surprisingly, both shoot and root share a similar rate of 

ACON activity, whereas ACON activity in cell culture correlates to the utilization of 

citrate from the glyoxylate cycle rather than the TCA cycle (Section 3.3.2.2.2).  

 

Alternatively, citrate produced during the TCA cycle can be exported to the 

cytosol rather than proceeding to isocitrate generation in the mitochondria in both non-

photosynthetic and photosynthetic tissues. Citrate export for 2-oxoglutarate formation 

has been extensively described in leaves (Hanning and Heldt, 1993; Galvez et al., 1999; 

Hodges, 2002; Smith et al., 2004a). Citrate can be converted into 2-oxoglutarate by 

cytosolic isoforms of isocitrate dehydrogenase and aconitase. In green leaf, IDH 

typically has low in vitro activity, high Km and high Ki when compared to NADP-

dependent isocitrate dehydrogenase (NADP-ICDH) (Galvez et al., 1999), and 

mitochondrial NAD-IDH activity has been shown to be inhibited under photorespiratory 

conditions (Igamberdiev and Gardestrom, 2003). Also, mitochondrial NADP-ICDH has 

been proposed to operate in the reverse direction in the light (Igamberdiev and 

Gardestrom, 2003) and isocitrate produced can be exchanged for 2-OG by a 

dicarboxylate / tricarboxylate transporter (Picault et al., 2002). However, since cytosolic 

ICDH comprises 98% of the total ICDH activity in green tobacco leaf (Galvez et al., 

1994), the rate of cytosolic 2-OG formation must be faster than the rate of isocitrate 

accumulation. 2-OG can be used for re-entering TCA cycle or for nitrogen assimilation 

via GS/GOGAT in the chloroplasts.  

 

From our enzyme activity and protein abundance data, the lower activity of 

ACON in root mitochondria compared to cell culture mitochondria was linked to pI 

shift on the 2D-gel (Figure 3.11, Table 3.4), which could indicate that ACON in the root 

sample might be post-translationally modified (Section 3.3.2.2.2). Interestingly, nitric 



Chapter 3. Comparative Analysis of the Mitochondrial Proteome for Photosynthetic 
and Non-Photosynthetic Metabolism 
 

115 

oxide (NO) has been shown to be produced only in root mitochondria but not in leaf 

mitochondria (Gupta et al., 2005), and mitochondrial aconitase activity is sensitive to 

externally applied NO (Navarre et al., 2000). Because the activity of succinyl-CoA 

ligase (Figure 3.13d) and the abundance of SDH (Section 3.3.2.2.6) is the higher in root 

mitochondria than in the cell culture and shoot mitochondria, it is possible that the 

cytosol can provide isocitrate and/or 2-OG to support the non-decarboxylating side of 

the TCA cycle in the root. It will be interesting to examine how much of the citrate is 

converted into isocitrate or 2-OG for the TCA cycle in the cytosol compared to shoot 

and cell culture, because cytosolic aconitase activity can also provide precursor for the 

glyoxylate cycle in the peroxisome (Eckardt, 2005). 

 

 
Figure 3.18. Proposed flux of the TCA cycle comparing photosynthetic and non-
photosynthetic models. Scheme is based on catalytic activity and proteomic data in this study 
as well as proposed fluxes from previous studies. Green arrows indicate increased flux in the 
photosynthetic tissues, Red arrows indicate decreased flux in the non-photosynthetic tissues and 
black arrows indicate no apparent change according to this study (except for non-mitochondrial 
components). Brown arrows indicate a higher flux in the cell culture sample than in shoot and 
root samples. Dash arrows represent the movement of metabolites or intermediates within 
mitochondria or between mitochondria and cytosol. 
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3.4.2.3 The effect of flux of the TCA cycle and photorespiration on mitochondrial 

cysteine biosynthesis  

Cysteine biosynthetic pathway not only couples with photorespiration through 

serine utilisation, but may also act as a control at the entry to the TCA cycle. In 

photosynthetic tissues, high photorespiratory activities, increased production of acetyl-

CoA via Leu degradation and the inhibition of parts of the TCA cycle suggested that the 

flux towards OAS formation by SAT would be higher (Figure 3.18a). Indeed, removal 

of mitochondrial SAT has been shown to reduce total SAT activity by 80% in 

Arabidopsis leaf, indicating mitochondria are the major supplier of OAS in the cell 

(Haas et al., 2008; Watanabe et al., 2008). Conversely, the level of glycine cleavage in 

mitochondria is low while acetyl-CoA formation via PDH complex increases in non-

photosynthetic tissues (Figure 3.18b). Also, the plastid is the main site of serine 

formation in non-photosynthetic tissues (Ho et al., 1999), and mitochondrial SAT 

activity accounts for only ~40% of the total SAT activity in roots (Watanabe et al., 

2008). While the activity of the cytosolic isoform of SAT is known to be sensitive to 

feedback inhibition of OAS/cysteine, the mitochondrial SAT is not controlled by such 

allosteric regulation (Noji et al., 1998). From our data, it is possible that SAT activity in 

the mitochondria could be determined by the availability of acetyl-CoA from TCA cycle 

and/or serine from photorespiration. To my knowledge, the regulation of the mtSAT 

activity by the fluxes of TCA cycle and photorespiration has not been studied and thus it 

is a good candidate worthy of further investigation, possibly using the combination of 

reverse-genetics approaches and flux analysis.  

 

Despite the increased supply of OAS, mitochondrial OAS-TL does not play a  

significant role in Cys biosynthesis, at least in green leaf tissues (Watanabe et al., 2008). 

This is consistent with the lower amount of OAS-TL in shoot than root samples. Also, 

the low OAS-TL/SAT activity ratio in leaf indicates that OAS is exported for cysteine 

synthesis, whereas the activity of the cytosolic and/or plastidic OAS-TL is substantially 

higher (Droux, 2004; Haas et al., 2008; Watanabe et al., 2008; Watanabe et al., 2008). 

While CAS has been shown to have both OAS-TL activity and CAS activity in 

Arabidopsis (Hatzfeld et al., 2000; Wirtz et al., 2004), recent studies have suggested 

that this enzyme mainly functions as a CAS (Watanabe et al., 2008; Lai et al., 2009). 

Increased CAS activity in green tissues allows the detoxification of cyanide with 
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cysteine to form a less toxic sulphide, providing an extra line of defense to avoid 

cyanide inhibition of the cytochrome c oxidase (Hatzfeld et al., 2000; Lai et al., 2009).  

 

In non-photosynthetic tissues, while the relative activity of mitochondrial SAT 

remains high in the cell (~40%), it plays a lesser role in supplying OAS for the cytosol. 

It is possible that the transfer of OAS from mitochondria to the cytosol is inhibited so 

that cytosolic SAT activity is not limited by the concentration of OAS in the cytosol. 

Also, increasing OAS-TL level in root mitochondria allows the steady-state formation 

of cysteine synthase complex for SAT activity, while the amount of “free” OAS-TL for 

catalyzing the formation of cysteine increases. Apart from facilitating cytosolic SAT 

activity under non-photosynthetic conditions, it remains unclear why cysteine is 

synthesized in mitochondria under non-photosynthetic environment but largely not 

under photosynthetic conditions. It can be hypothesized that, because cysteine can be 

transferred between various cellular compartments (Heeg et al., 2008), mitochondria 

can provide sufficient Cys for degradation of cyanide and can provide more Cys 

precursors for cytosolic Met or glutathione biosynthesis to meet specific cellular 

demand in non-photosynthetic environments. Alternatively, because the chloroplasts 

and cytosol are the major sites of glutathione production in green tissues (Noctor and 

Foyer, 1998), it is possible that non-photosynthetic mitochondrial Cys synthesis 

compensates for the increased cytosolic GSH biosynthesis due to the lack of 

photosynthesizing plastids required for light-induced GSH formation. Together with the 

results presented here, it appears that the expression of CAS and OAS-TL is 

significantly altered during light and dark metabolism, which might be influenced by 

the level of operation of both the TCA cycle and photorespiration. 
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Figure 3.19. Proposed flux of the cellular cysteine biosynthetic pathway comparing 
photosynthetic and non-photosynthetic models, with emphasis on mitochondrial 
metabolism. Scheme is based on proteomic data in this study as well as proposed fluxes from 
previous studies. All enzymes in the cysteine biosynthetic pathway are shown as italics. Red 
letters and arrows indicate increased flux in non-photosynthetic tissues. Green letters and arrows 
indicate increased flux in photosynthetic tissues relative to the other. Orange arrows indicate the 
proposed pathway of cysteine biosynthesis in a leaf cell according to previously published data. 
Purple letters represent enzymes that are not detected in this study and black arrows can be 
defined as pathway with minor activity in the leaf cell according to the published data. Dash 
arrows represent the movement of metabolites / intermediates within mitochondria or between 
mitochondria and cytosol, with the same colour schemes as block arrows. 
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3.4.3 Transcriptional and post-transcriptional control of the 
mitochondrial proteome 

Comparison of changes in transcript and protein abundance in a relatively short-

term response to a stimulus generally shows a robustly significant positive correlation 

(Washburn et al., 2003). However, there has been significant debate about the level of 

correlation between protein abundance and transcripts in comparisons of different 

tissues or organ types (Cox et al., 2005). In these cases nearly the whole life history of 

the materials being compared differ and thus a much wider variety of factors can 

influence the degrees of mRNA and protein correlation (Yanai et al., 2006).  A variety 

of specific factors could also negatively influence the significance of correlation in the 

specific case of plant mitochondria, for example: the presence of multi-targeted proteins 

in mitochondria which may be significantly or even predominantly located elsewhere in 

the cell (Chew et al., 2003; Duchene et al., 2005), variation in total mitochondrial 

content compared to total cell protein in different cell types, and coordination of nuclear 

and organelle genomes for assembly of respiratory protein complexes and ribosomes 

which are largely understood to occur post-translationally (Giege et al., 2005).   

 

However, despite these predicted problems, the correlations experimentally 

observed are often quite significant using a variety of statistical approaches. The 

positive correlation of our protein and mRNA abundance data and the only 13-25% 

discordance found in our data (Figure 3.17) suggests a significant control of protein 

abundance by transcript abundance. A number of recent reports have compared the 

expression level of mRNA and protein of mitochondria from a variety of organs in 

mouse and rat using different statistical models (Forner et al., 2006; Kislinger et al., 

2006). Using their primary data, I have performed pairwise comparisons using Pearson 

correlation analysis on the mitochondrial components from different organs in order to 

compare with our own data (Appendix I). Pairwise correlation analysis between muscle, 

heart and liver in rat mitochondria shows a strong positive concordance between protein 

and mRNA abundance ratio; only ~11-30% of the genes are discordant (Data from 

Forner et al. (2006)); whereas the mitochondrial components in mouse brain, heart, 

kidney and liver shows a positive and moderate correlation and again ~10-30% of the 

genes fell outside the linear relationship (Appendix I, Data from Kislinger et al. (2006)). 
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Earlier data comparing mitochondrial components in mouse brain, heart, kidney and 

liver found that 75% of the mRNA and protein abundance were significantly concordant 

(Mootha et al., 2003). A comprehensive large-scale proteomic study comparing ~1098 

mitochondrial components in 14 different mouse tissues conducted recently has found 

that over 60% of the transcript and protein abundance was significantly concordant 

(Pagliarini et al., 2008). 

3.4.4 Summary and concluding remarks 

In summary, the mitochondrial proteome isolated from non-photosynthetic cell 

culture and root models was compared against more specialized mitochondria isolated 

from photosynthetic shoots. Proteomic comparisons provided a deep insight into the 

different steady-state abundances of specific mitochondrial proteins. The data showed 

major differences in the abundance and/or activities of enzymes in the TCA cycle and 

photorespiration. The metabolic pathways that relied on the supply of intermediates 

from TCA cycle and photorespiration were also altered, namely cysteine, formate and 

one-carbon metabolism, as well as amino acid metabolism focused on 2-oxoglutarate 

generation, and branched-chain amino acids degradation. Comparisons to microarray 

analysis of these models showed a positive correlation between mRNA and 

mitochondrial protein abundance and over 75-90% concordance between changes in 

protein and transcript abundance. These results highlight variation in the substrate 

choice and/or availability and indicate that the majority of the changes occur in the 

matrix during photosynthetic and non-photosynthetic metabolism.  

 

However, the specific differences observed in the two non-photosynthetic 

models suggested that protein abundance was also subject to tissue-selective or tissue-

specific gene expression. In Chapter 4, the tissue heterogeneity of the mitochondrial 

proteome will be briefly explored by analyzing two additional vegetative organs, stems 

and siliques, and a reproductive organ, flowers. In Chapter 5, we will then examine 

whether mitochondria from shoots have a static proteome during the day and night cycle, 

or if the proteome changes dynamically to meet the different metabolic requirements of 

the two periods. 
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4.1 Introduction 

A number of early reports have attempted to display and identify spatially 

expressed mitochondrial proteins by gel electrophoresis in plants, such as spinach 

(Scahlstrom and Ericson, 1984), sugar beet (Lind et al., 1991), potato (Colas des 

Francs-Small et al., 1992), pea (Remy et al., 1987), wheat (Rios et al., 1991) and maize 

(Newton and Walbot, 1985). However, limited genetic information of the investigated 

organisms and the lack of automated algorithms for quantifying these differences often 

hampered the efforts to further investigate the impact of these variations on the changes 

in metabolism during development.  

 

The expression of the genes encoding mitochondrial respiratory components has 

been shown to be co-regulated in various vegetative and reproductive organs (Smart et 

al., 1994; Zabaleta et al., 1998; Ribichich et al., 2001; Gonzalez et al., 2007). Promoter 

studies suggest that the existence of site II motifs in the proximal promoter regions of 

genes for mitochondrial components may play an important role in displaying organ-

specific, metabolic, environmental and developmental responses (Welchen and 

Gonzalez, 2006; Gonzalez et al., 2007). 

 

The complete genome sequences of two model plant species, dicot Arabidopsis 

(The Arabidopsis Genome Initiative, 2000) and monocot rice (International Rice 

Genome Sequencing Project, 2005), have provided opportunities to elucidate the links 

between genes, proteins and functions that exist in a cell. In the last ten years, new 

analytical approaches have been developed in attempts to further understand the 

complex functional networks that control a given system, thus giving rise to a new 

discipline called “systems biology” (Kitano, 2002). The new analytical approaches 

include: (a) transcriptomics, which uses microarrays to analyse the abundance of the 

whole transcripts (mRNA) under a set of conditions (Bouchez and Hofte, 1998); (b) 

proteomics, which allows the large-scale identification and quantification of entire set of 

proteins by using electrophoresis and mass-spectrometry (Anderson and Anderson, 

1996); and (c) metabolomics, which allows the quantification of hundreds of low 

molecular weight molecules (metabolites), such as amino acids, fatty acids and 

carbohydrates, by mass spectrometry (Fiehn, 2002). The ultimate aim of these large 

scale analyses is to obtain information that can explain and identify the differences 
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between phenotypes or genotypes, or to elucidate factors that affect biochemical events 

(e.g. abiotic stress). Thus, by combining all the “-omic” approaches, the dynamics of 

gene expression, proteins and metabolites can be followed, allowing elucidation of 

novel regulatory mechanisms that control cellular functions as the result of system 

responses to various abiotic and biotic perturbations (Hall et al., 2002). 

 

Preliminary analyses of the mitochondrial proteomes in different plant organs 

have been reported for pea (Bardel et al., 2002). Using the traditional 2D-gel 

electrophoresis approach, Bardel et al. (2002) have identified the enzymes that are 

selectively more abundant in the mitochondria purified from a particular organ, such as 

GDC and SHMT in green leaves, FDH and cysteine synthase in roots and HSP22 in 

seeds.  While the mitochondrial proteome of the model plant Arabidopsis has been 

extensively mapped in cell cultures grown under a standard set of conditions (Kruft et 

al., 2001; Millar et al., 2001b; Heazlewood et al., 2004), not much is known about the 

possible organ-specificity or organ-selectivity of the mitochondrial proteins in this plant. 

In contrast, the mitochondrial proteomes from specific organs have been more 

extensively studied in mouse (Mootha et al., 2003; Pagliarini et al., 2008) and rat 

(Forner et al., 2006; Reifschneider et al., 2006). Using a combination of proteomic and 

genetic approaches, a number of genes have been found to associate with diseases 

caused by the deficiency of Complex I in mammals, such as the components of the 

branched-chain amino acid catabolism and lipid degradation (Pagliarini et al., 2008). 

Also, Pagliarini et al. (2008) were able to discover a novel gene C8orf38 which might 

potentially be responsible for Complex I-related diseases in human by affecting the 

activity and/or the assembly of Complex I and/or Supercomplex I+III. Thus, comparing 

the entire set of mitochondrial proteins from different plant organs will help to design 

reverse-genetics experiments in which functions of key mitochondrial proteins are 

disrupted. Such study in Arabidopsis will provide a “stepping stone” towards the 

understanding of a more complex metabolic network that is linked to the changes in the 

mitochondrial proteome in different cellular environments. This also may provide 

insight into the contribution of the mitochondrial energy metabolism to vegetative 

growth and reproduction and the basis for cytoplasmic male sterility caused by the 

mutation in the mitochondrial genome. 
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4.2 Aims and strategy 

In this chapter, the features of the mitochondrial proteome in cell culture, leaf, 

root, stem, flower and silique will be explored. The specific aims of this work are to 

examine the differences in the composition of the mitochondrial proteome from six 

different organs/cells and to determine the relationship between protein and transcript 

abundance of the mitochondrial components. This will begin to allow elucidation of the 

regulation of gene expression of these mitochondrial components and the metabolic 

differences between mitochondria in various plant tissues. 

 

Experimental and bioinformatics approaches were used in this chapter to define 

the organ-specific heterogeneity of the plant mitochondrial proteome. For the 

experimental approach, mitochondria were isolated from small Arabidopsis organs with 

restricted yield, namely flower, stem, root and silique. A method for partial purification 

of mitochondria developed by Howell et al. (2006) was used to enable the removal of 

non-mitochondrial organelles while retaining as much intact mitochondria as possible. 

Once the mitochondria were partially purified, the compositions of the proteomes from 

various organs were compared and analysed by gel-based techniques. Hierarchical 

clustering of the protein data was performed to visually examine which components 

were specifically enhanced in abundance in certain organs and whether gene products 

with similar functions were clustered together. Proteomic data were then normalized 

according to the density of the mitochondria with respect to the total cellular protein 

mass. The normalized protein data were paired with the corresponding transcript 

abundance data obtained from the microarray experiments and statistical analyses were 

performed to examine how well the mRNA and protein abundance correlate globally for 

each organ and on a gene-by-gene basis across various organs. 

 

Broader analysis of the protein profile was also performed using publicly 

available data. All the genes that were likely to be found in the mitochondria were first 

determined using the SUBA database (http://www.suba.plantenergy.uwa.edu.au/) 

(Heazlewood et al., 2007). It was also used to retrieve the functional category of each 

gene encoding for a mitochondrial protein. The transcript and protein abundance data of 

all the determined mitochondrial components were extracted from web-based search 

algorithms, Genevestigator (https://www.genevestigator.ethz.ch/; (Zimmermann et al., 
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2004)) and “AtProteome” (http://fgcz-atproteome.unizh.ch/; (Baerenfaller et al., 2008)) 

respectively. These data were normalized and analysed using similar approaches for 

analysing the experimental DIGE and microarray data. The results obtained from the 

analysis of the experimental and public data were compared in order to examine 

whether similar biological information could be gained from two different approaches. 

Finally, a much broader analysis of transcript profiles for over 500 mitochondrial 

components from 31 different tissue types in Arabidopsis was carried out to ascertain 

the nature of tissue-selective expression and constitutively- and developmentally-

regulated components of the plant mitochondrial proteome. 

4.3 Results 

4.3.1 Isolation of mitochondria from minimal amount of plant 
materials 

 Each plant can develop ~50-100 flowers. After fertilization, flowers develop into 

siliques and later produce seeds. The fresh weight of an open flower and an immature, 

greening silique was 0.78 ± 0.07 mg (n = 5) and 4.2 ± 0.8 mg (n = 3) repectively. In 

order to obtain the optimal amount of flowers for purifying mitochondria, the time at 

which soil-cultivated plants are harvested is critical – Boyes et al. (2001) have 

previously described several stages of flowering during Arabidopsis development. We 

chose 45-50 days after the initial seed germination (Stage 6.3-6.9 described by Boyes et 

al. (2001)), where at least 30-50% of the total flowers that could be developed by each 

plant during its life cycle were either opened or developed into siliques. At any given 

time during these growth stages, approximately 10-20 flowers could be harvested per 

plant. These growth stages were chosen for collecting plant tissues for the following 

reasons: (1) Stage 6.0-6.1 was the period when flowers began to develop. However, the 

stems from these plants were still short and relatively small number of green siliques 

was developed, resulting in a low amount of siliques and stems for harvesting; (2) the 

flowering stage completed at ~50-55 days after initial germination (stage 6.9). By then, 

most of the flowers developed into siliques and only a small number of open flowers 

were available for harvesting. Also, the silique wall began to turn yellow or brown in 

appearance and might begin to release seeds, indicative of the completion of seed 

development and induced death of the silique wall. By growing hundreds of plants on 

soil in a controlled growth environment and collecting plant organs at the optimum 
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flowering stage (also see Section 2.1.4), approximately 2-4 g of flowers, 8-12 g of 

siliques and more than 10 g of stems were obtained for each mitochondrial preparation. 

About 10 g of roots tissues and 200 of leaf tissues was also collected directly from 21-

day old hydroponic culture (Section 2.1.2). All samples were collected at the middle of 

the light phase, i.e. approximately 8 hr after the dark-to-light transition, with the 

exception of dark-grown cell culture. 

  

Leaf and cell culture mitochondria were isolated using the PercollTM gradient 

methods described in Chapter 3. However, these purification procedures require a 

minimum amount of 50-100 g of tissues (without performing FFE) in order to obtain 

sufficient quantity of mitochondrial proteins for 2D-gel analysis. Therefore, to isolate 

mitochondria from minimal available tissues, the procedure developed for isolating 

mitochondria from 100-200 mg of rice germinating embryos was employed (Howell et 

al., 2006), which was previously modified from the method described by Millar et al. 

(2001a). Briefly, tissues were ground and the resulting homogenate was filtered as 

described (Section 2.2.5). In contrast to the methods described for isolating 

mitochondria from hydroponic leaf tissues, root culture and cell culture, the high speed 

centrifugation step (24,000 x g) was not carried out. Instead, the supernatant obtained 

from the initial low speed centrifugation (1,500 x g, to remove cellular debris) was 

loaded directly onto a short PercollTM step gradient (7 ml). This was undertaken in an 

attempt to minimize the loss of mitochondrial protein yield as a result of multiple 

centrifugation steps. Figure 4.1a shows the distribution of organellar fractions in the 

centrifuge tube for each minimal sample after the gradient loaded with the crude 

supernatant was subjected to centrifugation at 40,000 x g for 45 minutes. According to 

the marker enzyme distribution map developed by Millar et al (2001), the mitochondrial 

fraction should be found at the 23%-40% interface, seen as a thin brownish or greenish 

band in the gradient. A plastid-associated fraction should appear as a broad green (stem, 

silique and flower) or light-brown (root) band near the top of the gradient (Figure 4.1a). 

The mitochondrial enriched fraction was collected and concentrated by centrifugation 

(24,000 x g). The amount of proteins obtained in each preparation was approximately 

100-200 μg for all minimal samples.  

 

Due to the low yield of the mitochondrial proteins prepared from limited amount 

of plant material, these purified fractions were not subjected to FFE purification to 
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prevent further yield lost. Mitochondrial fractions isolated from non-photosynthetic and 

photosynthetic tissues are usually contaminated by plastidic and peroxisomal proteins 

respectively (Section 3.3.1 and Section 3.4.1). Therefore, leaf and cell culture 

mitochondrial fractions were also not FFE-treated in this study, so that the contaminants 

identified in these mitochondrial fractions should be mostly identical to the 

contaminants found in the mitochondrial samples isolated from stem, silique, root and 

flower. Previously, we have defined the contaminants that appeared in the 

mitochondrial samples without FFE treatment in Chapter 3 (Section 3.3.1.3). Thus, by 

using this list of contaminating proteins in conjunction with the available bioinformatics 

tools (such as the SUBA database), potential contaminants identified in the subsequent 

proteomic analysis can be eliminated with high confidence. The protein banding 

patterns of all the mitochondrial isolates were also compared against leaf mitochondria 

purified by FFE-treatment to check the quality of the PercollTM-only purified samples 

(Figure 4.1b). The patterns of most of the protein bands in all the non-FFE treated 

samples were mostly similar to the FFE-purified sample, indicating our approach to 

isolate mitochondria from limited amounts of tissues could obtain mitochondria with 

reasonably high purity and minimal amount of contaminating cellular compartments, 

suitable for high-resolution proteomic analysis by 2D-gel electrophoresis. 
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Figure 4.1. Purification of mitochondria from various Arabidopsis organs using 
differential PercollTM gradient. (a) Flower, stem, silique and root mitochondria were isolated 
using a short (7 ml) discontinuous PercollTM gradient, consisting of 40%, 23% and 18% (v/v) 
PercollTM. The mitochondrial-enriched fraction was present as a brownish or greenish band 
(green and non-green tissues respectively) near the 23% and 40% interface. (b) One-
dimensional SDS-PAGE of mitochondria isolated from different tissues were compared against 
FFE-treated leaf mitochondrial fraction. Around 10-15 μg of proteins were loaded onto each 
lane. 
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4.3.2 Proteomic survey of plant mitochondria from different organs 

A differential 2D (DIGE) IEF/SDS-PAGE experiment was performed using a 

randomized experimental design (Table 3.1). All samples and replicates were 

incorporated into one experiment. With Cy2 as the internal standard (the mixture of all 

samples), the inaccuracy in the statistical analysis due to gel-to-gel variation and 

preferential CyDye labelling was reduced. To achieve randomized design of sample 

labelling, at least one of the replicates from each biological sample was labelled with a 

different CyDye and no repeats for the Cy3-Cy5 combination within the experiment 

were allowed. A total of nine gels were run and scanned. As shown in the gel pictures 

derived from the TyphoonTM scanner (GE Healthcare) in Figure 4.2, mitochondria 

isolated from various organs showed overall similar protein composition with a few 

protein spots which are distinctly different between one or more gels, indicative of 

organ-selective changes. All 27 CyDye images were then simultaneously analyzed 

using DeCyder quantitation software (GE Healthcare). Protein spots that reproducibly 

changed in abundance with one way ANOVA p < 0.05 were picked as significantly 

altered spots for further analysis. A total of 474 out of 1024 protein spots detected in the 

analysis were found to be significantly altered in abundance across six different organs.  

 

A representative Cy2 image was then matched against a Coomassie-stained 

preparative gel, prepared by combining an equal amount of proteins from all six 

independent samples (Figure 4.3). This resulted in 276 abundant protein spots that were 

able to be identified in both the preparative gel and the representative Cy2 image. A 

number of major protein spots which were not significantly altered in spot abundance in 

the quantitative analysis but were highly abundant on the 2D-gel map were included. 

The abundance data of all the significantly altered protein spots were extracted from the 

DeCyder software package (GE Healthcare) through the XML Toolbox and the raw Cy3 

or Cy5 expression data were then normalized against Cy2 values.  

 

In total, 251 abundant proteins were positively analyzed by MALDI-MS/MS and 

the identities and normalized abundance of the proteins found are summarized in Table 

4.2 (the remaining 25 protein spots did not pass the protein score threshold set out in 

Section 2.4.2.3). Of the total 213 identified protein spots which were significantly 

different in protein abundance amongst various plant organs, most changes were 
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observed in the enzymes belonging to or functionally associated with energy 

metabolism and TCA cycle (35%), photorespiration (18%) and amino acid metabolism 

(15%). Only 19 protein spots (7.5% of the total spots identified) were previously found 

to be contaminants in the mitochondrial samples without FFE treatment (Section 3.3.1.3) 

or identified to have putative non-mitochondrial localization based on previous GFP 

studies and/or mass spectrometry analysis. 

 
Table 4.1. Experimental Design of a randomized (DIGE)-IEF/SDS-PAGE experiment in 
this study. Each sample was labelled with a fluorophore, Cy3 or Cy5. The internal standard 
(I.S.) is the mixture of equal amounts of all samples and is labelled specifically with Cy2. To 
achieve randomized labelling, at least one of the replicates for each biological sample was 
labelled with a different CyDye and there should be no repeats for the Cy3-Cy5 combination 
within the experiment. 
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Figure 4.2. The 2D gel maps of mitochondria isolated from various plant organs. The 2D-
gel patterns of the mitochondrial proteins in green leaf, stem, flower, silique, root and cell 
culture from Arabidopsis were compared and their representative gels were shown above. 
Proteins were prepared from PercollTM gradient-purified mitochondria and separated by 2D 
(DIGE) IEF/SDS-PAGE. Proteins (50 μg from each sample) were separated according to their 
isoelectric point in the first dimension and by molecular weight (using SDS-PAGE) in the 
second dimension. All gel pictures were derived from the TyphoonTM Gel Scanner and analysed 
with the DeCyderTM software package. 
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Table 4.2. Identification of the 2D-PAGE-separated protein spots of the combined 
mitochondrial samples from six different organs. Identities of proteins were determined by 
MALDI-TOF-TOF MS/MS. The predicted molecular weight (MW) and isoelectric point (pI) of 
the matched protein are shown along with the MOWSE score (p < 0.05 when protein score > 
38), number of independent, non-redundant peptides matched to tandem mass spectra and the 
percentage coverage of the protein sequence. Protein spots were assigned into either “major”, 
“modified” or “degradated” category as described in Section 4.3.2. The abundance of a protein 
in each plant organs were calculated by the average of the Cy2-normalized Cy3 and Cy5 data. 
The statistical significance in the changes in protein abundance across six plant organs is 
determined by one-way ANOVA (p < 0.05) extracted from the DeCyder software package (GE 
Healthcare). Proteins shown in the table were sorted according to “AGI”, i.e. gene locus 
identifier. Spot numbers shown correspond to protein spots in Figure 4.3. 
 

To explore the differences in the protein abundance profile of the mitochondria 

isolated from six different plant organs, a hierarchical clustering approach was 

undertaken using the TIGR MultiExperiment Viewer (TMeV; (Saeed et al., 2003)). 

Hierarchical clustering connects similar genes iteratively based on their similarity of 

expression patterns, and has been commonly used for analysing large-scale microarray 

data. Clustering of the Cy2-nomalized abundance (Table 4.2) of the entire set of 251 

proteins that were confidently identified by MS/MS revealed several interesting clusters 

of proteins with similar expression patterns (Figure 4.4). These clusters included 

components that are highly abundant in cell culture (Clusters 2 and 7), root (Cluster 4), 

leaf and green tissues (Cluster 5) and non-photosynthetic organs (Cluster 8), or proteins 

that are enriched during the early stages of plant development (21-day old plants, 

Cluster 6) and the development of inflorescence, flower and seed (from 5-7 week old 

plants, Clusters 1 and 3).  

 

As seen in Table 4.2, a single protein can appear as multiple spots on the 2D-gel. 

This is due to the post-translational modifications of proteins which led to changes in 

the overall isoelectric charge and/or molecular weight of protein spots. In order to 

further examine the organ heterogeneity of the mitochondrial proteome, all the non-

redundant proteins that found on the 2D-gel were identified by determining which gel 

spot might contain the major/active form of a given protein, and which ones were post-

translationally modified proteins, e.g. protein degradation products and phosphorylated, 

acetylated or methylated proteins. Degradation products usually appear as low 

molecular weight protein spots on the gel that do not match to their theoretical 

molecular weight of the intact protein. These proteins spots were assigned as 

“degraded” in Table 4.2. For the identification of the spots of major/active proteins on 

the gel, the intensity of the Coomassie stain and the fluorophor stain should be higher 
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than other spots with varying pIs. If the molecular mass and the staining intensity of two 

or more protein spots were similar, the assignment of a major protein spot might require 

previous experimental evidence. For example, pyruvate dehydrogenase E1α subunit 

appeared as two protein spots, but Spot 2D8 showed a more acidic pI than Spot 3D9. It 

was previously shown that the activity of PDH complex could be reduced by the 

phosphorylation of the E1α subunit and phosphorylated E1α has a more acidic pI on 

gels (see Chpater 3; also (Budde and Randall, 1990; Bykova et al., 2003a; Tovar-

Mendez et al., 2003)). Thus the more basic protein spot should contain the non-

phosphorylated and active form of PDH and therefore can be assigned as the major 

protein spot on the gel. Finally, when there had been no literature evidence on any post-

translational modifications of a given protein, the protein spot with the highest Mascot 

protein score and/or sequence coverage would be chosen as the major spot for that 

protein. In Table 4.2, the major spots were assigned as “major” and the protein spots 

with the same molecular mass but different pI to the major spots were identified as 

“modified”. Using these criteria for spot assignment, In total, 93 non-redundant major 

proteins, 57 degradation products, 82 modified proteins and 19 contaminants were 

identified that changed in abundance in at least one tissue on the 2D-gels.  

 

 Using the non-redundant set of the 93 major abundant proteins identified in the 

analysis of 2D DIGE-gels, the degree of similarity between the mitochondrial 

proteomes from different organs was then assessed. Pearson correlation coefficient was 

determined for each pairwise comparison using only the averaged and normalized 

abundance of the “major” set of proteins (Figure 4.5). Interestingly, comparisons of the 

correlation values using the root mitochondrial proteome as a reference showed no or 

little similarity with the mitochondria from other organs (r ≤ 0.11). In contrast, stem and 

flower mitochondrial proteomes showed a higher degree of similarity with the silique 

mitochondrial proteome amongst all the pairwise comparisons performed, with the two 

highest r-values of 0.59 and 0.67 (p < 0.0001) respectively were obtained. This may 

indicate that these proteomes can be maintained by similar transcriptional or post-

transcriptional mechanisms. However, a pairwise comparison between the protein 

abundance in flower and stem mitochondria only showed a weak correlation (r = 0.33, p 

< 0.0001). The correlation coefficients in other pairs of comparisons range from 0.06 (p 

< 0.0001) between flower and leaf mitochondrial proteome to 0.39 (p < 0.0001) 

between silique/stem and cell culture mitochondrial proteome. The lack of strong 
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correlations between the proteomes from various organs further indicates the degree of 

functional specialization of the mitochondria in different organs, providing the evidence 

of organ-selective accumulation of proteins in plant mitochondria (Figure 4.4). 

 
Figure 4.4. Protein profile of the 251 MS/MS identified mitochondrial components across 
various organs. Hierarchical clustering of the normalized protein data obtained from DeCyder 
software package (GE Healthcare) was performed using TIGR MultiExperiment Viewer, with 
clustering methods set to Euclidean distance and average linkage. Eight clusters with strong 
organ selective expression characteristics were labelled and shown. 
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Figure 4.5. Correlation matrix showing the Pearson correlation coefficients between the 
sets of mitochondrial proteins identified in each organ. Pairwise comparison was performed 
and the r-value was calculated from the normalized abundance data for a predefined set of 93 
non-redundant abundant proteins (in the “major” category). 

 

Which proteins are selectively accumulated in each organ? To answer this 

question, only the abundant proteins that were found to significantly differ across six 

selected organs (i.e. P < 0.05) were analysed. Using this criterion, the number of non-

redundant proteins which were found to be significantly altered in abundance in the 

“major”, “degraded” and “modified” categories were 79, 48 and 72 respectively. 

Fourteen contaminants were found to have a significant one-way ANOVA p-value 

across the tissues and were excluded from the subsequent studies. Hierarchical 

clustering of these sets of data was performed and revealed that the abundance of many 

major mitochondrial proteins was predominantly higher in leaf, root and/or cell culture 

(Figure 4.6a). In contrast, there was a clear increase in the protein abundance in several 

modified and degraded proteins in flowers, stem and/or silique (Figure 4.6b and 4.6c). 

However, it is currently difficult to analyse the “modified” and “degraded” sets of 

proteins, because of: (i) the lack of MS/MS sensitivity to detect specific post-

translational modifications; (ii) the limited information available on the effect of post-

translational modifications on enzyme activity; (iii) the limited extent of our knowledge 

in protein turnover in plant mitochondria. Thus, the following subsections will mainly 

describe the changes in the abundance of proteins in five major functional categories 

identified in the “major” protein set. 
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(a) “Major” proteins 
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(b) “Modified” proteins 
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(c) “Degraded” proteins 

 
Figure 4.6. Hierarchical clustering of the protein abundance of the three sets of 
mitochondrial proteins, “major”, “modified” and “degraded”. The total of 199 
mitochondrial proteins were sorted into three categories based on their position on the 2D-gel, 
post-translational modifications, previous literature evidence and/or MS/MS data (see Section 
4.3.2 for details). These sets of proteins were then independently clustered and the heat maps 
representing the “major” (a), “modified” (b) and “degraded” (c) categories were shown. 

4.3.2.1 Changes in the enzymes associated with photorespiration and C1 

metabolism  

 The lack of photorespiratory enzymes in the non-photosynthetic organs have 

been previously observed in Chapter 3. In this study, most of the GDC subunits and 

SHMT are generally more abundant in green organs (leaf, stem and silique) than in non-

photosynthetic organs (root, cell culture and flower), with only a few exceptions (Figure 

4.7). Changes in the photorespiratory components in the “modified” and “degraded” 
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protein sets were also dominant in the green organs, particularly in the leaf 

mitochondria (Figure 4.6b and 4.6c). The specific isoform of the L-protein (At1g48030), 

which has been previously shown to be linked to GDC based on the evidence from 

protein abundance (Chapter 3) and transcript level (Lutziger and Oliver, 2001), is more 

abundant in the leaf than the root. While the level of the L-protein is lower in the stem 

and silique mitochondria relative to the leaf mitochondria, the abundance of this isoform 

is generally higher in all the green organs than in the flower and non-photosynthetic 

root and cell culture. These changes are similar to the transcript abundance for the 

corresponding genes, observed previously in various Arabidopsis organs (Lutziger and 

Oliver, 2001). Similar protein profiles can also be observed in SHMT1 (At4g37930) 

which correlate well with the differences in the transcript abundance across various 

organs examined previously (Moreno et al., 2005). While both isoforms of the P-protein 

are generally more abundant in the green vegetative organs, these isoforms clearly show 

organ-specific differences: At2g26080 (subunit 2) is more abundant in leaf 

mitochondria, while the abundance of At4g33010 (subunit 1) is higher in stem and 

silique mitochondria. Of the two isoforms of GDC T-protein identified, At4g12130 

(subunit 2) is specifically induced in root mitochondria; whereas At1g11860 (subunit 1) 

is the most dominant form of T-protein in leaf mitochondria. The latter isoform of T-

protein is also highly abundant in non-photosynthetic root and cell culture, but it is 

generally less abundant in mitochondria from stems, siliques and flowers. The 

abundance of At1g32470 (subunit 1) of the GDC H-protein is also higher in green 

organs compared to the non-photosynthetic organs. In contrast, the subunit 2 

(At2g35120) of the H-protein isoform is at least three-fold more abundant in roots than 

in any other of the organs investigated. Also, the level of subunit 2 of the H-protein 

(At2g35120) in stem is equally abundant with cell culture but it is ~2-fold higher than in 

silique and leaf mitochondria.  

 

 In Chapter 3, we showed that the proteins which are linked to the mitochondrial 

photorespiratory pathway and TCA cycle are also altered in abundance in response to 

photosynthetic and non-photosynthetic metabolism. In this study, two of these proteins 

are more abundant in photosynthetically active leaf tissues, namely β-cyanoalanine 

synthase (CAS) and formate dehydrogenase. Consistently, the highest transcript 

abundance of CAS was detected in leaf when compared to the amount of RNA present 

in flower, root and silique (Yamaguchi et al., 2000), which might indicate a direct 
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transcriptional control of this protein. In contrast, the abundance of the transcript 

encoding FDH has been previously shown to be at similar levels in leaf, flower and 

stem (Li et al., 2001), which could suggest the difference is in the post-transcriptional 

response across various plant organs. Although the abundance of O-acetylserine (thiol)-

lyase in leaf, root and stem mitochondria is similar, higher amount of degradation 

products was detected in root (Spot 3C5, At3g59760, Table 4.2), further supporting the 

enhanced role of this enzyme in cysteine biosynthesis in root mitochondria proposed in 

Chapter 3. While we have previously found that alanine: glyoxylate aminotransferase 

(AGT2) was up-regulated in cell culture (Section 3.3.2.2.5), the work demonstrated here 

showed that the more acidic protein spot (Spot 3F10, Table 4.2) was more abundant in 

cell culture whereas the “major” AGT2 spot was highly abundant in root mitochondria. 

Although the “major” protein spot is slightly more abundant on the 2D-gel (Figure 4.3) 

and has higher sequence coverage in the MS/MS analysis (Table 4.2) than the 

“modified” spot, it remains unclear which one contains the main/active AGT2 protein. 

 

 
Figure 4.7. Heat map showing the abundance of proteins belonged to or associated with 
photorespiration. Hierarchical clustering was performed on the normalized abundance of the 
main protein spots containing enzymes involved in or related to photorespiration, which were 
previously found to be significantly altered across six organs. 
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4.3.2.2 Features of the TCA cycle functions in various organs 

 A number of components of the pyruvate dehydrogenase (PDH) complex were 

altered in abundance across the six organs (Figure 4.8). PDH E3 subunit (MTLPD1, 

At3g17240) is shared between GDC and other dehydrogenases in mitochondria (see 

Section 4.3.2.1). As shown in Figure 4.8, the abundance of the E1α subunit (At1g24180, 

subunit 1) is at least 2-fold more abundant in the root and cell culture samples than in 

the flower, stem, silique and leaf samples. No significant differences in the abundance 

of another known active (non-phosphorylated) isoform of E1α subunit (At1g59900, 

subunit 2 Spot 3E9, Table 4.2) were detected, but the potential inactive (phosphorylated) 

protein spot was found to be the most abundant in the leaf mitochondria, followed by 

stem mitochondria (Spot 2D8, Table 4.2). This could indicate that the carbon flux into 

the TCA cycle via pyruvate might be reduced in these organs. Both isoforms of the 

single and double lipoyl-containing dihydrolipoamide S-acetyltransferase (E2) were 

detected in this study. Both of the single lipoyl isoforms (Component 2, At3g13930 and 

Component 3, At1g5422) are more abundant in leaf, root and flower mitochondria. 

Interestingly, the double lipoyl form (LTA3, At3g52200) appears as multiple spots on 

the 2D-gel. The “major” protein is more abundant in the leaf and root samples (Spot B7, 

Table 4.2), while the two “modified” proteins are more abundant in cell culture 

mitochondria (Spot B6, Table 4.2) and in flower mitochondria (3A5). Again, it is not 

clear which one of these protein spots represents the most active form of E2 protein.  

 

 Both citrate synthase (CS, At2g44350) and aconitase (At2g05710) are more 

abundant in the cell culture sample than in any other of the organs examined (Figure 4.8 

and Table 4.2). Interestingly, CS is evidently more abundant in 21-day old leaf and root 

than in stem, flower and silique from 6-7 weeks old plants, indicating the expression of 

this protein could be differentially regulated during plant growth and development. So 

far, it was possible to detect any intact isoforms of NAD-isocitrate dehydrogenases 

(NAD-IDH) and 2-oxoglutarate dehydrogenases (OGDH) on the preparative 2D-gel. 

Although a NADP-dependent isocitrate dehydrogenase was found by MS/MS analysis, 

the abundance of this protein was not significant altered across the six organs analyzed 

(Spot 3E7, At5g14590). Also, only a degradation product of OGDH (Spot 2A3, 

At5g55070) was detected to be higher in abundance in the leaf and cell culture samples. 

These proteins often appear as relatively minor gel spots on 2D-gels. Hence, further MS 
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analysis of the minor protein spots will need to be performed to determine whether the 

abundance of NAD-IDH and OGDH vary in different plant organs. 

 

On the non-decarboxylating side of the TCA cycle, one of the two isoforms of 

succinyl-CoA ligase (S-CoA-L) α-subunit (At5g08300) is more abundant in cell culture 

and root mitochondria (Figure 4.7). In contrast, the more acidic form of the same 

protein (Spot 2D11, Table 4.2) is more abundant in the leaf sample. No significant 

differences in the abundance of the “major” protein spot containing the second isoform 

of α-subunit (Spot 2D1, At5g23250) and the β-subunit of the S-CoA-L (Spot 3D5, 

At2g20420) were observed across six organs. The abundance of fumarase is at least 1.5-

fold higher in leaf than in other organs investigated (Figure 4.8). Consistently, the 

highest abundance of the “major” protein spot representing the main malate 

dehydrogenase isoform (MDH1) was also detected in leaf mitochondria, suggesting that 

the mitochondrial role of supplying malate for mediating photosynthesis and respiration 

in the light is specifically enhanced in the leaf tissues. Interestingly, the abundance of 

MDH1 in the mitochondria from flower is similar to silique, but higher than stem and 

non-photosynthetic root and cell culture mitochondria (Figure 4.8). In comparison, 

MDH2 is most abundant in flower mitochondria. Thus, it can be speculated that MDH 

could play a role as the major NADH producer for energy metabolism or NADH 

consumer as a regulator of respiration in the mitochondria of floral organs. 

 

 A number of proteins that utilize the intermediates from the TCA cycle have 

been shown to be induced in the light (Section 3.3.2.2.3). Consistently, amongst all the 

six organs studied, aspartate aminotransferase is most abundant in the mitochondria of 

photosynthetic leaf (Figure 4.8), indicating its vital role in co-operating with other 

cellular compartments and MDH on bypassing parts of the TCA cycle and generating 2-

oxoglutarate in leaf mitochondria. The abundance of the transcript encoding for this 

protein was also shown to be highest in light-grown leaves (Schultz and Coruzzi, 1995). 

A relative increase in the abundance of alanine aminotransferase and glutamate 

dehydrogenase was observed in leaf compared to non-photosynthetic root and/or cell 

culture (Figure 4.8); these enzymes appeared to play an important role in producing 

alanine and 2-oxoglutarate in stem and/or flower for specific cellular functions. 

However, the abundance of the transcripts encoding these enzymes were found to be 

higher in leaf compared to flower, silique and/or stem (Turano et al., 1997; Igarashi et 
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al., 2003), which could indicate post-transcriptional regulation of the mitochondrial 

components induced in glutamate metabolism. 

 

The first step of branched-chain amino acid degradation involves the 

transamination reaction between a branched-chain amino acid and 2-oxoglutarate 

generated from the TCA cycle. The abundance of the 3-methylcrotonyl-CoA 

carboxylase (MCCase) α-subunit (MCCA, At1g03090) between leaf and silique 

mitochondria is similar and MCCA levels in these organs are at least two times higher 

than in mitochondria from other organs (Figure 4.7). In contrast, the expression of 

MCCase β-subunit (At4g34030) is specifically induced in leaf, while isovaleryl-CoA 

dehydrogenase (At3g45300) and the electron transfer flavoprotein alpha subunit appear 

to be more abundant in root than in five other organs analysed (Figure 4.8). IVD and 

ETF are both required for a step in metabolism common to Leu/Ile/Val metabolism, 

while MCCase is specifically for Leu metabolism. From these data, as well as data from 

studies on transcript abundance and respiration, it can be postulated that Val 

degradation could be mainly carried out in root and cell culture mitochondria, whereas 

Leu degradation may be functionally more important in leaf, stem and silique 

mitochondria. While the mitochondrial BCAT, BCKDC, IVD, ETF and ETFQO have 

been shown to be capable of degrading Ile in Arabidopsis leaf and/or cell culture, the 

catalytic activity of these enzymes were several fold higher when Leu and Val were 

substrates  (Daschner et al., 2001; Taylor et al., 2004; Ishizaki et al., 2005; Schuster and 

Binder, 2005). Further investigation is needed to establish the possible differential 

role/activtiy of Ile degradation in various organs of Arabidopsis mitochondria. 

Degradation of leucine in the mitochondria can provide acetyl-CoA for the TCA cycle 

or the cysteine biosynthetic pathway. 

 

To estimate the flux of a metabolic reaction in the TCA cycle using the DIGE 

data (Table 4.2, Figure 4.8), the highest abundance of a isoform amongst the six organs 

was first set to 1.0, with all other data relative to it. The average abundance of all the 

isoforms participating in the same reaction was then computed, for example, the average 

abundance of PDH E1, E2 and E3 in each organ was calculated. Using the “averaged 

abundance” data, a metabolic scheme describing and/or predicting the relative flux in 

each step of the TCA cycle amongst the organs was constructed (Figure 4.9). When 

comparing the TCA cycle in leaf and shoot mitochondria, similar patterns of the 
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metabolic fluxes were observed in Figure 4.9 and Figure 3.18 (or Figure 3.8a). For 

example, the flux through the entry point and the decarboxylating steps of the TCA 

cycle is higher in cell culture mitochondria than leaf mitochondria; whereas 2-

oxoglutarate generation via amino acid metabolism is increased in leaf mitochondria. 

Thus, this model is useful to compare the differences in the TCA cycle fluxes between 

plant organs. 

 

 

 
Figure 4.8. Heat map showing the abundance of proteins belonged to or associated with 
TCA cycle. Hierarchical clustering was performed on the normalized abundance of the main 
protein spots containing enzymes involved in or related to TCA cycle, which were previously 
found to be significantly altered across the six organs. 
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Figure 4.9. Metabolic scheme showing the relative flux of the TCA cycle and connected 
reactions based on the protein abundance data extracted from DIGE. The thickness of 
arrows is proportional to the relative abundance of a protein that performs a particular step. 
Dash arrows indicate the movement of metabolite within the mitochondrion. Gray arrows 
represent proteins that were statistically unchanged (F > 0.05) or were not able to identified on 
the 2D-gel and/or by MS/MS  
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4.3.2.3 Changes in the respiratory complexes and ATP synthase 

 Although only a limited number of hydrophobic proteins, particularly 

components in the respiratory chain, could be resolved during the IEF/SDS-PAGE 

separation due to their lack of solubility under IEF conditions, these might provide 

information on the assembly state of the ATP synthase and Complex I and III and their 

abundance in mitochondria. The abundance of α and β subunits of the ATP synthase is 

predominantly increased in abundance in the shoot and root mitochondria (Figure 4.10). 

Significant changes in the abundance of minor spot variants or low level degradation 

products of the ATP synthase subunits were observed across the six organs (Figure 4.6b 

and 4.6c). An increased amount of the 24 kDa subunit and delta subunit of ATP 

synthase in root mitochondria was observed. Two Complex I gamma carbonic 

anhydrase subunits (At4g66510 and At1g47620) were more abundant in root than in the 

five other organs. In comparison, the 23kDa-(TYKY) subunit of Complex I (At1g79010) 

was identified to be at least two-fold more abundant in flower and stem mitochondria 

than in the mitochondria isolated from other organs (Figure 4.10). The transcript level 

for this subunit was found to be most abundant in flower, whereas relatively low 

amounts were detected in stem and young leaf (Schmidt-Bleek et al., 1997). The α and β 

subunits of the mitochondrial processing peptidase, which form part of the b/c complex 

(Braun et al., 1992; Braun and Schmitz, 1999), are similarly abundant in root, leaf and 

cell culture mitochondria, but the amounts of these isoforms in flower, stem and silique 

are significantly lower (Figure 4.10). However, as shown in Chapter 3, no significant 

differences in the abundance of the assembled ATP synthase, complex I, III and I+III or 

their individual components were found in shoot, cell culture and root mitochondria. 

Thus, it is not clear whether or not changes observed in the IEF/SDS-PAGE analysis 

reflect the true amount of the complex assembly, differences in the rate of turnover of 

these proteins and/or specific post-translational modifications. These questions would 

be addressed in the future by performing 2D-(DIGE)-BN/SDS-PAGE which allows the 

quantitation and comparison of the amount of the respiratory complexes and their 

individual subunits in mitochondria isolated from all six different organs. 
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Figure 4.10. Heat map showing the abundance of proteins in the respiratory chain and 
ATP synthase complex identified by 2D-(DIGE)-IEF/SDS-PAGE. Hierarchical clustering 
was performed on the normalized abundance of the main protein spots respiratory chain 
subunits and ATP synthase components, which were previously found to be significantly altered 
across six organs. 

4.3.2.4 Organ-selectivity of heat shock and stress defense proteins 

 A total of six known heat shock proteins or molecular chaperones were found to 

vary in abundance across the six organs examined. Most of these components were 

previously found to have higher transcript level in seeds and suspension cells of 

Arabidopsis (Zimmermann et al., 2004) and rice (Huang et al., 2009). Consistently, 

three proteins identified by the MS/MS analysis are highly abundant in cell culture 

mitochondria (Figure 4.11). Prohibitin is more abundant in leaf and root mitochondria 

than silique, flower, cell culture and stem mitochondria. Although the expression 

analysis of prohibitin using green fluorescence protein-glucuronidase (GFP-GUS) 

fusion protein in various Arabidopsis tissues showed a specific increase in the 

expression of the gene encoding for this protein in young leaf and root, enhanced 

staining level was also detected in young flower (Van Aken et al., 2007). Thus, it can be 

postulated that a possible post-transcriptional and/or post-translational mechanism may 

be present for differentially controlling the amount of prohibitin to meet the specific 

need in the cell at various developmental stages. Interestingly, while the most abundant 

protein spot of the HSP70-1 (At4g37910) is equally abundant in leaf, root and flower, 

most of the pI-shifted protein spots are higher in abundance in flower mitochondria 

(Figure 4.6b, Table 4.2). Also, the abundance of another isoform of HSP70 (At5g05950) 

is slightly higher in flower than in other organs. Together, these data may suggest that 

HSP70 could play a differential role in protein import and maintenance of the 

mitochondrial proteome during flower development. 
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Seven proteins with putative roles in stress response were identified to be 

differentially regulated in the six organs investigated (Figure 4.11). The amount of 

peroxiredoxin (PRXIIF, At3g06050) is two to three-fold higher in mitochondria isolated 

from the leaf than from other organs. In contrast, previous analysis of the abundance of 

transcript encoding PRXIIF did not show any significant differences in leaf, root, 

silique, seed, flower and flower bud (Brehelin et al., 2003). The most abundant protein 

spot of aldehyde dehydrogenase (At3g48000) was found to be higher in abundance in 

stem, silique and flower mitochondria, whereas the level of the less abundant variant 

was higher in cell culture and root mitochondria. Both ascorbate peroxidase (At4g08390) 

and ferredoxin are significantly higher in abundance in root mitochondria than 

mitochondria from other organs by at least two-fold. Interestingly, at least 40% increase 

in the abundance of NADPH-dependent thioredoxin reductase (NTR, At4g35460, 

identified as NTRB by Laloi et al (2001)) in flower mitochondria was observed when 

compared to other organs in a pairwise manner (Figure 4.11, Table 4.2). This protein 

has been shown to be the major isoform of NTR in the mitochondria (Reichheld et al., 

2005) and has been previously postulated to play an important role in cell proliferation, 

seed development and pollen fitness (Reichheld et al., 2007).  

 

 
Figure 4.11. Heat map showing the abundance of heat shock proteins and proteins 
associated with stress defense. Hierarchical clustering was performed on the normalized 
abundance of the main protein spots which were previously found to be significantly altered 
across six organs. 
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4.3.2.5 Other enzymes which were up-regulated in flower mitochondria 

 The glycine-rich RNA-binding protein (GRP2, At4g13850) is at least 50% more 

abundant in the mitochondria from flower than other organs (Figure 4.12a). While the 

main functions of this protein in mitochondrial gene expression remains unclear, it has 

been proposed that this enzyme mediates post-transcriptional processes such as RNA 

editing and transcript stability (Vermel et al., 2002). The abundance of adenylate kinase 

(AK, At5g50370) in the flower is similar to cell culture, but it is higher than in other 

organs (Figure 4.12b). AK catalyzes the reversible transfer of phosphate between 

adenine nucleotides: ATP + AMP  2ADP. It was also found that the abundance of 

one of the arginase isoforms (ARG2, At4g08870) was higher in both flower and silique 

mitochondria than in any other organs (Figure 4.12c). Interestingly, the other arginase 

isoform (ARG1, At4g08900, Figure 4.5a) was more abundant in the leaf and cell culture 

samples than flower and silique samples. The transcript levels encoding both isoforms 

have been shown to be generally more abundant in floral organs than vegetative organs 

in tomato, and their abundance in unopened flowers was at least several magnitudes 

higher than in mature flowers (Chen et al., 2004). In a more recent analysis of arginase 

in Arabidopsis, it has been found that pollen specifically accumulates the transcripts 

encoding ARG1 but not ARG2 (Brownfield et al., 2008). However, it is so far not clear 

whether the expression of ARG isoforms is also different transcriptionally in the flower 

and pollen. 
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Figure 4.12. The normalized abundance of enzymes in other functional categories which 
are more abundant in flower mitochondria. The histogram represents the average normalized 
abundance of (a) glycine rich RNA-binding protein, (b) adenylate kinase and (c) arginase across 
six Arabidopsis organs. Data were taken from Table 4.2 with error bars showing S.E. from three 
replicates.  
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4.3.3 Analysis of the correlation between transcript and protein 
abundance 

In Section 4.3.2, it was observed, in many cases, that the variation in protein 

abundance across plant organs in the proteomic analysis did not always follow the 

changes in the transcript level measured in the previously published data. However, 

mRNA abundance in a given tissue is extremely dynamic, and it is also strongly 

affected by growth and environmental factors. Thus, to ascertain the relationship 

between transcription and translation in each organ and across various organs on a gene-

by-gene basis, measurements of the global changes in transcript levels were performed 

using the Affymetrix GeneChips hybridized with RNA samples prepared from the same 

material used for isolation of mitochondria. Microarray experiments were done in 

triplicate for each organ. After normalization, analysis of the data revealed that the 

correlation between the replicates for each organ was greater than 0.95. The probe sets 

were only included when they were called "present" in at least 25 array GeneChips, 

resulting in a final set of 14581 gene products for further analysis.  

 

Several studies have shown that the number of mitochondria is typically higher 

in the reproductive organs. For example, mitochondria are more abundant in the 

gametophyte cells than in other cell types (Lee and Warmke, 1979) and the yield of 

mitochondrial proteins has been shown to be higher in the pollen than in other 

vegetative organs (De Paepe et al., 1993). Also, the increased transcript levels for the 

nuclear-encoded RISP in the b/c1 complex in flowers could be due to the higher number 

of mitochondria per cell in floral organs/tissues than in the photosynthetic leaf tissues in 

tobacco (Huang et al., 1994). While the microarray analysis measures the global 

transcript abundance in the cell, our DIGE experiment quantifies individual protein 

abundance on the basis of equal amount of total mitochondrial proteins. Therefore, in 

order to enable the direct comparison between transcript and protein levels of the 

mitochondrial components, it is necessary to normalize the protein abundance values to 

provide an estimation of the amount of these mitochondrial proteins with respect to the 

total quantity of cellular proteins. Total cellular proteins were extracted from the same 

materials as used for microarray analysis and purification of mitochondria. Totol 

proteins were separated by 1D-SDS-PAGE, transferred to a nitrocellulose membrane 

and probed with a monoclonal antibody against mitochondrial porin. Signals were 
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detected and their intensities were quantified using Image Quant TLTM software 

package (version 7.0, GE Healthcare), resulting in the recognition of a band of 

approximately 30 kDa in all organs but with slight differences in intensities (Figure 

4.13a). The membrane blots were stained by Ponceau S before immunoblot analysis to 

confirm that similar amounts of protein were loaded in each protein lane (data not 

shown). The most intense porin signal was detected in the cell culture sample, whereas 

the amount of porin in stem was the lowest amongst all the organs studied. A western 

blot analysis of porin in the mitochondria (1 μg) isolated from different organs was 

performed in parallel (Figure 4.13b). The signals for porin in the mitochondria from 

different organs mostly resembled the abundance changes observed in the DIGE 

experiment (Figure 4.6a), with the exception of silique in which the highest band 

intensity was detected, possibly due to the high basic pI of porin in silique which may 

not be detected in the pI range (3-10) used in this study. To allow cross-comparison 

between the band intensity detected in the plant extracts and mitochondrial samples, a 

control experiment was performed for each organ where the amount of porin in the total 

protein extract was compared against the mitochondrial sample (0.5 μg) and a mixture 

of mitochondria and total protein extract (Figure 4.13c). In most organs analyzed, the 

sum of the porin signals in the mitochondrial sample and total protein extract is 

approximately equal to the band intensity detected in the mixture of both samples. From 

these results, it is possible to calculate the relative amount of mitochondria in each 

organ. For example, 10 μg total proteins in cell culture contain approximately 1.4 μg 

(78000/57000 = 1.36 μg) of mitochondrial proteins. These data also indicated that cell 

culture has the highest ratio of mitochondria per total cellular protein mass, followed by 

the flower; whereas the relative amount of mitochondria per total cellular protein mass 

from the stem and silique tissues is quite low. 
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Figure 4.13. Analysis of the level of porin in isolated mitochondria and total protein 
extracts. Immunoblotting was performed using antibodies against a mitochondrial porin. The 
intensity of the immuno-signals was quantified by Image Quant TLTM software package (GE 
Healthcare). (a) 10 μg of total cellular proteins was loaded in each lane. All three replicates in 
each organ are shown. The average signal intensity in each organ is shown below each image 
along with standard error. (b) 1 μg of mitochondrial proteins was loaded in each lane. All three 
replicates in each organ are shown. The average signal intensity in each organ is shown below 
each image along with standard error. (c) The order of protein loading in each lane for all organs 
was: 1st lane, 10 μg of total cellular proteins; 2nd lane, 10 μg total cellular extract + 0.5 μg 
mitochondrial proteins; 3rd lane, 0.5 μg of mitochondrial proteins. Intensity values of the 
corresponding protein bands are provided below the immunoblot image. 
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After the abundance of all the “major” mitochondrial proteins identified by MS 

was normalized with respect to the total cellular protein mass, these data were then 

paired with their corresponding normalized transcript abundance for further analysis. A 

parametric correlation analysis of the global protein and transcript abundance in 

different organs was performed (Figure 4.14). Using the Pearson correlation method, 

the two lowest correlation coefficients of 0.05 and 0.13 were obtained for flower and 

silique respectively, indicating no or very little positive correlation between the 

abundance of transcripts and proteins for the mitochondrial components in these organs. 

The low correlation between protein and transcript accumulation in flower and silique 

but a high similarity between these proteomes (Figure 4.5) may suggest that the 

mitochondrial proteome in these organs can be primarily regulated at the post-

transcriptional, translational and/or post-translational level and maintained by similar 

mechanisms. In other organs, the correlation coefficients generally range from 0.25 to 

0.35, indicating the relationships between the level of mRNA and protein for 

mitochondrial components in the leaf, root, cell culture and stem were weakly to mildly 

positive correlated. This indicates that the protein abundance in these organs can be 

controlled post-transcriptionally and/or post-translationally, while a number of the 

mitochondrial proteins may be maintained primarily by the transcript abundance. 

 

The global analysis of the correlation between protein and transcript abundance 

can provide information on the possible maintenance of the mitochondrial proteome by 

the steady-state transcript level and on the differences in the regulation of gene 

expression in each organ. However this approach suffers from one major disadvantage – 

it only summarizes the global relationships between the measured levels of two gene 

products, but it does not tell which specific mitochondrial components are controlled 

directly at the transcriptional level. Because the processes involved in translating 

mRNA into protein can vary between genes, it is more sensible to infer mRNA-protein 

relationship on a gene-by-gene basis. Thus, a correlation analysis on the protein level 

and the corresponding transcript abundance across six organs for each of the 93 non-

redundant set of mitochondrial components was performed (Figure 4.15a). To infer the 

strength of the relationship between gene products, three classes of genes were defined 

based on the Pearson correlation coefficient and p-value cut-off: (i) genes that have r > 

0.62 (p < 0.05) were classified as “inliers”, which showed a strong positive linear 

relationship; (ii) genes with r < 0.32 were referred to as “outliers”, which exhibited no 
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or negative linear relationship and (iii) genes with intermediate correlation (0.33 ≤ r ≤ 

0.63) were referred to as “midliers”, which showed some positive linear relationship 

(“mild positive” correlation) but the p-values were not significant (i.e. p > 0.05). Thus, 

the genes in the “inlier” and “midlier” categories can be considered to be concordant, 

whereas the “outliers” genes are significantly discordant.  

 

With this approach, 37 pairs of the microarray and protein data were considered 

to be highly concordant and 33 pairs of the gene products belong to the “midlier” 

category. The “inlier” group includes eight proteins in the TCA cycle, five respiratory 

chain components and ATP synthase and six proteins associated with photorespiration. 

Also in this group, several proteins were found to have multiple degradation products 

on the 2D-gel, such as GDC P-protein, aconitase and FDH (Figure 4.5c). This may 

indicate that the rate of turnover of these proteins could be high, thus the steady-state 

amount of these mitochondrial proteins could be maintained by controlling the amount 

of mRNA available for translation initiation. Only 23 mitochondrial components (25%) 

were found to be significantly discordant. To define which mitochondrial functions 

were significantly concordant or discordant, the proportion of the genes which were 

“inliers”, “outliers” or “midliers” in each functional category was considered (Figure 

4.15b). Of all the known functional categories identified, 60% of the components in the 

photorespiratory pathway showed significantly strong positive linear relationship 

between protein and transcript abundance, while only ~30% of the pairs of gene 

products in most other functional categories showed significantly strong positive linear 

relationship. Remarkably, the abundance of proteins and transcripts of all the 

components associated with mitochondrial gene expression detected in our study were 

strongly correlated. It may indicate that the mitochondrial gene expression could be 

regulated directly by the transcription of the nuclear genes encoding for transcriptional 

and translational machineries. Therefore, it can be hypothesized that regulations of the 

retrograde signalling pathway may vary from organ to organ. Finally, several proteins in 

the “outlier” category are dual- or multi-targeted proteins, such as thioredoxin reductase 

and aconitase. Thus, the observed discordance and/or lack of significant concordance 

(i.e. midler) of proteins might not imply a post-transcriptional/post-translational 

regulation but rather may indicate the correlation between the cellular transcript level 

and the steady-state protein abundance in one location. 

 



Chapter 4. Profiling of the Plant Mitochondrial Proteome in Various Organs 

162 

 
Figure 4.14. Distribution of protein and transcript abundance in different organs. The 
normalized protein abundance (x-axis) of the mitochondrial components in flower, stem, silique, 
leaf, root and cell culture was plotted against the normalized transcript abundance (y-axis). Both 
protein and transcript data are in log scale (n = 93). The Pearson correlation coefficient (r-value) 
between protein level and transcript level is shown (p < 0.0001). 
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Figure 4.15. Concordance between mRNA and protein abundance on a gene-by-gene basis. 
The abundance of 93 mitochondrial proteins obtained from the DIGE experiment was 
normalized to the cellular protein level and compared against the corresponding transcript level 
measured by Microarray. (a) The heat map shows the protein level (P) along side with transcript 
abundance (T) in each organ. The strength of correlation between mRNA and protein level is 
defined using the following statistical parameters: “inliers”, highly correlated (concordant) gene 
products with a significant p-value; “midliers”, gene products that do not a have significant p-
value but have an r-value greater than 0.32; and “outliers”, uncorrelated (discordant) gene 
products. The heat map is sorted in descending order, with components with the highest positive 
r-value are shown at the top and the most significantly uncorrelated proteins are identified at the 
bottom. The graph showing the r-value determined for each pair of gene products across six 
organs is provided the far right of the heat map. (b) Histogram showing the proportion of the 
mitochondrial components from each functional category that was found to be inlier (blue), 
midlier (white) or outlier (grey). The number of mitochondrial components in each functional 
category is shown at the top of the histogram. 

4.3.4 Evaluation and analysis of the previously published datasets  

While this analysis produces a “gold standard set” of data on 93 proteins, the 

mitochondrial proteome is obviously much larger than this. Previous studies have 

utilized microarray technology and, more recently, MS-based proteomics to catalogue 

the quantity of many thousands of gene products in the cell from a wide range of plant 

organs. In order to examine the changes in these wider sets for mitochondrial 

components in different organs, I first determined all the possible genes that might 

constitute the mitochondrial proteome, based on previous MS analysis, GFP evidence 
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and other experimental evidence deposited in TAIR, AmiGo and UniProt databases. 

This was done by searching against the SUBA database 

(http://www.suba.plantenergy.uwa.edu.au/; (Heazlewood et al., 2007)), resulting in a 

total set of 1012 previously identified mitochondrial proteins. These proteins were then 

individually inspected to eliminate any potential contaminants. For example, KAT2 has 

been identified in many proteomics studies on purified mitochondrial fraction but 

import and GFP analysis (Carrie et al., 2007) and recent proteomic data on highly 

purified peroxisome (Reumann et al., 2007; Eubel et al., 2008; Reumann et al., 2009) 

have strongly argued against the mitochondrial-localization of this protein. This resulted 

in a final hand edited set of 597 genes encoding mitochondrial proteins for further 

analysis.  

 

We then searched this set of 597 mitochondrial components against two publicly 

available database, Genevestigator (https://www.genevestigator.ethz.ch/; (Zimmermann 

et al., 2004)) and “AtProteome” ((http://fgcz-atproteome.unizh.ch/) (Baerenfaller et al., 

2008)), to extract the averaged microarray signals and the MS spectral counting data, 

respectively, across different tissues/organs. In total, the transcript data for 543 genes 

over 31 different tissues/organs were available in Genevestigator and 450 proteins were 

previously identified by MS with at least one spectral count from eight major 

tissues/organs. For the proteins, a stringent cut-off to include only the protein data with 

greater than ten total spectral counts detected across the organs and more than one non-

redundant peptide identified for the mitochondria component was applied. Using these 

criteria, each of the 317 MS datasets were then normalized against the total number of 

spectral counts for each organ obtained previously by Baerenfaller et al. (2008) before 

further analysis was performed. 

4.3.4.1 Analysis of the public protein abundance data and its comparison with 

the DIGE experimental dataset from isolated mitochoondria 

 To further examine the differences in the composition of the mitochondrial 

proteome, normalization of the spectral data from the expanded protein set was 

performed using the ratio of mitochondria per total cellular protein mass determined in 

Figure 4.13. Subsequently, the resulting values estimated the relative abundance of the 

proteins with respect to an equal amount of mitochondrial proteins across all the organs 

examined. Hierarchical clustering of the normalized abundance of the mitochondrial 
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components on a total mitochondrial protein basis was performed (Figure 4.16) with the 

same organs that were previously investigated in the DIGE and microarray analysis 

(Figure 4.4).  

 

Several distinct clustering patterns could be observed: Cluster 1 is defined by the 

increased amount of photorespiratory components in the cotyledon; Cluster 2 displays 

an increase in the abundance of glycoproteins, proteins related to sulphur assimilation 

and carriers and transporters in silique mitochondria; Cluster 3 contains a set of highly 

abundant proteases, heat shock proteins and components in DNA replication and 

transcription machineries in cell culture; Cluster 4 is defined by the enrichment of 

Complex I components in silique and root mitochondria; the proteins in Cluster 5 

appear to be equally abundant in all the selected organs; Cluster 6 is defined by the 

increase amount of malic enzyme and carriers and transporters in the silique; while 

proteins associated with stress defense, energy metabolism and TCA cycle were 

enriched in root mitochondria (Clusters 7 and 12); Cluster 9 shows low abundance of 

proteins in the general mitochondrial metabolic pathways in the silique and flower 

samples; and the over-representation of the enzymes in the alternative respiratory 

pathways, respiratory chain and TCA cycle in cell culture in Cluster 10.  

 

The flower-enhanced mitochondrial proteins were identified in Clusters 8 and 11. 

Interestingly, a number of small subunits in the Complex III and two subunits in the 

Complex I, ATML014 and 23 kDa subunit (also identified in our DIGE experiment), 

were identified in these clusters. Both components are encoded by a gene(s) containing 

an upstream TYKY promoter and they share high amino acid sequence similarity (94%), 

indicating they could be splice variants of the same gene. These components co-

clustered with SCO1 and FtSH10, which have been shown to play an important role in 

the assembly of the Complex IV (Schulze and Rodel, 1988) and maintaining the 

assembly and activity of the Complex I and ATP synthase (Kolodziejczak et al., 2007) 

respectively. AtCOQ3 catalyzes one of the steps in the ubiquinone biosynthetic pathway 

(Avelange-Macherel and Joyard, 1998), and is also most abundant in flower 

mitochondria. A number of components related to translation, aminoacyl-tRNA 

synthetases/ligases and a small subunit of ribosomal protein S29, were also identified in 

these clusters, indicating that they may be vital for the mitochondrial gene expression in 

floral organs/tissues. Consistent with the results from the DIGE analysis, thioredoxin 
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reductase and several proteins in the amino acid metabolism/catabolism were also 

increased in abundance in the flower and silique mitochondria in the MS data. Arginase 

is also up-regulated in the leaf and flower in both DIGE experiment and the public MS 

dataset. Interestingly, an arginine/ornithine transporter BAC1 was also present in the 

same cluster as arginase. Thus, these data may indicate that mitochondria may play an 

important role in arginine metabolism during the development of flower, other floral 

organs and pollen. Consistently, BAC1 has previously been shown to have relatively 

higher amount of transcript in young seedlings and flowers than in mature leaves and 

stem (Hoyos et al., 2003). 

 

To assess the degree of similarity between the mitochondrial proteomes from a 

different set of organs, Pearson correlation coefficient was determined by comparing the 

spectral data between eight organs in a pairwise manner (Figure 4.17), performed as 

described in Section 4.3.2. In contrary to our correlation analysis (Section 4.3.2), the 

correlation coefficients for most of the pairwise comparisons were relatively high, 

indicating mild to strong positive correlation between the mitochondrial proteomes from 

different organs. Not surprisingly, the leaf and cotyledon mitochondrial proteome 

showed the highest degree of similarity amongst all the pairwise comparisons 

performed, where a high r-value of 0.81 (p < 0.0001) was obtained. Similar to the 

results in the DIGE analysis, flower mitochondria also showed a good correlation with 

carpel and silique mitochondrial protein composition (r-value of 0.80 and 0.84 

respectively). Interestingly, the mitochondrial proteome in flower showed a strong 

linear relationship with leaf and cotyledon mitochondrial proteomes (Figure 4.17), 

while no linear relationship between these organs in the analysis of the DIGE data was 

found (Figure 4.5). Also, the root mitochondrial proteome showed mild and positive 

correlations with the mitochondrial proteome from other organs (Figure 4.17), but no or 

only very weak linear relationships were observed in the analysis of the data extracted 

from DIGE experiment (Figure 4.5). Pairwise comparison between the protein 

abundance in seed with other organs showed weak to mild correlation, ranging from 

0.27 to a maximum of 0.60 (p < 0.0001) (Figure 4.17). This is consistent with lower 

protein amount and the lack of internal structure in the “promitochondria” found in 

seeds compared to the mitochondrial structure and content in mature plants (Morohashi 

et al., 1981; Logan et al., 2001; Howell et al., 2006).  
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Figure 4.16. Protein profile of the non-redundant set of 317 proteins across six selected 
organs. The spectral counting data of the five Arabidopsis organs obtained from http://fgcz-
atproteome.unizh.ch/ was normalized against the total spectral counts in a given organ. The 
normalized data was then adjusted to the same amount of mitochondrial proteins per organ 
sample using the ratio of mitochondria per cellular protein mass calculated in Figure 4.13. 
Hierarchical clustering was performed using TIGR MultiExperiment Viewer, with clustering 
methods set to Euclidean distance and average linkage. Twelve clusters were identified, labelled 
and shown. The magnified views of Cluster 8 and 11 containing proteins of enhanced 
abundance in flower mitochondria are shown along with their annotation.  
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Cell          
Cotyledon 0.30         
Flower 0.59 0.80        
Carpel 0.48 0.59 0.80       
Silique 0.55 0.63 0.84 0.78      
Seed 0.47 0.41 0.58 0.46 0.68     
Leaf 0.30 0.81 0.80 0.85 0.68 0.34    
Root 0.65 0.42 0.66 0.48 0.69 0.67 0.33   
 Cell Cotyledon Flower Carpel Silique Seed Leaf Root 

Figure 4.17. Correlation matrix showing a more comprehensive analysis of the Pearson 
correlation between eight sets of mitochondrial proteins. Pairwise comparison was 
performed and the r-value was calculated from the normalized spectral count data for the 317 
known mitochondrial proteins. 
 

Based on the MS peptide data extracted from the AtProteome database, 

metabolic schemes similar to the ones shown in Figure 4.9 were constructed to 

summarize the possible differences in the TCA cycle between the five organs examined 

(Figure 4.18). Several similarities and differences in the flux prediction were observed 

when the schemes constructed from the DIGE data (Figure 4.9) and MS peptide data 

(Figure 4.18) were compared. For example, in both analyses, citrate synthase was the 

most abundant in the cell culture sample, which indicates that the flux towards the 

formation of citrate from acetyl-CoA and OAA could be higher in cell culture than in 

the other five organs. In contrast, the abundance of PDH in cotyledon mitochondria was 

found to be similar in cell culture and root mitochondria in the peptide data (Figure 

4.17), whereas it was more abundant in cell culture mitochondria than in leaf 

mitochondria in the data extracted from the DIGE analysis (Figure 4.9).  

 

Next, the correlation of the abundance of the 79 non-redundant set of organ-

selective mitochondrial proteins in the DIGE experiment with the variations found in 

this publicly available MS data was tested. All except three proteins have MS data in 

the public database that met the criteria set out previously. Using the Pearson 

correlation method, the protein abundance data of the two datasets were compared on a 

gene-by-gene basis across various organs. With an r-value cut-off at 0.32, 52% of the 

proteins found to be altered in protein abundance in the DIGE analysis were mildly to 

strongly and positively correlated with the changes observed in the spectra counting 

data extracted from the published AtProteome MS database (Figure 4.19a). The 

proportion of the correlated and uncorrelated protein data in each functional category is 

summarized in Figure 4.19b. About 60-75% of the proteins involved in the key 
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mitochondrial functions were found to show similar abundance changes in both 

analyses. In comparison, the abundance changes in a significant number of heat shock 

proteins and proteins associated with stress defense, mitochondrial gene expression and 

protein import and fate were not correlated between the two datasets.  

 
Figure 4.18. Metabolic scheme showing the relative flux of the TCA cycle and connected 
reactions based on the peptide counting data extracted from public database, AtProteome. 
The thickness of arrows is proportional to the relative abundance of a protein that performs a 
particular function. Dash arrows indicate the movement of metabolites within the 
mitochondrion.  
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Figure 4.19. (continues on the next page) 
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Figure 4.19. Correlation between protein abundance data obtained in the DIGE analysis 
and extracted from publicly available database. (a) The abundance value of the 75 
mitochondrial proteins for each organ obtained from our DIGE experiment (GEL) was 
compared against the corresponding spectral counting data from previously published MS data 
(MS) on a heat map. The top panel shows the components that have a mild to strong positive 
correlation between the two datasets, while the bottom panel shows proteins with a very weak 
linear relationahip or no correlation in the abundance change. The heat map is sorted in a 
descending order, with components with the highest positive r-value shown at the top and the 
most significantly uncorrelated proteins are identified at the bottom. (b) Histogram showing the 
proportion of the mitochondrial proteins in each functional category that were found to correlate 
(grey) or not correlate (blue) when comparing the two protein datasets. The number of 
mitochondrial components in each functional category is shown on the far right of the histogram. 

4.3.4.2 Comprehensive analysis of the correlation between transcript and 

protein abundance using the public datasets 

To further compare the correlation of mRNA and protein abundance data with a 

larger set of mitochondrial components and organs from publicly available data, the MS 

spectral counting data from AtProteome for mitochondrial proteins were paired with the 

corresponding averaged microarray data from Genevestigator, generating 266 positive 

pairs of gene products for further analysis. Pearson correlation analyses of the protein 

and transcript abundance in different organs were then performed using similar 

statistical approaches described in Section 4.3.3, except that the protein data were only 

normalized against total spectral counts in a given organ because the peptide data were 
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previously measured on the basis of an equal quantity of total cellular proteins. First, the 

global analysis of the relationship between proteins and transcripts was performed for 

each organ (Figure 4.20). Using the Pearson correlation method, the lowest correlation 

coefficient of 0.28 was obtained for cell culture, whereas the most correlated set of gene 

products could be found in the root (r = 0.47). Most of the comparisons showed weak to 

mild but positive correlation between proteins and transcripts. Contrary to our DIGE 

and microarray analysis (Figure 4.14), two floral organs and siliques showed a mild 

positive correlation between the gene products for the mitochondrial components 

(Figure 4.20). Overall, the correlations between mRNA and protein abundance in the 

mitochondrial components extracted from public dataset were mostly comparable to our 

results (Figure 4.14), as well as previous analysis of all the detected cellular proteins 

and transcripts in various organs (Baerenfaller et al., 2008). This might indicate a 

significant transcriptional control of the mitochondrial proteome. However, Baerenfaller 

et al. (2008) found a significantly stronger correlation coefficient in the whole leaf than 

in other organs, while a low correlation was found in the analysis of the mitochondrial 

components in the DIGE data (Figure 4.14) and in the public data (Figure 4.20). This 

may indicate that a relatively higher proportion of the mitochondrial components could 

be controlled by post-transcriptional elements compared to the transcript and protein 

profiles in other cellular compartments in the leaf. 

 

To determine whether the protein levels are broadly correlated with mRNA 

abundance of the corresponding gene in the wider sets of mitochondrial components 

and organ data, similar statistical approaches and correlation classification criteria set in 

Section 4.3.3 were used. A rate of 43% of the 266 proteins across eight organs showed 

discordant (weak positive or no correlation, r < 0.32) with their corresponding mRNA 

abundance (Figure 4.21a). This was similar to the proportion of discordant genes (40%) 

for mitochondrial proteins found in a much wider investigated set of 1098 

mitochondrial components across fourteen different mouse organs (Pagliarini et al., 

2008). The proportion of the concordant mitochondrial components in each functional 

category was also determined (Figure 4.21b). Consistent with the analysis of our 

experimental data, ~30% of the pairs of gene products for mitochondrial components 

showed strong positive correlation in most categories, while 80% of the genes for the 

photorespiratory enzymes were strongly concordant. In addition, while three proteins 

involved in the mitochondrial gene expression were previously identified to have strong 
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positive correlation with the transcript abundance (Figure 4.15b), only a fraction of the 

proteins in the same category exhibited a strong positive correlation in the wider public 

dataset (Figure 4.21b), possibly indicating that only a specific subset of genes might be 

regulated by organ-specific retrograde signalling. Notably, only two genes in the 

functional category of “protein import and fate” were concordant, whereas over 50% of 

the mitochondrial components in the same category showed a weak positive correlation 

or no relationship between protein and transcript abundance.  

 

The sets of inliers and outliers determined in the correlation analysis of DIGE 

and microarray dataset was compared against the corresponding public data 

(Genevestigator and AtProteome) analysed with the same approach. The mitochondrial 

components that have been found to differ in these two independent analyses of protein 

and transcript concordance are shown in Table 4.3. About 48% of the components in the 

“inlier” category in the analysis of our experimental data showed a significant 

discordant in the comparison of the public datasets. In comparison, 26% of the 

experimentally determined “outliers” were found in the group of concordance genes, i.e. 

“inliers”, in the analysis of public datasets. Also, nine out of the total 22 proteins were 

components in the TCA cycle. Most of these components appeared as multiple protein 

spots on the 2D-gel (Figure 4.3 and Table 4.2). Hence, it is possible that the protein data 

in our analysis may not reflect the total amounts of proteins in the mitochondria. 
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Table 4.3. Differences in the concordance of the gene products for mitochondrial 
components between the experimental and public datasets. The r-value and the assigned 
class of correlation (Inlier for r > 0.62 or outlier for r < 0.32) comparing experimental datasets 
(DIGE vs Microarray) and public datasets (AtProteome vs Genevestigator) are shown.  
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Figure 4.20. The distribution of protein and transcript abundance in the wider set of 
mitochondrial components from eight different organs. The normalized protein abundance 
(x-axis) of the mitochondrial components in flower, carpel, seed, silique, leaf, cotyledon, root 
and cell culture was plotted against the normalized transcript abundance (y-axis). The Pearson 
correlation coefficient (r-value) between protein level and transcript level is shown (n = 266 and 
p < 0.0001). 
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Figure 4.21. (continues on the next page) 
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Figure 4.21. Concordance between mRNA and protein abundance of the wider set of 
mitochondrial components on a gene-by-gene basis. The relative abundance of 266 
mitochondrial proteins calculated from the spectral data obtained from the AtProteome as 
compared against the corresponding normalized transcript level extracted from Genevestigator. 
(a) The heat map shows the protein level (P) along side with transcript abundance (T) in each 
organ. The strength of correlation between mRNA and protein level was defined as described in 
Figure 4.15 or Section 4.3.2. The heat map is sorted in a descending order, with components 
with the highest positive r-value are shown at the top and the most significantly uncorrelated 
proteins are identified at the bottom. The graph showing the r-value determined for each pair of 
gene products across six organs is provided on the far right of the heat map. (b) Histogram 
showing the proportion of the mitochondrial components from each functional category that 
falls into either inlier (blue), midlier (white) or outlier (grey) group based on the value of 
Pearson correlation coefficient obtained. The number of mitochondrial components in each 
functional category is shown on the far right of the histogram. 
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4.3.4.3 What are the constitutively and variably expressed components of the 

mitochondrial proteome? 

Given that there is a level of concordance of transcript and protein abundance, it 

is worthwhile considering the wider set of genes that encode the experimentally derived 

Arabidopsis mitochondrial proteome (Heazlewood et al., 2007), we collected data from 

a public microarray database for 31 different Arabidopsis organs and tissue types 

(Zimmermann et al., 2004).  Hierarchical clustering on sample type and gene revealed a 

range of gene clusters with similar expression patterns (Figure 4.22). These included 

sets with enhanced expression in young leaf tissues (cluster 1 and 2), the vascular 

system (cluster 5), male floral tissues and roots (clusters 3 and 4) and pollen (clusters 6 

and 7) of Arabidopsis. A number of genes in cluster 1 are previously known to be 

induce in the light and/or photosynthetic tissues, such as genes encoding for GDC 

proteins (Srinivasan and Oliver, 1995; Vauclare et al., 1996; Vauclare et al., 1998) and 

NDA1a (Michalecka et al., 2003). Three shoot-enhanced (arginase, fumarase and 

peptide formylase) mitochondrial components identified in Chapter 3 can also be found 

in this cluster. The products of a number of genes enhanced in stamen and root tissues 

are involved in energy metabolism. Previous studies observed a similar increase in the 

transcripts for cytochrome c-1 (Ribichich et al., 2001; Welchen and Gonzalez, 2005) 

and COX-5b (Welchen et al., 2004) in actively proliferating cells during stamen and 

root tip development. Notably, a majority of transcripts which are enriched in both 

stamen and pollen are mainly involved in metabolism and substrate transport. Several 

PPR proteins and mitochondrial genes with unknown functions can also be found in this 

group. Studies of the mitochondrial nuclear-encoded genes have identified 

positive/negative regulatory elements that direct anther and/or pollen-enhanced 

expression (Elorza et al., 2004; Welchen and Gonzalez, 2005). The enhanced abundance 

of these transcripts in male floral tissues has been proposed to meet elevated demands 

for ATP and carbohydrates during pollen formation and maturation (Hanson and 

Bentolila, 2004). 
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Figure 4.22. (continues on the next page) 
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Figure 4.22. Modules of gene expression of mitochondrial components across Arabidopsis 
tissues. mRNA expression profile for 543 genes for mitochondrial components (rows) across 31 
different Arabidopsis tissues (columns). The 543 genes were sourced from literature reports 
presented on the SUBA database (http://www.suba.plantenergy.uwa.edu.au/). Seven clusters 
were observed and labelled because they have strong tissue selective expression characteristics. 
These are further discussed in the text. Normalized intensities were reported as red (high signal 
intensity), white (average signal intensity) or blue (low signal intensity). 
 

Clustering analysis of these genes divided into 17 functional groups revealed 

further insight into the tissue-specific expression of mitochondrial components (Figure 

4.23). Particularly, genes coding for components of respiratory complexes appear to be 

expressed at relatively similar levels amongst different tissues (except being low in a 

number of floral tissues), suggesting the expression of these complexes is generally 

constitutive throughout developmental stages and that transcriptional activation of genes 

for components of different complexes is concurrent. In several cases, the majority of 

the genes within a functional group exhibit a similar expression pattern, with only a 

small number of genes appearing to be highly tissue-selective. For example, there is a 

small cluster of genes which are highly expressed in flower, stamen and pollen among 

TCA cycle components which are generally constitutively expressed (Figure 4.23).  

This suggests these genes for specific isoforms of pyruvate dehydrogenase, citrate 

synthase, isocitrate dehydrogenase and malate dehydrogenase have particular functions 

in floral development. Unique clustering of subset(s) of genes in several of the 

functional categories also defined tissue-specific functional subgroup(s). For example, 

leaf-enhanced expression is observed for most photorespiratory components, whereas 

the transcripts for all the C1 metabolism genes and a few of the mitochondrial C2 cycle 

components are higher in roots, vascular tissues and cell cultures (Figure 4.23). 
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Figure 4.23 (continues on the next page) 
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Figure 4.23 (continues on the next page) 
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Figure 4.23. (continues on the next page) 
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Figure 4.23. Heat maps of the abundance of transcripts for components in 17 key 
mitochondrial functional groups. A total of 543 genes encoding for mitochondrial 
components are categorized into 17 key functional groups. Hierarchical clustering of the genes 
in each functional category is shown. 
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The tissue selectivity of the expression of genes was investigated in a more 

generic manner. Data were normalized according to Chapter 2 (Section 2.8) and 

frequency plots were drawn in which given ranges of expression levels were plotted 

using all genes and tissue expression levels in a particular functional group (Figure 

4.24). This showed a range of distinct expression patterns across the functional groups. 

Many of these plots display a typical bell-shaped curve which resembles a normal 

distribution, for example in the cases of respiratory complexes and the set of enzymes 

with signalling and structure functions. This suggests that the genes involved in these 

functions are expressed at relatively similar levels in all or most tissue types, and that 

any differences in expression can be considered as variations around a mean. In contrast, 

frequency plots for proteins in alternative pathways and the C1-C2 pathway display 

multiple peaks of expression level without any semblance of a normal distribution and 

may indicate that complex transcription events occur in response to different 

developmental regulation.  

 
Figure 4.24. Frequency distribution of the overall expression patterns of mitochondrial 
components across 31 tissue types in 17 functional groupings. The maximum number of 
counts among the pre-defined expression range in a functional group is indicated on the y-axis 
of each plot, with increasing expression level indicated on the x-axis. The number of genes 
representing each of the functional groups is shown at the bottom of each plot (n). Total number 
of counts in each graph = n x 31 tissue type data points. 
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As a measure of constitutive or tissue-selective expression, we also defined a 

variance for each gene on the basis of the tissue expression array. The average variance 

of functional category sets was compared to the average variance of the wider 

mitochondrial set (Figure 4.25a). The genes encoding the TCA cycle and ETC 

complexes were at or below the mitochondrial average in terms of transcript variance 

amongst different tissues. Complex I and IV and carriers and transports were 

significantly below the average variance at the 95% confidence level. In contrast, the 

variance for genes encoding the photorespiratory apparatus, C1-C2 cycle enzymes and 

heat shock proteins are significantly higher at the 95% confidence level in comparison 

to the rest of the mitochondrial components, suggesting the expression of these genes 

are more tissue-selective.  

 

While many of the functional sets follow a normal distribution, it is noteworthy 

that the curve shapes in several of the expression plots shown in Figure 4.24 are skewed 

to the left or right about the mean. Therefore, to quantitatively describe these 

observations, we computed the average skewness from each functional category, which 

was then compared against the rest of the mitochondrial components (Figure 4.25b). A 

significant negative skewness value suggests that the distribution is skewed towards 

higher values (ie higher expression levels) while a positive skewness value suggests that 

the distribution is skewed towards lower values (ie lower expression levels). The 

skewness for complex II, III and IV, TCA cycle enzymes, carriers and transporters, C1-

C2 cycle and the TCA cycle components is similar to the mitochondrial average. 

Interestingly, genes encoding for complex I and ATP synthase and have significantly 

negative skewness, indicating these sets of genes are rarely expressed at the bottom of 

the distribution, ie they are more constitutively expressed. Significant positive skewness 

were observed in genes encoding for alternative pathway and heat shock proteins, 

indicating that these genes are normally repressed in expression (as shown in figure 

4.25b), but are transcriptionally upregulated in a selective range of tissues to undertake 

their function. 
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Figure 4.25. The constitutive vs inducible nature of mitochondrial components. (a) Average 
variance of gene expression patterns across different tissue types in each of the functional 
groups (blue bar) was compared against the average variance for all the genes encoding 
mitochondrial components that do not belong to that particular functional group (purple bar). (b) 
Average skewness of the frequency distributions within each functional group (blue bar) was 
compared against the average skewness for all other corresponding mitochondrial components 
(purple bar). Each error bar represents the 95% confidence interval for the corresponding 
average. Asterisks (*) indicate significant differences (p < 0.05) between each group and the 
average of all other mitochondrial genes. 
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4.4 Discussion 

The work presented in this chapter provides the first extensive quantitative and 

comparative analysis in the heterogeneity of the mitochondrial proteome from different 

plant organs. The mitochondria from flower, silique, root and stem tissues were isolated 

using a small volume differential PercollTM centrifugation procedure, yielding good 

quality mitochondria for proteomic analysis (Figure 4.1). Proteomic and transcriptomic 

analysis of the mitochondrial components show that the heterogeneity of the plant 

mitochondrial proteome is beyond the differences in the photosynthetic capacity in 

various organs observed in Chapter 3. This can be seen in the abundance of 

mitochondrial proteins across various different organs (Figure 4.6a and Figure 4.16), the 

expression of genes in a wider range of plant organs and organs at different 

developmental stages (Figure 4.22) and the positive correlation observed between 

nuclear transcript abundance and protein abundance in mitochondria from plants (Figure 

4.15a and 4.21a) and mammals (Mootha et al., 2003; Forner et al., 2006; Pagliarini et al., 

2008). Another feature of the mitochondrial proteome is the high degree of variation in 

the post-translational modifications in different organs (Figure 4.5b and 4.5c). It can be 

elucidated that changes in the protein abundance and modifications may have a 

functional significance to the cellular energy demand and metabolism during growth 

and development of plant organs. Using the DIGE data in Table 4.2, it is possible to 

construct a metabolic network predicting and describing the differences in the relative 

TCA cycle flux between various organs (Figure 4.9). These data will aid in 

understanding the differential functional roles of plant mitochondria, as well as the 

nature of gene expression for mitochondrial proteins in response to differences energy 

in demand, cellular metabolism and physiological roles in various organs. 

4.4.1 The specific features of the stem, silique and flower 
mitochondrial proteome 

4.4.1.1 Stem mitochondria 

Even though most of the proteins identified in the DIGE analysis generally 

showed lower abundance in stem mitochondria, several unique features of their 

proteome could be observed. The stem mitochondrial proteome generally accumulates 

specific isoforms of the photorespiratory proteins compared to most other organs, 
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namely GDC H-protein isoforms (At2g35120 and At2g35370), P-protein (At2g26080) 

and SHM1 (Figure 4.6a). Interestingly, the transcript abundance of an orthologue of 

At2g35120 (H-protein) in poplar was also more abundant in the secondary non-

photosynthetic xylem tissues than in other tissues examined, whereas the At2g35370 

(H-protein) ortholog in poplar was more abundant in photosynthetic tissues (Wang et al., 

2004; Rajinikanth et al., 2007). These reports have suggested that the up-regulation in 

the expression of the non-photorespiratory GDC components in the wood forming 

tissues in the woody plants facilitates stem lignification. In conifer trees, cells 

undergoing lignification requires large amount of methyl groups which are released 

during one-carbon metabolism (Mouillon et al., 1999; Canovas et al., 2007). A high rate 

of lignification facilitated by the phenylpropanoid and/or phenylalanine metabolism and 

glycine cleavage can provide ammonia for glutamine and glutamate formation via the 

GS/GOGAT pathway (van Heerden et al., 1996). Here, it was also observed an increase 

in the abundance of glutamate dehydrogenase in the mitochondria from stem when 

compared to other organs, although it is not clear whether this enzyme fulfils a catabolic 

role to generate 2-OG from glutamate for entering the TCA cycle or for the reverse 

reaction (formation of glutamate). These data provide evidence for the possible role 

mitochondria may play in providing one-carbon compounds for stem development in 

Arabidopsis, and potentially providing carbon skeleton for other essential cellular 

pathways such as Met biosynthesis and secondary metabolism. However, since the level 

of transcript for GDCs in xylem and phloem tissues in poplar varied (Rajinikanth et al., 

2007), it is possible that our stem mitochondrial isolates contain a homogeneous 

population of mitochondria with these distinct set of proteins. Thus, future work will 

involve the proteomic analysis of the mitochondria from these two tissues in stem to 

better understand their role in energy metabolism and stem development. Also, poplar 

and Arabidopsis are very different species – in Arabidopsis, the development of 

secondary xylem and phloem is only induced when the plant is prevented from 

flowering (Levyadun, 1994; Zhao et al., 2000; Ko and Han, 2004). Thus the role of one-

carbon metabolism during stem development remains illusive and requires further 

investigation.  

 

Alternatively, an increase in the abundance of the proteins in the 

photorespiratory pathway may indicate that photorespiration is significantly undertaken 

in stem. It is also possible that glycine in the source leaf tissues could be directly 
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transported, possibly through specific intercellular amino acid transporters in different 

organs/tissues (Ortiz-Lopez et al., 2000), to the stem for glycine cleavage. Whether the 

serine generated is utilized to complete the photorespiratory cycle in the stem cells or 

transported to other cells in various organs/tissues needs further examination.  

4.4.1.2 Flower mitochondria 

Analysis of the data obtained from DIGE experiment and public MS dataset of 

six different organs revealed interesting components which were selectively enhanced in 

the plant mitochondrial proteome of flower (Figure 4.6a and 4.17). Adenylate kinase 

(AK) was found to be more abundant in floral organs (Section 4.3.2.5). AK is generally 

understood to catalyze the forward reaction, i.e. towards the formation of ADP, 

allowing the continuous supply of ADP for ATP synthesis in the matrix while driving 

the export of ATP from the matrix to the IMS or to the cytosol (Fricaud et al., 1992; 

Igamberdiev and Kleczkowski, 2006). It has been shown that, in the leaf, the AK 

activity is typically higher than the rate of ATP synthesis in the respiratory chain, 

thereby sustaining the operation of respiration, modulating the rate of succinate and 

NADH oxidation and regulating the amount of ATP available for various cytosolic 

processes (Roberts et al., 1997; Igamberdiev and Kleczkowski, 2006). Therefore, an 

increase in AK abundance in flower mitochondria may indicate an enhanced capacity of 

OxPhos for ATP formation and/or an increased demand for intermediates in the TCA 

cycle and/or amino acids to support key metabolic functions, such as pollen 

development. However, the kinetic properties of this protein was not altered in a male 

sterile potato plant compared to a fertile plant (Busch and Ninnemann, 1996), indicating 

other factors might alter the required energetic and/or the metabolic state for pollen 

production. Further analysis would be required to compare the activity of OxPhos with 

AK in different organs. 

 

Studies in tobacco plants have shown that the loss of the functional Complex I in 

the mitochondria can cause male sterility (Gutierres et al., 1997), accompanied by 

changes in the stress responses, diurnal regulation of gene expression and retrograde 

signalling (Dutilleul et al., 2003; Vidal et al., 2007).  In contrast, a Complex I mutant in 

Arabidopsis, fro1, was not sterile (Lee et al., 2002), whereas transgenic plant expressing 

an unedited mitochondrial gene product of ATP9 could not produce viable pollen 

(Gómez-Casati et al., 2002). Thus, in Arabidopsis, an obvious question is to find out 
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which nuclear or mitochondrial genes encoding respiratory chain components are 

essential for pollen development. In the analysis of the experimental data as well as the 

wider set of proteins in the public dataset, four nuclear-encoded components in 

Complex I and III were most abundant in flower mitochondria (Figure 4.17). So far, 

knockout studies of these components in Arabidopsis have not been provided, although 

a number of biochemical studies have been carried out to elucidate their role in electron 

transport and their biochemical properties. In mammals, the Complex I TYKY-subunit 

forms a ubiquinone binding pocket with the 30 kDa-subunit and PSST-subunit of 

Complex I (Matsuno-Yagi and Yagi, 2003). The nuclear gene encoding the TYKY-

subunit of Complex I in human is highly expressed in tissues with high energy demand, 

and the mutation of this component can lead to a deficiency in Complex I (Loeffen et al., 

1998). In yeast, the 14 kDa-subunit of ubiquinone cytochrome c reductase has been 

shown to have a functional role in the assembly of Complex III (Hemrika et al., 1994) 

and the mutant lacking this protein can cause a deficiency in respiration and a reduction 

in several subunits in Complex III (Schoppink et al., 1989). In addition, the assembled 

Complex III is required to stabilize Complex I and form a Supercomplex of I+III (Acin-

Perez et al., 2004). Similarly, the assembly of cytochrome c oxidase complex is required 

for the assembly or stability of Complex I (Diaz et al., 2006). From these, it can be 

speculated that the stability and assembly of the respiratory complexes are the 

determining factors for the efficiency of energy generation. Furthermore, the increased 

abundance of an enzyme in the ubiquinone biosynthetic pathway, Complex IV assembly 

protein (SCO1) and chaperone-like FtSH10 and prohibitin further support the needs for 

constantly maintaining the integrity of the respiratory complex and recycling of electron 

transport cofactors. However, it remains uncertain whether the activity and the total 

amount of OxPhos in the mitochondrion increase and the stoichiometry of the 

respiratory complexes alters in response to higher energy demand in flowers relative to 

other organs.  

 

Another important feature of the flower mitochondrial proteome is the increased 

amount of nuclear-encoded components associated with organellar gene expression. 

These components include several aminoacyl-tRNA synthetases, a specific isoform of 

RNA binding protein, a ribosomal protein and a transcription termination factor (Figure 

4.5a, 4.16). The function of a glycine-rich RNA binding protein identified in this study 

(GRP2) is largely unclear, although recent reverse-genetic studies have postulated that 
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this protein may play a role as a RNA chaperone when plants are subject to stresses 

such as salt (Kim et al., 2007) and cold (Kim et al., 2005). More recently, a peroxisomal 

GRP7 has been shown to promote flowering and regulate flowering time (Streitner et al., 

2008; Reumann et al., 2009). Whether GRP2 could play a similar role as GRP7 requires 

further investigation.  

 

The nuclear-encoded aminoacyl-tRNA synthetases not only catalyze the addition 

of amino acids to their cognate tRNAs, but also play a role in translational regulation, 

RNA splicing and tRNA proofreading (Szymanski et al., 2000; Geslain and de Pouplana, 

2004). Also, they are involved in the import of cytosolic tRNAs into the mitochondria 

(Dietrich et al., 1996; Delage et al., 2003; Laforest et al., 2005). Since most of the 

mitochondrial genes encode the ribosomal proteins and components in the respiratory 

chain (Unseld et al., 1997), it is possible that the enhanced abundance of these proteins 

increases the rate of mitochondrial gene expression in flowers to synthesize the proteins 

necessary for coping with the high energy demand in this organ. In a comprehensive 

genetic analysis, the removal of a nuclear-encoded mitochondrial aminoacyl-tRNA 

synthetase results in reduced gametophytic transmission and embryo lethality after 

fertilization, characteristic of an ovule abortion phenotype (Berg et al., 2005). However, 

since these mitochondrial components are also targeted to the cytosol and/or the plastid 

(Duchene et al., 2001; Duchene et al., 2005), questions remain whether such mutations 

and their associated phenotype is the result of the defect in translation of the 

mitochondrial genes and/or  the interference in the synthesis of the key enzymes in non-

mitochondrial compartments. Nevertheless, these examples emphasise the importance 

of the mitochondrial proteome in coordinating mitochondrial gene expression and their 

probable role in nuclear-mitochondria crosstalk during flower development. 

 

It was also found that both subunits of the mitochondrial malate dehydrogenases 

are strikingly more abundant in flower than all other organs examined except leaf 

(Figure 4.8). In illuminated leaf mitochondria, MDH plays an important role in 

oxidizing excess NADH generated during glycine decarboxylation to produce malate at 

the expense of OAA (Chapter 3; also see (Hanning and Heldt, 1993; Raghavendra and 

Padmasree, 2003)). In flower, however, the level of most of the photorespiratory 

enzymes is usually lower than that in the leaf (Figure 4.6a and 4.16), suggesting 

relatively lower photorespiratory activity in flower mitochondria. Considering the high 
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energy demand for pollen formation in the flower, it is likely that OAA formation is the 

major route for NADH generation in the TCA cycle. However, our preliminary analysis 

of the double knock-out of both isoforms of mitochondrial MDH in Arabidopsis 

indicates that the mutant is capable of producing viable seeds (Pracharoenwattana I., 

Tomaz T., Smith S.M. and Millar A.H., unpublished data), suggesting MDH is not 

essential for NADH generation during flowering and/or pollen formation. In fact, NAD-

dependent malic enzyme can metabolize malate, fulfilling the role of NADH formation 

and recycling of carbon in the TCA cycle in this mutant. Alternatively, NADH could be 

synthesized in other cellular compartments, because the protein abundance of the 

external NADH dehydrogenase (NDB1) is the highest in flower mitochondria (Figure 

4.16). It will be interesting to compare NADH/NAD+ ratio between the cytosol and 

mitochondria and determine what other cellular pathways can also potentially provide 

NADH for ATP synthesis. 

  

 Finally, because a flower consists of a number of tissue types, such as anther, 

carpel, ovule, pollen and stigma, it will be interesting to further examine the 

composition of the mitochondrial proteins in each of these tissues. Such study could 

potentially provide information on the possible role of mitochondria during key 

reproductive processes, such as pollen development and gametophyte transmission. This 

might also lead to the discovery of new potential candidate genes which may cause male 

and female sterility in future reverse-genetic analysis. 

4.4.1.3 Silique mitochondria 

 Siliques are composed of developing embryos (seeds) enclosed by capsules of 

two elongated and fused carpels. A large number of nuclear-encoded genes required for 

embryo development have been identified (Tzafrir et al., 2004) and a mitochondrial 

component necessary for pollen tube growth and embryogenesis have been recently 

characterized (Yamaoka and Leaver, 2008). However, only limited studies have been 

carried out to examine what energetic and/or metabolic roles the silique mitochondrial 

proteome would play to promote seed development.  

 

From the proteomic data, the amount of most of the major and abundant proteins 

in silique mitochondria is similar to stem and/or flower mitochondria (Figure 4.4 and 

Figure 4.5a). Most of the mitochondrial photorespiratory components in this organ are 
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higher in abundance than in the flower and non-photosynthetic organs but lower than in 

the leaf (Figure 4.6a). In developing siliques, the total extractable activity of RuBisCo is 

usually higher than that found in fully expanded leaves (King et al., 1998), indicating 

that photorespiration involving glycine cleavage in the mitochondria could be operative. 

It has been proposed that leaf senescence initiates after flowering begins (Pechan and 

Morgan, 1985), and the silique wall becomes the main supplier of carbon for supporting 

seed development (King et al., 1997). However, greening seeds have a capacity for 

photosynthesis (Ruuska et al., 2004; Goffman et al., 2005), although it is usually lower 

than that in the silique wall due to the lack of light penetration through silique wall and 

seed testa (Eastmond et al., 1996). From these, it can be hypothesized that 

mitochondrial glycine decarboxylation in silique could be higher than in developing 

embryo.  

 

The activity of the TCA cycle also appeared to be restricted by photorespiration, 

as seen by the low abundance of the TCA cycle enzymes in silique mitochondria 

compared to other organs (Figure 4.6a and 4.16). However, two malic enzymes (NAD-

ME) were found to be the most abundant in siliques (Figure 4.16). Pyruvate produced 

by NAD-ME could enter the TCA cycle, or be exported and provided as a precursor for 

the synthesis of fatty acids (Ke et al., 2000). These observations are also consistent with 

the 13C amino acids labelling experiments in Brassica napus developing embryos 

(Schwender et al., 2006). Schwender et al. (2006) have found that the flux through most 

parts of the TCA cycle is largely absent and that the contribution of oxidative 

phosphorylation to ATP production in the cell is low. Furthermore, malic enzyme 

provided up to 40% of the pyruvate in the mitochondria from developing embryo, and 

most pyruvate was exported for fatty acid biosynthesis (Schwender et al., 2006). 

However, it remains unclear whether there are any distinct differences between the TCA 

cycle activity in the silique wall and embryos, thus further proteomic analysis of these 

organs/cell types is required. 

4.4.2 Dynamics of gene expression in various plant organs 

 In this study, an attempt to quantify and identify the sources of variations 

between mRNA and protein abundance in a wider set of plant tissues was made. The 

results presented in this chapter showed that the positive correlation of the global 

abundance of proteins and transcripts varies across organs, from close to no positive 
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relationship (silique and flower) to mild positive correlation (cell culture and leaf; 

Figure 4.14). By comparing mRNA and protein abundance on a gene-by-gene basis 

across six organs, ~30% of the strongly and positively correlated mitochondrial 

components were identified. Only 25% of the mitochondrial components were 

significantly discordant, similar to the results found in Chapter 3, as well as in 

previously published data from other species (Mootha et al., 2003; Forner et al., 2006).  

 

The mitochondrial proteins in various mouse organs have been shown to exhibit 

insignificant positive correlations with mRNA level, relative to the whole cellular 

proteome, indicating that a significant number of the mitochondrial proteins are 

controlled post-transcriptionally (Kislinger et al., 2006; Cox et al., 2007). Several 

possible post-transcriptional regulations that explained the discordance in the mRNA 

and protein abundance have been previously explored (Greenbaum et al., 2003) and 

these could also be observed in our experimental dataset (Figure 4.15a). For example, a 

relatively high amount of transcript for thioredoxin reductase was detected in the cell 

culture, but low abundance of the translated protein found in the mitochondria might 

indicate that this protein is not usually expressed (or expressed in low amount) in this 

organ. This may be due to an extensive lag in the translation of its mRNA. In contrast, 

the temporal accumulation of thioredoxin reductase in flower mitochondria and no 

observed increase in the transcript abundance compared to other organs may suggest a 

possible up-regulation of translation by a post-transcriptional mechanism and/or 

improvement in the stability of the protein by post-translational modifications. Several 

discordant components can also be found as pI-shifted protein spot(s) on a 2D gel 

(Figure 4.3), such as GDC P-protein, GDC T-protein and alanine: glyoxylate 

aminotransferase. Thus, it can be postulated that these enzymes could be activated or 

inactivated by post-translational modifications. However, it is not clear whether 

transcriptional control may have a direct role in regulating the total amount of these 

post-translationally modified proteins (unmodified + modified) in the mitochondria, or 

vice versa.  

 

 In terms of the mRNA and protein abundance in each of the functional 

categories, photorespiration showed the highest proportion of gene products exhibiting a 

strong positive correlation across different tissues (Figure 4.15b and Figure 4.21b). 

Since the transcripts for the photorespiratory components showed highly tissue-specific 
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expression (Figure 4.25a), it could be postulated that the expression of these genes 

might be under direct transcriptional control.  

 

 While the expression of the OxPhos components seems to be constitutive in 

different parts of a plant (Figure 4.23 and 4.25), it appears that differences in the 

photosynthetic capacity can lead to the selective induction or repression of metabolic 

enzymes in order to compensate for the variations in energy demands in different tissues 

(Figure 4.25). Deficiency in OxPhos components has been shown to alter the expression 

of nuclear-encoded HSPs (Kuzmin et al., 2004) and AOX (Karpova et al., 2002), 

suggesting retrograde signaling pathways can be activated upon changes in energy 

demand. Many of the nuclear-encoded genes for mitochondrial components share site II 

regulatory element which has been suggested to direct tissue-specific expression 

(Welchen et al., 2004; Welchen and Gonzalez, 2005; Gonzalez et al., 2007). However, it 

is likely that different regulatory properties of site II elements (e.g. positive or negative), 

binding of transcription factors to this type of promoter and the presence of other 

promoter motifs may also have a combinatorial effect on the expression of a gene in a 

particular tissue. This can be seen by the tissue-specific response to changes in the 

metabolic role of mitochondria by various developmental and/or environmental 

challenges, as shown in the differences in the AOX expression in leaves and cotyledons 

upon antimycin A and monofluoroacetate treatment (Zarkovic et al., 2005), and the 

tissue-specific response of pyruvate dehydrogenase kinase to gibberellic acid (Jan et al., 

2006). 

4.4.3 Limitations on the interpretations of the protein abundance 
data and the correlation between mRNA and protein levels in 
this study 

4.4.3.1 Protein abundance data extracted from DIGE analysis 

2D-gel electrophoresis provides a platform for analysing the protein expression 

profile of one or more samples qualitatively and quantitatively. In the investigation of 

the mitochondrial proteome from different organs, the appearance and disappearance of 

protein spots can be interpreted as organ-specific protein expression, while the intensity 

of protein spots provides quantitative information about changes in the protein 

abundance across different organs. In Chapter 3, it was demonstrated that the proteomic 
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techniques have provided opportunities to allow the “mapping” of the possible 

differences in the metabolic fluxes in the mitochondria between two organs/organ-

systems. To understand the global changes/differences in metabolism across various 

plant tissues, it would be advantageous to study the entire set of mitochondrial proteins 

that are present in all organs.  

 

However, as mentioned in the previous chapter, one of the main disadvantages 

of IEF/SDS-PAGE used in this study is that many hydrophobic proteins, particularly the 

subunits in the respiratory chain, do not enter the gel during the first dimension due to 

the lack of solubility of these components in the IEF environment. Thus, we were not 

able to quantify the abundance of most of the respiratory complexes that might explain 

the differences in the rate of energy generation in the mitochondria. Proteins of extreme 

acidity or basicity (proteins with pIs below pH 3 and above pH 10), such as ribosomal 

proteins, are also not well-represented on the 2D-gel. These limitations could be 

potentially overcome by using alternative gel strategies, such as BN/SDS-PAGE. In our 

analysis, only 79 non-redundant mitochondrial proteins on the 2D-gel that changed in 

abundance were identified, although there are substantial numbers of low abundant 

protein spots that remained to be identified (Figure 4.3). In comparison, 1098 

mitochondrial proteins have been identified in mouse (Pagliarini et al., 2008) and the 

number of mitochondrial protein has been estimated to be ~2000-3000 proteins in plants 

(Millar et al., 2005). Indeed, IEF/SDS-PAGE has been shown to overwhelmingly detect 

high abundant proteins in yeast, but many of the low abundant, short half-life and low 

molecular weight proteins were not detected even when a sensitive staining regime was 

used (Gygi et al., 1999; Gygi et al., 2000). Thus, our protein set (i.e. 93 non-redundant 

proteins identified in this study) only represents the most abundant and stable proteins 

in the mitochondrial matrix, which probably accounts for only ~5% of the total number 

of estimated mitochondrial proteins in Arabidopsis.  

 

One of the greatest strengths of 2D-gel technique is the ability to resolve 

proteins that have undergone some form of posttranslational modification. However, 

this represents a major hurdle when estimating the abundance of a given protein that is 

present as multiple protein spots. Here, only a selection of the spot of a given protein 

that was (i) the most abundant spot on the 2D-gel or (ii) most likely the active form of a 

given protein, was considered for further comparative analysis. Although only one 
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protein was identified by MS to be present in each gel spot, we could not rule out the 

possibility that a spot might contain several other minor proteins. Other gel-based 

proteomic analysis also encountered similar problems with different solutions: both 

Gygi et al. (1999) and Futcher et al. (1999) estimated protein levels from multiple spots 

on the yeast 2D-gel map by combining their spot intensity values. In another study, the 

abundance of a protein with multiple protein spots on the 2D gel of human liver was 

estimated by an integration of all the spot intensities for that protein (Anderson and 

Seilhamer, 1997). In the growth stage comparative proteomic analysis of the seed-

derived callus in rice, Yin et al. (2007) identified 60 unique proteins from 68 protein 

spots and the abundance data from all the 68 spots were used to examine the correlation 

between mRNA and protein abundance. From these, it is possible that our methods of 

extracting protein abundance data might underestimate the total amount of a given 

mitochondrial protein (i.e. perhaps modified plus unmodified should be combined in the 

analysis). Therefore, our protein abundance data from the 2D-gel experiment must be 

interpreted with caution. In the future, using a combination of gel-based techniques and 

large-scale MS/MS quantitation techniques, such as spectral peptide counting and 

peptide quantitation with isotope coded affinity tag (ICAT) and isobaric tagging for 

relative and absolute quantitation (iTRAQ) methods, will expand the current set of 

differentially expressed mitochondrial proteins from various plant organs. Such study 

will also further enhance our current knowledge on the dynamics of the post-

translational modifications in the mitochondrial proteome. 

4.4.3.2 Correlation between protein and transcript abundance 

Apart from the potential shortcomings in the selection of proteins for analysis, 

the weak correlations in the global mRNA and protein abundance observed in each 

organ (Figure 4.14) could also be due to the systematic noise in the mRNA and protein 

abundance data. It could be caused by errors in sample handling and preparation and/or 

systematic errors in signal detection of the microarray chip and/or DIGE 2D-gels. 

However, comparison of two different cell lines derived from the bone marrow showed 

that the observed correlations in the expression of the transcripts and proteins were 

biologically significant and could not be solely attributed to the noise in the data alone 

(Tian et al., 2004). Recently, it has been demonstrated that, by removing non-Gaussians 

form of noise in data, a stronger association between protein and transcript levels could 

be recovered (Cox et al., 2005; Kislinger et al., 2006; Cox et al., 2007). Whether our 
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data require normalization to remove any non-Gaussian noise will be a subject for 

further investigation. 

 

Another potential source of error could be the statistical and normalization 

method employed to correlate protein and transcript levels. Before performing 

correlation analysis, a logarithmic transformation of the data is usually performed. Here, 

protein and transcript data extracted from the DeCyder and the Avadis Analysis 

Software, respectively, had already been normalized to the logarithmic scale which 

could be used directly for the correlation analysis. However, it has been suggested that a 

Box-Cox transformation will help to further transform the data close to the normal 

distribution to stabilize variance, which is then suitable for the Pearson correlation 

analysis (Futcher et al., 1999; Nie et al., 2007). In contrast to the results in a similar 

study conducted by Gygi et al. (1999), Futcher et al. (1999) found a stronger correlation 

(r = 0.76, whereas r = 0.36 was calculated in the report by Gygi et al., 1999) between 

transcript and protein levels in yeast. Further, various studies have found that 

measurements of mRNA and protein abundance of a gene may be influenced by the 

length of the transcript or protein (Munoz et al., 2004; Nie et al., 2005; Nie et al., 2006). 

After normalization by transcript and protein length, the correlation between gene 

products was improved in various species (Nie et al., 2007). Thus the weak global 

correlation seen in the data analysis (Figure 4.14) may be explained by the specific 

regulation of gene expression, but also the need for further normalization of the datasets. 

 

Traditionally, the Pearson correlation analysis is employed to infer the 

relationship between mRNA and protein levels. In the correlation analysis of each gene 

across six organs, the Pearson correlation method was also used to examine the 

relationship between gene products. However, Nie et al. (2007) postulated that when a 

small set of gene products with known bias towards highly abundant proteins is utilized 

for correlation analysis, the overall correlation between mRNA and protein abundance 

would be reduced. Recently, an improved probability model which allows the analysis 

of the variability in transcript and protein abundance in various mouse organs has been 

proposed (Kislinger et al., 2006), which also takes into account the possible noise in the 

data collected. To my knowledge, there has not been any comprehensive analysis of the 

strengths and weaknesses in various statistical approaches. Thus, my future works 

would involve examining the impact of various methodologies of data normalization 
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and statistical analysis and building the best model for explaining mRNA and protein 

relationships that can be observed in these data.  

4.4.3.3 Experimental vs public datasets for determining biological functions and 

gene expression regulation in different plant organs 

Public databases provide large amount of data to the scientific community and 

have been used to facilitate many hypothesis-driven experiments. By comparing the 

public quantitative MS data for protein level with the protein data extracted from DIGE 

experiments (Figure 4.19a), it was found that the abundance change in ~40% of the 

proteins do not positively correlate in the various organs examined. As a result, the 

observed differences in these datasets may have an impact on the modelling of the TCA 

cycle flux in various organs (compare Figure 4.9 and Figure 4.17). It was also found 

that the uncorrelated abundance change between the two protein datasets were enriched 

in several functional categories, namely ‘heat shock proteins’, ‘import and fate’, 

‘mitochondrial gene expression’ and ‘stress’. The protein expression of some of these 

components was previously found to be highly variable to external stimuli. Thus, the 

protein variations seen between the two datasets may be explained by the growth stage-

specific differences of the samples collected, and/or variation in the growth conditions. 

For example, we collected young leaves 21 days after germination, whereas 

Baerenfaller et al. (2008) harvested tissues 15 days at growth stage 1.06. Alternatively, 

since we did not account for the possible background noise in the DIGE and MS data 

during the statistical analysis, another possibility of discrepancy in protein abundance 

change between the datasets could be the background interference of the MS and DIGE 

datasets and/or the deficiencies in the normalization and statistical methods chosen. 

 

Apart from the probable differences in the protein abundance, another possible 

reason for the discrepancy in the correlation analysis between experimental and public 

datasets (Table 4.3) could be the differences in the microarray transcript data to be 

compared. The transcript abundance varies greatly with growth stages and 

environmental conditions. In Genevestigator, the transcript level of a given gene is the 

average of all the available microarrays from various previously published experiments. 

However, it is not likely that previous microarray experiments were preformed using 

plant materials developed under exactly the same growth parameters. Thus, this may, 

artificially, cause some degree of altered concordance/discordance of protein and 
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transcript expression in the gene-by-gene correlation analysis. By contrast, our 

microarray experiments were performed using the RNA prepared from the same 

material for mitochondria extraction, thus the transcript level in our data could closely 

resemble the steady-state level of mRNA in the cells. In addition, according to Nie et al. 

(2007), the abundance data extracted from gel-based technology and MS quantitation 

must be normalized differently before any correlation analyses can be performed; 

whereas here, similar normalization and data transformation methods were applied to 

both experimental and public datasets in order to minimize the differences in data 

manipulation and handling. Whether different normalization methods are needed to 

allow further comparison of the experimental and public datasets requires further 

investigation. 

4.4.4 Summary  

 Dynamics of the mitochondrial proteome in plants underlies fundamental 

differences in the roles of these organelles under different developmental and 

environmental conditions. To provide insight into the extent of mitochondrial 

heterogeneity in plants, mitochondria isolated from various organs, cell culture, leaf, 

root, flowers, stems and siliques, were analyzed. Of the 251 protein spots on a 2D-gel of 

the mitochondrial soluble/matrix fraction, the abundance of 199 spots were significantly 

varied between different samples. Identification of these spots revealed a non-redundant 

set of 79 mitochondrial proteins which were differentially expressed between organ/cell 

types. Correlation analyses of the transcript expression and protein abundance showed 

25-40% discordance between protein and transcript abundance. These analyses also 

demonstrate that, while mitochondrial proteins are regulated transcriptionally by the 

nucleus, post-transcriptional regulation and/or post-translational modifications play a 

vital role in controlling the activity of key biochemical pathways in mitochondria for 

specific functions in different organs/tissues. Broader analysis of transcript profiles for 

over 500 mitochondrial components from 31 different tissue types in Arabidopsis 

showed seven significant clusters with tissue-selective expression and measures of 

expression variance highlight the constitutive and developmentally regulated nuclear-

encoded genes for mitochondrial proteins. 
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5.1  Introduction 

Apart from the differences in the steady-state abundance of mitochondrial 

proteins in various plant organs (see Chapter 4), the mitochondrial proteins may also 

react to continuously changing environmental conditions, most notably the daily 

alteration in light and dark cycles. In photosynthetically active leaves, ATP is required 

for the synthesis of sucrose for storage. During the day, glycine is a major substrate for 

mitochondria (Arron and Edwards, 1980; Walker and Oliver, 1986; Lernmark et al., 

1990). Photorespiration is one of the important metabolic pathways in providing carbon 

skeletons for synthesizing vital metabolites in the mitochondria, as well as co-ordinating 

nitrogen and sulphur assimilation. Photorespiration has also been implicated in 

protection against photoinhibition and environmental stresses, optimization of the 

photosynthetic carbon reduction cycle and providing alternative channels of 

communication between mitochondria, chloroplasts and peroxisomes (Wingler et al., 

2000; Raghavendra and Padmasree, 2003). In addition, the operation of glycine 

decarboxylation in the light affects TCA cycle functions (Chapter 3; also see (Chapman 

and Graham, 1974; Azcon-Bieto and Osmond, 1983; Day et al., 1985b; Budde and 

Randall, 1990; Hanning and Heldt, 1993)). During the dark, stored products from 

photosynthesis are degraded to produce energy: glycine from photorespiration is the 

first substrate for the initial seconds, organic acids derived from photosynthetically 

derived triose-phosphates are then the substrates for several minutes (Raghavendra et al., 

1994; Hoefnagel et al., 1998), and later, organic acids from the breakdown of transitory 

leaf starch provide the majority of respiratory substrates for up to hours (Hoefnagel et 

al., 1998). In situations of extended darkness for days protein degradation can provide 

amino acids as substrates for respiration (Journet et al., 1986; Brouquisse et al., 1998).  

 
Measuring mitochondrial function in the light is complicated by the 

simultaneous photosynthetic activity, hence classical respiratory assays of oxygen 

consumption or CO2 evolution are compromised. Estimates of respiration in the light 

using gas exchange measurements at different light intensities or different CO2 

concentrations (Kromer et al., 1993; Atkin et al., 1998; Griffin et al., 2001; Tcherkez et 

al., 2005) suggest a lower rate of TCA-cycle linked respiration in the light than in 

darkness, but a higher overall rate of mitochondrial activity in the light due to the 

glycine-dependent photorespiratory rate (Tcherkez et al., 2008).  
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Previous studies have attempted to examine the effect of light on mitochondrial 

carbon assimilation at the transcriptional level. The abundance of mRNA encoding for 

all the glycine decarboxylase subunits and serine hydroxymethyltransferase were 

increased drastically in etiolated pea leaf upon exposure to light, possibly regulated by 

phytochrome-mediated transcriptional control on photorespiratory components (Turner 

et al., 1993; Tepperman et al., 2001). In contrast, the expression of glutamate 

dehydrogenase, branched-chain alpha-ketoacid dehydrogenase complex (BCKDH) and 

electron transfer flavoprotein:ubiquinone oxidoreductase (EFTQO) were induced by 

sugar-starvation when Arabidopsis plants were grown in extended darkness (Fujiki et al., 

2000; Ishizaki et al., 2005; Miyashita and Good, 2008). The expression profile of the 

majority of genes encoding for mitochondrial respiratory complexes did not show 

day/night differences (Blasing et al., 2005), but two alternative pathway components, 

nda1 and ndb2, were regulated in a diurnal manner (Elhafez et al., 2006). Furthermore, 

the mitochondrial genome, some of which encoded the respiratory chain components, 

was transcribed at a different rate in a light/dark cycle, but the overall transcript pool 

was maintained a steady-state (Okada and Brennicke, 2006). However, light-induced 

changes of the mitochondrial components could also occur at the translational and/or 

post-translational level that would not be otherwise detected in transcript abundance. 

For example, mitochondrial pyruvate dehydrogenase is inactivated by phosphorylation 

in the light (Tovar-Mendez et al., 2003).  

 

The metabolic activity of mitochondria is defined by the capacity of the catalytic 

protein machinery.  Proteome studies of plant mitochondria from various species reveal 

differences in the abundance of mitochondrial proteins between different organs, for 

example from leaves, roots, cell culture, seeds and storage tubers (Chapter 4; also see 

(Scahlstrom and Ericson, 1984; Newton and Walbot, 1985; Remy et al., 1987; Lind et 

al., 1991; Colas des Francs-Small et al., 1992)). There are major differences recorded in 

all of these studies in the abundances of glycine decarboxylase and serine 

hydroxymethyltransferase that dominate the soluble proteome in mitochondria from 

photosynthetic tissues but can be virtually absent from non-photosynthetic tissues. More 

subtle differences are noted in formate dehydrogenase, proteins in amino acid 

metabolism and components of the TCA cycle. From these data it has been proposed 

that the mitochondrial proteome in plants is modified in different tissues to suit the 
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prevailing metabolic pathways. Similar evidence and suggestions have been made in 

analysis of the heterogeneity of mitochondrial protein composition in mammalian 

tissues (Mootha et al., 2003; Forner et al., 2006; Pagliarini et al., 2008). However, while 

the spatial dynamics in the proteome is clear, it is not known to what extent temporal 

dynamics exists in maintaining or modifying such proteomes.  

5.2  Aims and Strategy 

Here we extend the analysis from Chapter 3 to consider if mitochondria from 

photosynthetic tissue have a static proteome during the day and night cycle, or whether 

the proteome changes to meet the different metabolic requirements of the two periods. 

This analysis was undertaken by a staged quantitative analysis of the mitochondrial 

proteome through 10 time points covering a normal 24 h day from three-week old 

hydroponically grown Arabidopsis leaves. This is coupled to a detailed analysis of 

enzyme capacities, substrate-dependent respiratory processes and immunodetection 

experiments against specific proteins during the same time course. This reveals a range 

of dynamic changes in mitochondrial function which uncovers day and night enhanced 

protein sets and clear diurnal changes in mitochondrial capacities required to drive the 

TCA cycle and undertake functions associated with nitrogen and sulphur metabolism, 

and cellular redox poise. In this chapter, the results and discussion will be presented as a 

combined section, so that the implications of the findings can be appropriately 

interpreted under the same subsection and can directly refer to the current evidence in 

the literature. 

5.3  Results and Discussion 

5.3.1 Quantitative analysis of the changes in the mitochondrial 
proteome during the diurnal cycle  

In order to compare the proteome of mitochondria at different time points in a 

diurnal cycle, isolation of mitochondria was performed from three-week old 

hydroponically grown leaf tissues harvested at 0, 1, 2, 4 and 8 h of darkness and 0, 1, 2, 

4 and 8 h of illumination (n = 3; Figure 5.1a). The quality and quantity of total 

mitochondrial proteins were systematically checked by 1D SDS-PAGE with equal 

loading of all samples and replicates (Figure 5.1b). A detailed differential 2D (DIGE) 

IEF/SDS-PAGE experiment was performed using a randomized experimental design 



Chapter 5. Diurnal Response in the Leaf Mitochondrial Proteome 

207 

incorporating all samples and replicates into one experiment (Table 5.1). With Cy2 as 

the internal standard (the mixture of all samples), the inaccuracy in the statistical 

analysis due to gel-to-gel variation and preferential CyDye labelling was reduced. A set 

of 15 gels was analyzed using DeCyder quantitation software (GE Healthcare) and 

protein spots that reproducibly changed in abundance with one-way ANOVA of p < 

0.05 were selected. A total of 66 out of 427 protein spots detected in the analysis were 

found to be significantly altered in abundance. A representative Cy2 image was then 

matched against a Coomassie-stained preparative gel prepared from equal amount of 

proteins from all 10 independent samples. Only 55 spots of interest in the Cy2 image 

were matched to the corresponding spots in the preparative gel (Figure 5.2). These 

protein spots were then excised from the preparative gel, in-gel digested with trypsin, 

and their identities were revealed using LC-(IonTrap)MS/MS (Table 5.2). 
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Figure 5.1. Experimental design and quality control of diurnal response in plant 
mitochondria. (a) Numbers below the bar indicate the times (relative to the start of the dark 
period, t=0) when the plant tissues were harvested for further experimentation. The black bar 
represents the dark period and the white bar represents the light period. (b) One-dimensional 
SDS-PAGE of mitochondria isolated at different time points in the diurnal cycle. Equal amounts 
of protein (10 μg) were loaded into each lane. 
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Table 5.1. Experimental design of a randomized (DIGE)-IEF/SDS-PAGE experiment. 
Each sample was labelled with a fluorophore, Cy3 or Cy5. The internal standard (I.S.) is the 
mixture of equal amounts of all samples and is labelled specifically with Cy2. To achieve 
randomized labelling, at least one of the replicates (Rep) for each biological sample was 
labelled invertedly with a different CyDye and there are no repeats for the Cy3-Cy5 
combination within the experiment.  

 Cy2 Cy3 Cy5 
1 I.S. 13 h Rep1 0 h Rep1 
2 I.S. 2 h Rep1 16 h Rep1 
3 I.S. 1 h Rep1 14 h Rep1 
4 I.S. 20 h Rep1 2 h Rep2 
5 I.S. 12 h Rep1 0 h Rep2 
6 I.S. 16 h Rep2 4 h Rep1 
7 I.S. 4 h Rep2 13 h Rep2 
8 I.S. 14 h Rep2 8 h Rep1 
9 I.S. 4 h Rep3 12 h Rep2 

10 I.S. 0 h Rep3 20 h Rep2 
11 I.S. 13 h Rep3 1 h Rep2 
12 I.S. 2 h Rep3 14 h Rep3 
13 I.S. 1 h Rep3 8 h Rep2 
14 I.S. 12-h Rep3 20-h Rep3 
15 I.S. 8-h Rep3 16-h Rep3 

 

 
Figure 5.2. A representative Cy2 image of a DIGE 2D IEF/SDS-PAGE showing spots 
selected for MS/MS analysis. Arrows indicate protein spots that were changed in protein 
abundance over the 24-hr period (one-way ANOVA p < 0.05) and could be matched to their 
corresponding spot in the preparative gel. These protein spots were then unambiguously 
identified by MS/MS. Spot numbers correlate with Table 5.2. 
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 In total, 55 protein spots were matched to the sequence of 39 non-redundant 

proteins. According to the SUBA database (http://www.suba.plantenergy.uwa.edu.au/; 

(Heazlewood et al., 2007)), 29 non-redundant proteins (from 45 protein spots) were 

previously identified in MS/MS and/or GFP studies to be localized in plant 

mitochondria. Of this set of proteins, a metallopeptidase M24 family protein 

(At1g09300) had not previously been identified experimentally by any MS/MS analyses 

or GFP studies in plant mitochondria, but has been considered to be mitochondrial 

(Walling, 2006). The mitochondrial origin of the protein has also been predicted in 6 of 

the 10 targeting predication programs listed in the SUBA database. This enzyme 

belongs to a family of aminopeptidases which has been proposed to recognize and bind 

to a specific (or modified) amino acid residue at the N-terminus of proteins as the first 

step toward protein degradation. A total of six identified proteins were breakdown 

products based on the size of the protein spots on the gel. The chloroplast heat shock 

protein 70 (Spot 7), chaperonin 60A (Spot 8), the large subunit of RuBisCo (Spot 18), 

RuBisCo activase (Spot 27) and glutamine synthase (Spot 28) were clearly chloroplast 

contaminants and were previously identified in the mitochondrial fraction without FFE 

treatment (Chapter 3, Table 3.1). Enoyl-CoA hydratase family protein (Spot 32) was 

identified in this study, while a different isoform (At4g31810) was found previously in 

the mitochondrial proteome from Arabidopsis cell culture (Millar et al., 2001b; Taylor 

et al., 2004). The majority of the subcellular localization predication programs in the 

SUBA database (http://www.suba.plantenergy.uwa.edu.au/; (Heazlewood et al., 2007)) 

indicate that this protein is not likely to be targeted to the mitochondria thus it will be 

considered as a contaminant here. Peroxisomal MDH (Spot 48) and Kat2 (Spot 49) have 

been identified in the purified peroxisomal fraction in a number of MS and GFP studies 

(Carrie et al., 2007; Reumann et al., 2007; Eubel et al., 2008; Reumann et al., 2009). 

Although the two fructose-bisphosphate aldolases (Spot 33 and 34) were predicted to be 

mitochondrial in several targeting prediction programs listed in SUBA, this protein was 

only identified in the proteomic analysis of chloroplast (examples: (Kleffmann et al., 

2004; Giacomelli et al., 2006; Peltier et al., 2006)). 

 
Data on the abundance of 45 mitochondrial proteins (including breakdown 

products) were extracted from the DeCyder software package (GE Healthcare) through 

the XML Toolbox. The raw Cy3 or Cy5 values were normalized against Cy2 values. 

Hierarchical clustering of mitochondrial protein abundance data was then performed 
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using the TIGR MultiExperiment Viewer (Saeed et al., 2003). Protein data were also 

compared against their corresponding averaged and normalized transcript abundance (n 

= 2) extracted from publicly available microarray data from Smith et al. (2004b)(Figure 

5.3). When comparing transcript and protein profiles however, the majority show no 

clear correlation, suggesting translational and post-translational response is most likely 

responsible for the diurnal changes in the mitochondrial metabolism. Clustering of the 

protein abundance profile shows the co-expression of components in the same or related 

metabolic pathways in response to the diurnal cycle, such as the TCA cycle and energy 

metabolism in cluster 2 and 5 and photorespiration in cluster 7 (Figure 5.3). 
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5.3.2 Diurnal changes in photorespiration and related pathways 

5.3.2.1 Photorespiration 

To examine the contribution of photorespiration to mitochondrial respiration 

during a day/night cycle, glycine-dependent oxygen consumption by mitochondria was 

measured. As shown in Figure 5.4a, glycine oxidation slowly declined to a minimal 

level at the end of the night when photosynthetic activity was low. This was then 

followed by a linear increase to the maximal rate in the first 4 hours of illumination, 

indicating an increased capacity of GDC to reduce NAD+ to NADH under the elevated 

level of photorespiration in the light. This correlates well with the total glycine and 

serine levels in Arabidopsis leaf (Gibon et al., 2006). 

 

In the proteomic analysis, I have identified one subunit of serine 

hydroxymethyltransferase (SHMT, At4g37930) and several subunits of the glycine 

decarboxylase (GDC) that are altered in abundance: H-protein (At1g32470 and 

At2g35370), L-protein (also pyruvate dehydrogenase E3 subunit, At1g48030) and P-

protein (At4g26970 and At4g33010). Clustering analysis shows that these proteins 

clustered into two distinct groups (Figure 5.3). Proteins in clusters 6 and 7 were 

generally highly abundant at the end of the night, followed by a decline to the minimum 

level 2-4 h after the onset of light before recovering by mid-day (Figure 5.3). Similar 

diurnal fluctuation in the abundance of the native tetrameric SHMT protein in the wild-

type potato leaves has also been measured (Schjoerring et al., 2006). Cluster 4 contains 

proteins that are generally more abundant in the light than in the dark, with an increase 

of up to 3-fold were detected from 8 h to 12 h (Figure 1). The pI of SHMT identified in 

cluster 4 (spot 25) was lower than the same protein in cluster 7 (spot 23). Interestingly, 

the GDC P-protein spots identified in cluster 4 do not match to the corresponding 

molecular weight and pI in the 2D-gel expected for the intact protein (Figure 5.2, Table 

3.2, spot 9-12). Changes in the degradation products from other GDC subunits were not 

detected, however, it is possible that they run off the 2D gel. 

 

Thus, it can be speculated that the rate of degradation and resynthesis of GDC 

and SHMT is accelerated in the light period to replace “old” / damaged / unfolded or 

unassembled proteins with functionally active proteins. This is also supported by the 
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increased levels of transcripts encoding most of these components in the light period, 

indicating the rate of protein synthesis may increase by upregulating transcription 

(Smith et al., 2004b)(Figure 5.3). The most probable explanation for this is to cope with 

the increasing demand for photorespiration to dissipate excess redox equivalents from 

chloroplasts in the light (Raghavendra and Padmasree, 2003), which results in constant 

recycling of the photorespiratory enzymes and subsequently accelerated aging and 

degradation of the polypeptides. However, it is also possible that these photorespiratory 

proteins are constantly damaged by reactive oxygen species (ROS) and are required to 

be constantly resynthesized. GDC is susceptible to oxidative damage by ROS in the 

mitochondria and is known to produce formaldehyde (containing a highly reactive 

oxygen group which encourages peroxide generation) when methylamine is degraded in 

the absence of tetrahydrofolate (Guilhaudis et al., 2000; Douce et al., 2001; Taylor et al., 

2002). Also, the abundance of a metallopeptidase (Spot 31) is generally elevated during 

the day, which might indicate a high turnover rate of the photorespiratory components.  

5.3.2.2 One-carbon metabolism and formate metabolism 

Previously in Chapter 3, changes in the abundance and/or activity of enzymes 

linked to the TCA cycle and photorespiration in non-photosynthetic and photosynthetic 

organs were observed. A number of formate dehydrogenase (FDH) protein spots varied 

in abundance during the diurnal cycle, namely intact FDHs with different pI values 

(Table 5.2, spot 39, 40, 43 and 44) probably representing different phosphorylation 

states of the enzyme (Bykova et al., 2003b) and a FDH degradation product (Table 5.2, 

spot 53). The effect of these forms of FDH on respiration was then investigated by 

measuring formate-dependent oxygen consumption and the maximal catalytic FDH 

activity in the mitochondria (Figure 5.4b and 5.4c). There was a small increase in 

activity at 16 h but overall I did not find any significant changes across all the time 

points examined.  

 

The conversion of glycine to serine produces CH2-THF, a rich carbon source for 

one-carbon metabolism. The diverse role of C1 metabolism includes providing substrate 

for generating Met, purines and formylmethionyl-tRNA for other important biochemical 

pathways (Hanson and Roje, 2001). The development of a mitochondrial 10-formyl 

THF deformylase double knockout is lethal under ambient air and can be rescued when 

seeds are developed under non-photorespiratory condition (Collakova et al., 2008), 
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suggesting C1 metabolism works closely with photorespiration via the recycling of THF 

in the mitochondria. In the light, the increased GDC activity indicates abundant supply 

of CH2-THF, some of which could enter the C1 metabolic cycle and subsequently 

generate THF and formate as end products. Thus, formate is degraded by FDH, 

suggestive of the role that the FDH major protein (Spot 43) may play in the light. 

 

Although the rate of glycine decarboxylation reduces dramatically in the first 

hour of darkness, a considerable activity of GDC is maintained over the dark period, 

indicating its potential role in other metabolic pathways (Figure 5.4a). However, it is 

not clear how photorespiration and C1 metabolism interact in the dark when the supply 

of glycine is low. The accumulation of photorespiratory transcripts and enzymes in the 

dark is striking (Figure 5.3) but so far there has been no comprehensive investigation 

into the biochemical or structural regulation of these components in a natural day/night 

cycle. FDH maintains its activity in the dark, and one argument is that it functions to 

remove formate produced from the degradation of pyruvate by a pyruvate lyase 

(Bykova et al., 2003b). In non-photosynthetic organs, it has been demonstrated that C1 

metabolism is more likely to be carried out in the cytosol because CH2-THF is quickly 

metabolized for the formation of serine in mitochondria (Mouillon et al., 1999). In this 

scenario, serine is exported to the cytosol, and can then be converted back to glycine by 

a cytosolic SHMT to produce CH2-THF. Alternatively, serine can be generated via the 

non-phosphorylation pathway in plastids (Ho et al., 1998; Ho et al., 1999). However, 

serine is also a favourable substrate for other metabolic pathways, such as tryptophan 

biosynthesis (Delmer and Mills, 1968) and phospholipid biosynthesis (Rontein et al., 

2001). Serine could also potentially enter glycolysis indirectly (Mouillon et al., 1999). 

In mammals, a serine dehydratase has been identified to carry out the deamination of 

serine to produce pyruvate, which then enters the TCA cycle (Ogawa et al., 1988). From 

these data, it can be speculated that some carbon units must exit the C1 metabolic 

pathway at night and serine and glycine pools should deplete over the course of the dark 

phase, consistent with the reduction in GDC activity during the night (Figure 5.4a).  
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5.3.2.3 Cysteine biosynthetic pathway 

Interestingly, the major FDH protein spot (spot 43) groups together with O-

acetylserine thiol-lyase (OAS-TL) in cluster 3 (Figure 5.3). The protein abundance of 

this cluster group is higher in the first 4 h of night and at 4-8 h after the onset of light 

(Figure 5.3). OAS-TL not only carries out the final step of the serine-utilizing 

biosynthesis of cysteine, but also forms a cysteine synthase complex (CSC) with serine 

acetylserine (SAT) for OAS formation. The activity of OAS-TL in mitochondrial 

samples shows a decrease in cysteine production during the night period, followed by a 

~40% increase 8 h after illumination (Figure 5.4d). However, the work discussed in 

Chapter 3 and by others (Haas et al., 2008; Heeg et al., 2008; Watanabe et al., 2008; 

Watanabe et al., 2008) have previously proposed that OAS formed in the mitochondria 

of photosynthetic tissues is exported to the cytosol for cysteine biosynthesis, while OAS 

is utilized for cysteine generation in the mitochondria of non-photosynthetic tissues. 

Therefore, it is possible that the increased level of OAS-TL in the light (Figure 5.3) 

corresponds to possible increased SAT activity due to the formation of CSC by the two 

enzymes, whereas the OAS-TL activity in the dark can be attributed mostly to the 

amount of free OAS-TL in the mitochondria (Figure 5.4d). From these, it can be 

hypothesized that the OAS synthesized is mostly exported for cysteine biosynthesis in 

the cytosol in the light, while the level of cysteine generated by the mitochondria would 

be relatively higher in the dark than in the light phase. If this is the case, then the supply 

of serine via photorespiration for cysteine biosynthesis would gradually decrease over 

the course of the dark period, resulting in the decreased level of cysteine formation in 

the mitochondria. It would be beneficial in the future to measure the abundance and 

activity of SAT in the mitochondria. This information could be used to estimate the 

amount of OAS-TL that binds to SAT, and ultimately the possible flux of OAS during 

the diurnal cycle should be determined. 

 

The elevated level of mitochondrial CAS early in the dark phase (Figure 5.3, 1-4 

h) is accompanied by a higher OAS-TL activity and abundance (relative to other time 

points in the dark phase), suggesting there is an increased amount of free OAS-TL 

present during that period. It allows Cys synthesized by OAS-TL to be directly utilized 

for detoxifying cyanide, an inhibitor of complex IV (Hatzfeld et al., 2000), produced in 

the last step of ethylene biosynthesis (Wang et al., 2002). Indeed, ethylene accumulation 

has been shown to be higher upon light to dark transition in Chenopodium rubrum 
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(Machakova et al., 1997). The activity of the cyanide detoxifying enzyme, β-

cyanoalanine synthase (CAS), is predominantly located in mitochondria (Hatzfeld et al., 

2000; Watanabe et al., 2008). From all the current results, it can be proposed that a 

direct metabolite channelling exists between OAS-TL and CAS in mitochondria to 

allow efficient detoxification of cyanide. Channelling of OAS for Cys biosynthesis and 

degradation in the mitochondria would also prevent the diffusion of OAS across the 

membranes for cytosolic Cys biosynthesis. Although Cys synthesized in the cytosol has 

been proposed to be capable of being transferred between different organelles (Heeg et 

al., 2008; Watanabe et al., 2008), Cys import to mitochondria would have to be carried 

out by a translocator which is likely to involve the exchange of other mitochondrial 

metabolites. To date, such a transporter in mitochondria has yet to be characterized. In 

addition, cytosolic SAT activity increases in non-photosynthetic organs (Watanabe et al., 

2008) to compensate for the reduced light-dependent expression of cysteine synthases in 

plastids (Kitamura et al., 1996; Hesse et al., 1999). Since cytosolic SAT is sensitive to 

OAS/Cys concentration (Noji et al., 1998; Kopriva, 2006), direct Cys utilization of 

mitochondria would help to prevent the repression of the activity of cytosolic SAT.  

 

β-cyano-Ala produced from the CAS-catalyzed reaction is exported out of the 

mitochondria, and can be metabolized into amino acids or secondary metabolites 

(Watanabe et al., 2008). One possible fate of the metabolite is the formation of Asn, a 

storage amino acid of the nitrogen shunt in the chloroplast, which has been shown to be 

increased in abundance in dark-treated plants (Lam et al., 1998). Another possible fate 

of the metabolite is the formation of γ-glutamyl-β-cyano-Ala from the degradation of 

glutathione via the γ-glutamyl cycle (Ohkama-Ohtsu et al., 2007; Ohkama-Ohtsu et al., 

2007; Watanabe et al., 2008), which can generate glutamate, cysteine and glycine. 

While it is possible that these can be used to resynthesize glutathione, it is also likely 

that these amino acids can provide substrate for maintaining the steady-state level of 

glycine cleavage in the early dark period. 
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Figure 5.4. Changes in the activity of photorespiration and its related pathways in the 
mitochondria during the diurnal cycle in Arabidopsis leaves. Oxygen consumption in the 
presence of (a) glycine or (b) formate supplemented with appropriate cofactors was measured. 
The catalytic activity of (c) formate dehydrogenase and (d) O-acetylserine thiol-lyase was also 
measured. Data are expressed as nmol min-1

 mg-1
 of protein. Data are compared using a one-way 

ANOVA cut off of p < 0.05. Asterisk (*) indicates significant differences between 10 data 
points. The results are shown as means and standard error from 3 replicates. 

5.3.3 Changes in the entry steps of the TCA cycle during the diurnal 
cycle 

Considering the importance of photorespiration in the light, I have also 

examined the contribution of the TCA cycle proteins during a diurnal cycle. The 

pyruvate dehydrogenase (PDH) complex as a gatekeeper controlling the entry of carbon 

into the TCA cycle has been previously documented to be regulated by 

phosphorylation/dephosphosphorylation (Tovar-Mendez et al., 2003). The PDH E2 

(At1g52440) and E3 (At1g48030) and one isoform of E1α (At1g59900) was identified 

to be generally higher in abundance in the dark phase. The E1α subunit has been shown 

to be regulated by phosphorylation (Budde and Randall, 1990; Gemel and Randall, 

1992; Bykova et al., 2003a) and the two identical PDH E1α spots with different pI were 

identified on a 2D gel in Chapter 3. The protein spot identified in this chapter is 

changing in the early dark phase and matches to the acidic isoform (Spot 41), i.e. 

phosphorylated and inactive form. Although no significant changes in the 
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dephosphorylated form of PDH E1α were detected, it was possible that changes may 

occur to a minor extent and/or shift in multiple pI which cannot be detected by DIGE, 

and/or that the increase in phosphorylated E1α may reflect the increase in the total PDH 

abundance in the mitochondria. The abundance of PDH E2 and E3 subunits peaked at 

~4-12 h (Figure 5.3) and the total enzyme activity of fully dephosphorylated and 

activated PDH peaked at 8 h into the dark phase (Figure 5.5a). These data together 

suggest the enhanced regulatory role of PDH complex in the TCA cycle during the 

day/night cycle. 

  

Subunits of the PDH complex are clustered in two distinct groups of proteins in 

response to the diurnal cycle: the E2 and E3 subunits are clustered with a group of 

photorespiratory proteins in cluster 6, while the identified E1α subunit is closely 

clustered with two other TCA cycle enzymes in cluster 2: citrate synthase (CS) and 

aconitase (ACON). Protein spots of CS identified as changing were only the minor 

forms on the preparative 2D-gel and there were no significant changes in the level of the 

major CS protein spot (data not shown). Also, there was only a <10% difference 

observed between the maximal and minimal enzymatic activities of CS (Figure 5.5b).  

 

In contrast, ACON activity showed significant differences in the diurnal cycle 

(Figure 5.5c), with the lowest activity at 1-2 h after illumination. Two protein spots of 

ACON with different pIs altered in abundance at different times of the diurnal cycle and 

clustered with different groups of proteins (Figure 5.3). The abundance of ACON in 

cluster 3 (Spot 2) strongly resembled the activity profile of aconitase, indicating this 

protein spot contains the bulk of the active ACON in the mitochondria. A detailed 

analysis of the MS/MS spectra was then performed to further investigate the nature of 

post-translational modifications of the two ACON protein spots. While most of the 

modifications of tryptic peptides in both samples were very similar, four peptides 

contained a deamidated asparagine or glutamine residue which can be detected in Spot 1 

but are not present in Spot 2 (Table 5.3). The spectra of the modified peptides were then 

manually inspected to confirm the nature of deamidation. Figure 5.6 shows an example 

of fully annotated spectra comparing an unmodified and a deamidated peptide of ACON. 

In this example, the Mascot results indicate that there are two possible sites of 

deamidation on the modified peptide: the Asn residue closest to the N-terminal tryptic 

site or the Gln residue at the 14th position of the peptide. Upon manual inspection, 
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several lines of evidence suggested that the peptide was in fact deamidated at the Asn-2 

residue and that the residue was not modified in the other sample. First, a deamidated 

peptide typically exhibits an increase in mass by 1 Da when compared to an unmodified 

parent ion. The detection of doubly charged y15 and b15 ions having 0.5 m/z (1 Da/2+) 

higher in the deamidated than the unmodified peptide suggested that the ACON in Spot 

1 could be modified by deamidation. Second, the peaks corresponding to unmodified 

y4–y12 were detected without a net loss of ammonia, suggesting the modification did 

not occur in the Gln residue at the C-terminal side of the peptide. Third, the detection of 

singly charged b5, b6 and b9-b11 that were approximately 1 m/z higher than expected 

for the unmodified peptide, further indicate that the deamidated residue was the Asn at 

the second position. Consistently, a cytosolic SHMT has been previously shown to be 

post-translationally modified by deamidation, accompanied by an overall reduced 

activity of the modified protein (di Salvo et al., 1999). From our MS analysis, however, 

it is also possible that the modified ACON peptides are deamidated non-enzymatically 

(Geiger and Clarke, 1987) during sample preparations, such as tryptic digestion of 

protein. Hence, further experiments are required to confirm that the modifications seen 

occur in cells and during the diurnal time course. 

 

In the light, the activity of the PDH complex is reduced by 30-40% while the 

action of TCA cycle is decreased by up to 95% in Arabidopsis (Tcherkez et al., 2005). 

In illuminated leaves, citrate is usually exported to the cytosol, bypassing the 

mitochondrial ACON and IDH steps to produce 2-oxoglutarate (Hanning and Heldt, 

1993; Smith et al., 2004a). In dark-grown cell culture, while the TCA cycle is fully 

activated, citrate and isocitrate can potentially be remobilized for fatty acid metabolism 

and glyoxylate cycle (Chapter 3). Combining our results and literature evidence, the 

flux through the citrate pool is likely to be different in the light and dark. Citrate is 

mostly shuttled out of the mitochondria for cytosolic 2-oxoglutarate formation in the 

light whereas 2-oxoglutarate formation will likely be higher in the mitochondria in the 

dark. In addition, reduced ACON activity has been shown to lead to an elevated level of 

photosynthesis and an increased rate of sucrose synthesis in illuminated tomato leaves 

(Carrari et al., 2003). This is generally consistent with the relatively lower activity of 

ACON measured in the light than in the dark (Figure 5.5c), thereby allowing starch and 

sucrose to accumulate and be stored for use in the dark.  
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Figure 5.5. Changes in the activity of entry steps of the TCA cycle in the mitochondria 
during the diurnal cycle in Arabidopsis leaves. The catalytic activity of (a) pyruvate 
dehydrogenase, (b) citrate synthase and (c) aconitase was measured. Data are expressed as nmol 
min-1

 mg-1
 of protein. Data are compared using a one-way ANOVA cut off of p < 0.05. asterisk 

(*) indicates significant differences between 10 data points. The results are shown as means and 
standard error from 3 replicates. 
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Figure 5.6. Example MS/MS spectra showing the differences in the fragmentation patterns 
of a deamidated and an unmodified tryptic peptide from two aconitase protein spots on a 
2D gel. Spectra of (a) deamidated and (b) unmodified peptide are analysed and compared. 
Deamidation of the peptide can be seen by a mass increase by 1 m/z for singly charged ions or 
0.5 m/z for doubly charged ions when compared to an identical peptide without modification. 
Peptide sequence coverage by b and y series ions is indicated by red text labels above/below 
residues in the peptide sequence. A red L-shaped marker around a residue corresponds to the 
intact b or y series ion detected by MS/MS. A red asterisk (*) above an ion series number 
indicates that a 0.5 or 1 difference in m/z was identified in the fragment ion when compared 
against an identical fragment ion in the other spectrum. These fragment ions are also labelled in 
bold red italics in both spectra. Other signals corresponding to b and y series ions are labeled in 
regular red text along with their m/z value. Unassigned peaks are labeled in regular black text.  

5.3.4 Regulation of the decarboxylating dehydrogenases and 2-
oxoglutarate-glutamate entry point to the TCA cycle during 
day and night  

The abundance of NAD-dependent isocitrate dehydrogenase (IDH, At3g09810) 

declined by ~2-fold between 8- to 12-h of darkness and then increased gradually to 

reach equilibrium during the light period (Figure 5.3). A similar expression profile can 

also be observed at the transcriptional level (Smith et al., 2004b)(Figure 5.3). IDH-3 has 

been previously identified to be a catalytic subunit of IDH (Lin et al., 2004). However, 

there were no observable differences in the catalytic activity of IDH on a protein basis 

(Figure 5.7a). Most of the isocitrate generated during the light is likely to be transported 

out of mitochondria, as demonstrated by the reduction in the IDH activity due to the 

high NADH/NAD+ ratio (Igamberdiev and Gardestrom, 2003). However, the role of 

mitochondrial IDH in providing 2-oxoglutarate for the nitrogen assimilation and TCA 

cycle is still a matter of debate (Igamberdiev and Gardestrom, 2003; Dutilleul et al., 

2005; Lemaitre et al., 2007). Recently, a crystal structure of the catalytic isoform of 

IDH has been reported in yeast and identified a crucial activation/inactivation 

mechanism by disulfide formation/breakage at the Cys residue (Taylor et al., 2008). 

This suggests that the enzyme may also be regulated by the redox status in the 

mitochondria. Thus, it is hypothesized that the amount and/or post-translational 

modification of IDH-3 may regulate the activity of the native IDH. While we could not 

identify other IDH-3 spots altered in abundance on the 2D-gel, it is possible that the 

post-translationally modified protein may co-migrate with other proteins. However, thus 

far, six subunits of IDH have been identified by sequence analysis, with only two being 

catalytic subunits (Lin et al., 2004). It remains unresolved how the changes in the 
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abundance of the catalytic subunit IDH-3 have an influence on the activity of a 

heteromeric IDH during the diurnal cycle.  

 

The protein abundance changes of glutamate dehydrogenase (GDH), which can 

provide an alternative TCA cycle entry or exit point via 2-oxoglutarate, closely 

resembled the changes in IDH protein level (Figure 5.3). Although the maximal 

catalytic amination activity of GDH was slightly higher during the dark phase, there 

were no significant changes during the light period (Figure 5.7b). In contrast, the GDH 

deamination activity decreased by 25% during 8-12 h dark phase and increased rapidly 

2 h after dark to light transition (Figure 5.7c), which closely followed the change in 

protein level of GDH-2 throughout the diurnal cycle (Figure 5.3). If the regulation of 2-

oxoglutarate generation by mitochondrial GDH and IDH was responsible for driving the 

non-decarboyxlating part of the TCA cycle at a different rate, we should expect a 

similar trend in the change in activity and/or abundance of 2-oxoglutarate 

dehydrogenase (OGDH). However, the catalytic activity of OGDH peaked at 1 h after 

illumination and then decreased slowly over the course of the light phase (Figure 5.7d). 

Interestingly, the abundance of GABA-T is generally higher in the light than dark, 

suggesting the balance is shifted to 2-OGDC in the morning and the GABA shunt is 

more active later in the day. This idea is also supported by the metabolite profiles of 

glutamate and GABA shown previously in young Arabidopsis leaves (Allan and Shelp, 

2006), which strongly resembles the protein abundance and activity profile during the 

diurnal cycle. Because the production of 2-oxoglutarate is also vital in many metabolic 

processes in other cellular compartments (Hodges, 2002), these results also suggest that 

2-oxoglutarate can be imported into mitochondria for the TCA cycle or exported for the 

GS/GOGAT pathway at different rates during the diurnal cycle. From these data, two 

different succinate-forming pathways at different times of the day are proposed: (a) In 

the morning, the activity of OGDC maintains at the level in the mid-night phase for the 

few hours of the day, suggesting that this enzyme continues the TCA cycle by 

consuming 2-oxoglutarate with lowered ACON and IDH capacities; (b) the gradual 

decrease in the activity of OGDC during the day (Figure 5.7d), coupled with the gradual 

increase in the deamination activity of GDH after initial illumination (Figure 5.7c) may 

indicate that a significant amount of 2-OG produced in the mitochondria could be used 

as a substrate for the GABA shunt or exported to the chloroplast. 
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2-oxoglutarate is not only important in linking the TCA cycle, but also in 

assimilating inorganic nitrogen in the form of ammonia. In the light, ammonia produced 

from glycine decarboxylation is assimilated into glutamine and glutamate mostly via the 

GS/GOGAT pathway located in the chloroplasts (Hodges, 2002). Furthermore, 

formation of malate in the TCA cycle is important to maintain redox potential in the 

chloroplasts and peroxisome during photosynthesis in illuminated leaves (Raghavendra 

and Padmasree, 2003), therefore perturbation of the pathway to malate formation will 

have a significant physiological effect. Indeed, fumarase activity is shown to be 

functionally related to stomatal function and photosynthesis in tomato plants (Nunes-

Nesi et al., 2007). The impairment in succinate dehydrogenase has been shown to affect 

the development and fertility of floral tissues (León et al., 2007).  

 

In isotope labelling experiments, it has been shown that the formation of 2-

oxoglutarate is more favourable than glutamate in leaf mitochondria under 

photorespiratory conditions (Aubert et al., 2001; Masclaux-Daubresse et al., 2006). This 

is also supported by the relatively high km NAD+ /ki NADH ratio of OGDC compared to 

other TCA cycle enzymes, indicating an inhibition during the light when the 

mitochondrial NADH/NAD+ ratio is high (Igamberdiev and Gardestrom, 2003; Noctor 

et al., 2007). Consistently, the rate of glycine oxidation reaches an equilibrium at 16 h 

(Figure 5.4a), suggesting the photorespiration is also linked to the activity of the 

nitrogen assimilation pathway. As demonstrated by inhibitor experiments in potato 

tuber (Araujo et al., 2008) and antisense tomato leaves with reduced S-CoA ligase 

activity (Studart-Guimaraes et al., 2005), GABA shunt can compensate for the 

deficiency of malate formation when the flux of carbon via OGDC is limited.  
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Figure 5.7. Changes in the activity of decarboxylating enzymes in the TCA cycle and 
aminating and deaminating activity of glutamate dehydrogenase in the mitochondria 
during the diurnal cycle in Arabidopsis leaves. The catalytic activity of (a) NAD-dependent 
isocitrate dehydrogenase, (b) aminating activity of glutamate dehydrogenase, (c) deaminating 
activity of glutamate dehydrogenase and (d) 2-oxoglutarate dehydrogenase complex was 
measured. Data are expressed as nmol min-1

 mg-1
 of protein. Data are compared using a one-way 

ANOVA cut off of p < 0.05. Asterisk (*) indicates significant differences between 10 data 
points. The results are shown as means and standard error from 3 replicates. 

5.3.5 Diurnal response and the fate of malate in the mitochondria 

Malate produced from the TCA cycle can be exported out of the mitochondria, 

converted into pyruvate by NAD-malic enzyme (ME) or converted into oxaloacetate by 

malate dehydrogenase (MDH). Mitochondria isolated from different time points are 

capable of using malate plus glutamate as substrates for respiration at similar rates on a 

mitochondrial protein basis (Figure 5.8a). The protein abundance of succinyl-CoA 

ligase β-subunit (S-CoA-L) and MDH-2 is generally higher in the later part of the light 

period (Figure 5.3). The S-CoA-L β-subunit matches to the more acidic form found 

previously by a study of mitochondrial phosphoproteins (Bykova et al., 2003a), i.e. this 

protein spot is likely to be the phosphorylated form. In Section 5.3.4, we found that 2-

OGDH activity is reduced significantly 4-h after dark-to-light transition (Figure 5.7), 

thus it is possible that the activity of S-CoA-L is modified by phosphorylation in the 
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light. No changes in the respiratory rate were observed when succinate was used as a 

substrate (Figure 5.8b), suggesting the flux to succinate may be maintained by either the 

GABA shunt and/or by succinate transport in the light. The activity of fumarase 

decreased drastically in the first hour of dark and increased slightly by the end of the 

day (Figure 5.8c). This may indicate that fumarate produced by SDH could be exported 

via a succinate-fumarate transporter during that period. Together, these data indicate an 

increased demand for malate during the day.  

 

The maximal catalytic activity of MDH in generating malate from OAA does 

not change significantly during the diurnal cycle (Figure 5.8d). Also, we did not find 

any significant diurnal changes in abundance of MDH-1, which is the major form of 

mitochondrial MDH and is usually at least 30-fold more abundant than MDH-2 (data 

not shown). Therefore the contribution of MDH-2 in malate production and/or 

metabolism in the light remains unclear. Whether MDH-2 could operate differentially in 

different cell/tissue types during the diurnal cycle would require further investigation. 

Since malate has been proposed to be an important metabolite that interacts with many 

metabolic pathways in chloroplasts, mitochondria and peroxisomes during 

photorespiration (Raghavendra and Padmasree, 2003), the activity of NAD-dependent 

malic enzyme (ME) was measured to determine whether malate can be redirected for 

use in the TCA cycle or be exported out of the mitochondria for organallar interactions 

during the diurnal cycle. As shown in Figure 5.7e, NAD-ME activity peaks 2-4 h into 

the dark phase, then gradually reduces during the course of the dark and reaches the 

lowest level at 13 h. This is consistent with the proposed regulation of NAD-ME during 

day and night in a reverse-genetic study (Tronconi et al., 2008). Together, these data 

suggest that malate is utilized for recycling the TCA cycle carbon pool in the dark and 

for mediating photorespiration in the light. Recently, it has been shown that the activity 

and abundance of NAD-ME proteins respond differentially in the dark and light 

(Tronconi et al., 2008). From our data, NAD-ME seems to play a bigger role during 

dark-to-light transition. Thus, in the dark, it appears malate is mostly utilized for the 

TCA cycle. 
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Figure 5.8. The activity of TCA cycle enzymes in the mitochondria focused on malate 
formation and utilization during the diurnal cycle in Arabidopsis leaves. Oxygen 
consumption in the presence of (a) malate + glutamate or (b) succinate supplemented with 
appropriate cofactors was measured. The catalytic activity of (c) fumarase, (d) malate 
dehydrogenase and (e) NAD-dependent malic enzyme was also measured. Data are expressed as 
nmol min-1

 mg-1
 of protein. Data are compared using a one-way ANOVA cut off of p < 0.05. 

Asterisk (*) indicated significant differences between 10 data points. The results are shown as 
means and standard error from 3 replicates. 

5.3.6 Insight into branched-chain amino acid catabolism 

Seven protein spots of the branched chain amino acid degradation pathway, 

ETFQO, MCCase α- (MCCA) and β- (MCCB) subunits and BCKDH, are altered in 

abundance (Figure 5.3 and Figure 5.9a). The abundance of both MCCase subunits peaks 

at around 12-13 h and is generally 10% lower in the dark. The amount of BCKDH 

increases gradually during the dark phase and then reaches a maximum at 12-h, whereas 

ETFQO peaks at around 8 h. I also attempted to measure the enzymatic activity of 

BCKDH in isolated mitochondria from leaves harvested in the light and dark and dark-

grown cell culture, but only the activity in cell culture mitochondria was detectable 

(data not shown). BCKDH and ETFQO are both required in Leu/Ile/Val metabolism, 
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whereas MCCase is specific to Leu metabolism. In Chapter 3 and previous work 

(Anderson et al., 1998; Taylor et al., 2004), it has been shown that respiration via 

ETQFO prefers Val (and its derivatives) over Leu (and its derivatives) as substrate in 

dark-grown cell culture. In contrast, Leu degradation is the main catabolic pathway for 

degrading branched-chain amino acid for acetyl-CoA formation in the mitochondria 

from green tissues. Our data are also consistent with a number of previous studies which 

found that the expression of the genes encoding branched-chain amino acid catabolism 

is suppressed transcriptionally in the light (Fujiki et al., 2000; Ishizaki et al., 2005; 

Ishizaki et al., 2006).  

 

MCCA is present as multiple protein spots on the 2D-gel, although their 

abundance seem to be altered in a similar fashion during the diurnal cycle. Detailed 

MS/MS analysis of these protein spots could not find any post-translational 

modifications (apart from minor oxidations) that could explain the differences in the pI 

of these protein spots. However, it has been shown that post-translational biotinylation 

is required for activating MCCA (Samols et al., 1988; Wang et al., 1995; McKean et al., 

2000). Such modification is determined by the amount of biotin present in the cell and 

ultimately influences the abundance and activity of the enzyme (Che et al., 2003). 

Therefore, it is possible to estimate the total amount of active MCCase present in 

mitochondria isolated at different times of day by immunodetection using an antibody 

against biotin-containing proteins (Figure 5.9b). Only one clear 75kDa band reacted 

with the antibody. The intensity of the immno-signals mostly resembled the expression 

profile of MCCA observed in the DIGE experiment (Figure 5.9a and 5.9b). Interestingly, 

the signal for biotin-containing subunits reaches a maximum 1 h after light illumination. 

This may imply that the peak at 12 h seen in the DIGE experiment is comprised of 

mostly inactive apoproteins. Also, the transcript abundances of MCCA and MCCB are 

lower in the light than in the dark phase (Figure 5.3) and their expression has been 

shown to be inhibited by the presence of light and steady-state levels of sugar (Che et al., 

2002). Since Leu degradation generates acetyl-CoA as one of the end products, 

increased biotinylated MCCA in the light could be linked to an increased demand of 

acetyl-CoA for OAS formation during cysteine biosynthesis (Section 5.2.2). This 

acetyl-CoA does not seem to support the TCA cycle due to its partial inactivation in the 

light (Section 5.2.3). 
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Together with our results and previous literature, several hypotheses can be 

generated for further investigation of the nature of the mitochondrial proteome during 

the diurnal cycle: (i) Val could be the preferred substrate during the night. There are 

several lines of evidence to support this hypothesis, namely the higher respiratory rate 

of Val derivative in dark-grown Arabidopsis cell culture than leaf mitochondria (Taylor 

et al., 2008), and the increased abundance of IVD in the mitochondria from the non-

photosynthetic root tissue (Chapter 4); (ii) at the end of the dark period, the expression 

of MCC could be induced when biotin, sugars and starch contents are low, while the 

activity of MCCase complex is low; and (iii) in the middle of the light phase, the 

expression of the components of branched-chain amino acid catabolism is suppressed, 

possibly due to the build-up of sucrose by photosynthesis. In contrast, the stoichiometry 

of the MCCase complex is stabilized and functionally activated to meet the cellular 

demand during that period. 
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Figure 5.9. Analysis of the branched-chain amino acid catabolism in the diurnal cycle. (a) 
The abundance of proteins in the Leu/Val/Ile degradation pathway found in this study 
(including modified variants) over 24 hr period was plotted relative to 0 hr (100%). (b) 
Immunoblot of biotin-containing proteins in mitochondria over 24 hr period. Equal amounts of 
protein were loaded in each lane. Only one band was detected in each lane. The relative 
intensity of these protein bands was quantified by ImageQuant 7 (GE Healthcare) and plotted 
with respect to 0 hr (100%). The results are shown as means and standard error from 3 replicates. 
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5.3.7 Differences in the composition and assembly of the 
respiratory apparatus 

Oxygen consumption of isolated mitochondria triggered by externally supplied 

NADH showed a gradual decrease in oxidation rate over the course of the dark and 

reached a maximum 8-12 h after the dark to light transition (Figure 5.10a). Several 

components of the oxidative phosphorylation apparatus (OxPhos) were identified in the 

DIGE/IEF/SDS-PAGE analysis, but they were either minor spot variants or low level 

degradation products. The differences in the capacity to oxidize NADH and FADH2 in 

the mitochondria are not influenced by the assembly and stoichiometry of OxPhos, as 

has been shown previously in the BN/SDS-PAGE analysis of OxPhos in the 

photosynthetic and non-photosynthetic tissues in Chapter 3 and in sucrose-deprived 

cells (Giege et al., 2005). However, BN/SDS-PAGE and IEF/SDS-PAGE are not able to 

detect NAD(P)H oxidizing internal and external dehydrogenases (data not shown), 

which have been shown to be responsive to light signals (Svensson and Rasmusson, 

2001). To detect any possible abundance changes of these components, antibodies 

raised against AOX, NDA1 (internal) and NDB2 (external) were used to immunodetect 

proteins separated on a 1D-SDS-PAGE (Figure 5.10). A western blot of mitochondrial 

samples against porin antibody was also performed as a control (Figure 5.10b). As 

expected, no significant changes were observed in the abundance of porin over the 24-hr 

period. No significant changes were observed in the abundance of a 66 kDa band 

representing NDB2 (Figure 5.10c) or a 33 kDa band representing AOX (Figure 5.10d). 

However, both of these proteins have been shown previously to be co-induced by light 

at the mRNA level (Dutilleul et al., 2003; Elhafez et al., 2006), while the overall level 

of AOX does not vary within the diurnal cycle (Dessi and Whelan, 1997) and is induced 

only when etiolated plants are light treated (Finnegan et al., 1997). The protein 

abundance of internal NDA1 showed a marked increase at 1 h after illumination, 

followed by a progressive reduction during the course of the day (Figure 5.10e). This is 

consistent with the initial transcriptional response to light in Arabidopsis leaves (Smith 

et al., 2004b; Elhafez et al., 2006) and in maturing potato leaves (Svensson and 

Rasmusson, 2001). 

 
The induction of internal alternative NADH dehydrogenases in the light may be 

due to the increase in NADH production by photorespiratory GDC, seen by the higher 

ratio of NADH/NAD+ in mitochondria in the light (Igamberdiev and Gardestrom, 2003). 
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This can help to redistribute electron flux through the ETC to prevent the overflow of 

complex I, one of the major ROS producers in the ETC (Moller, 2001). Although no 

apparent change in protein abundance was observed in NDB2 and AOX (Figure 5.10c 

and 5.10d), the oxidation rate of externally supplied NADH changes over the diurnal 

cycle (Figure 5.10a). This is consistent with the 3-fold increase in cytosolic 

NADH/NAD+ ratio in the light when compared to the dark (Igamberdiev and 

Gardestrom, 2003). Together, these data suggest the capacity of OxPhos is not constant 

during the diurnal cycle which cannot be solely explained by the abundance changes in 

the ETC subunits. In tobacco, manipulating the abundance of AOX proteins does not 

increase the partitioning of electrons to the pathway in the respiratory chain (Guy and 

Vanlerberghe, 2005). Similarly, a lack of correlation between the protein level and 

activity of AOX in the tobacco CMSII mutant suggests the protein is regulated by redox 

status and/or a post-translational control (Vidal et al., 2007). Recently, an uncoupling 

protein has been characterized to function co-operatively with the mitochondrial 

OxPhos apparatus and is functionally linked to dissipating excess energy during glycine 

decarboxylation (Sweetlove et al., 2006). Thus, the activity of the respiratory chain is 

mostly dependent on the substrate availability in the mitochondria, energy demand and 

cellular redox poise. 
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Figure 5.10 (continues on the next page) 
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Figure 5.10. Changes in the alternative dehydrogenases and oxidases in the respiratory 
chain during the diurnal cycle. (a) Oxygen consumption in the presence of NADH 
supplemented with appropriate cofactors was measured. (b-e) Immunoblots of the mitochondrial 
fraction isolated at different times in the day/night cycle. Equal amounts of protein were loaded 
in each lane (15 μg). A control (b, Porin) was included to ensure the protein load in each lane 
was equal. The intensity of the protein bands was quantified by ImageQuant 7 (GE Healthcare) 
and calculated as a percentage relative to time = 0 and plotted with means and standard error in 
percentage from 3 replicates. 
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5.4 Conclusion 

It has been well established that starch synthesis and degradation also follows 

diurnal rhythms (Smith et al., 2004b; Blasing et al., 2005). Additionally, sugars 

(degradation products of starch) are important in controlling many diurnally-regulated 

genes (Smith et al., 2004b; Blasing et al., 2005). ATP is required for the synthesis of 

starch and sugar variants. In the light, ATP generated during photosynthesis is utilized 

for the synthesis of triose-phosphates in the chloroplasts, while mitochondria function to 

maintain an appropriate redox balance within the chloroplast (Kromer and Heldt, 1991; 

Kromer, 1995; Raghavendra and Padmasree, 2003). In the dark, stored chemical energy 

is used during mitochondrial respiration to generate ATP which is necessary for driving 

many cellular reactions. In addition, given the differences in the photosynthetic rates 

during the diurnal cycle, adjustments of key enzymes involved in energy metabolism, 

amino acid metabolism and catabolism and the interaction with other organelles are 

necessary to balance the flow of carbon and nitrogen units in order to meet the specific 

energetic needs of the cell and organelles. 

 

In summary, the mitochondrial proteome exhibits some degree of dynamics in 

the diurnal cycle. The data show changes in the abundance and/or activities of enzymes 

belonging to or associated with the TCA cycle and photorespiration. Protein turnover 

and non-degradative post-translational modifications also play a significant role in the 

dynamics of the mitochondrial proteome and/or activity to meet the specific needs of 

the cell at different times of the diurnal cycle. Similar to the conclusion in Chapter 3, 

the results presented in this chapter also highlight variation in the substrate choice 

and/or availability, and indicate that the majority of the changes occur in the 

mitochondrial matrix in response to normal day and night fluctuations in metabolism. 

Further, the capacity of some non-phosphorylating respiratory chain components 

changes in the diurnal cycle in response to the alteration of the cellular and 

mitochondrial redox poise, and such variation is generally independent to the abundance 

of individual components in OxPhos. Some of the potential future work associated with 

diurnal response in the plant mitochondrial proteome has been described in the result 

and discussion sections. At the time of writing, a study on the quantitation of oxidation, 

nitration and glycation in leaves over the diurnal cycle and under various environmental 

stresses has been accepted for publication in Plant Journal (Bechtold et al., 2009), but 
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the article and data are not yet available. It will be interesting to further examine 

whether mitochondrial proteins are also quantitatively and differentially altered by post-

translational modifications during the diurnal cycle.  
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6.1 Introduction 

Although the composition of the Arabidopsis mitochondria proteome has been 

established by various proteome studies (Kruft et al., 2001; Millar et al., 2001; Eubel et 

al., 2003; Heazlewood et al., 2004), not much is known about the dynamic behaviour of 

the mitochondrial proteome in plants. In Chapter 3, a quantitative comparison of the 

mitochondrial proteome of non-photosynthetic and photosynthetic organ systems was 

performed. To further provide insight into the extent of mitochondrial heterogeneity in 

plant, mitochondria isolated from various vegetative organs, namely flowers, stems and 

siliques, were analysed in Chapter 4. Chapter 5 comprised an identification and 

quantification of the mitochondrial proteins that are dynamically altered in abundance 

during a 24 h period. Given that the total number of mitochondrial proteins is estimated 

to be ~1500-2000 (Millar et al., 2005), the results presented in this thesis showed that 

only a small fraction of mitochondrial proteins were significantly altered in abundance 

and the majority of the identified changes occurred in the matrix. This is also partly due 

to the limitations of 2D-gel discussed in Chapter 4 (Section 4.3.1), which could be 

overcome by analysing the samples using a combination of various gel-based methods 

and quantitative MS analysis. 

 

In Chapter 5, only 29 non-redundant diurnally responsive mitochondrial proteins 

were found. This is contrary to the proteomic differences observed in organs/systems 

with different photosynthetic capacity (Chapter 3) or in vegetative and reproductive 

organs at various developmental stages (Chapter 4), possibly because of the 

fundamental differences in the physiological functions of different organs and systems. 

Also, protein changes observed under natural day/night cycle and other altered 

environmental factors are relatively subtle because a high turnover rate of mitochondrial 

proteins in a particular tissue or organ would be energetically costly (Rasmusson and 

Escobar, 2007). Indeed, the abundance of proteins in different organs of mouse and rat 

mitochondria were significantly different (Mootha et al., 2003; Forner et al., 2006; 

Johnson et al., 2007b; Pagliarini et al., 2008); whereas the mitochondrial proteome is 

mostly static under high temperature (Major et al., 2006) and growth-induced diauxic 

shift (Ohlmeier et al., 2004) in yeast, cold, drought and herbicide treatments in pea 

leaves (Taylor et al., 2005), and various oxidative stresses in Arabidopsis cell culture 

(Sweetlove et al., 2002).  
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6.2 The roles of protein turnover in the heterogeneity of the 
plant mitochondria  

The rate of protein turnover can be generally defined by the difference in the rate 

of protein degradation and protein synthesis. We found that the abundance of 13%-40% 

of the mitochondrial proteins do not have an apparent correlation with the level of the 

corresponding transcript (Figure 3.17, Figure 4.15a and Figure 4.21a). As a specific 

example, no significant changes in the AOX protein level were observed (Figure 5.10d) 

but an increase in transcript abundance of aox1a in the light had been previously 

reported (Figure 5.3)(Smith et al., 2004b). The synthesis of mitochondrial proteins is 

determined by: transcription, translation and post-translational processes including 

import and processing of nuclear encoded proteins and/or activation or deactivation of 

proteins by specific post-translational modifications.  

6.2.1 Protein synthesis 

Transcription initiation in the nucleus is controlled by the interaction between a 

RNA polymerase and transcription factors at the promoter up-stream of the 

transcriptional start site. The rate of transcription is affected by the binding of additional 

regulatory transcription factors (trans-acting factors) to the specific short consensus 

sequences upstream of the gene promoter, commonly known as cis-regulatory elements 

(Goffart and Wiesner, 2003). A number of promoter analyses have characterized the cis-

regulatory elements with specific requirements for trans-acting factors that are common 

to many light-responsive genes, such as the GT-1 boxes, GATA motifs and AT-1 boxes 

(Gilmartin et al., 1990). Several of these elements have been previously identified in the 

upstream region of a number of light-induced nuclear genes encoding for mitochondrial 

proteins in plants, such as nda1 (Escobar et al., 2004), gdcH (Srinivasan and Oliver, 

1995) and gdcT (Vauclare et al., 1998). The expression of the mitochondrial 

components in various organs/tissues observed in Chapter 4 may also be regulated by 

the upstream promoter sequences. For example, the gene encoding for the 22 kDa 

(PSST), 28 kDa (TYKY), 55 kDa subunits of Complex I contain an upstream “Pollen 

box” which is responsible for the up-regulation in the expression of these components, 

as well as other subunits in Complex I, in male floral organs (Zabaleta et al., 1998; 

Brennicke et al., 1999). The interaction between bZIP53 transcription factor and 

enhancer elements ABRE and RY plays a vital role in directing the specific expression 
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of sdh3 during seed maturation (Elorza et al., 2006; Roschzttardtz et al., 2009). We 

observed a similar expression pattern for most of the respiratory chain components 

(Cluster 3 and 4, Figure 4.22) and the constitutive expression of most of the OxPhos 

apparatus across various plant tissues/organs (Figure 4.25). This is consistent with the 

similar expression pattern previously observed in the genes encoding for the OxPhos 

under various stress treatments (Gonzalez et al., 2007). It was proposed that the 

interaction between the TCP-domain proteins with the site II upstream consensus 

sequences might play an important role in co-ordinating the expression of OxPhos to 

meet the energy demand under various conditions (Welchen and Gonzalez, 2006; 

Gonzalez et al., 2007). While the abundance of transcripts encoding the TCA cycle 

enzymes in the light/dark cycle has been measured (Smith et al., 2004b; Blasing et al., 

2005), no studies have been conducted to characterize any upstream promoter elements 

and the corresponding transcription repressors and/or activators in plant. Thus, in the 

future, characterizing the transcriptional regulation of the genes for the TCA cycle will 

help to understand the possible differences in the nuclear response to transcribe mRNA 

for a particular protein in different organs or during the diurnal cycle. 

 

Apart from alteration in the transcriptional rate, changes in transcript abundance 

can be influenced by the stability of the transcript (Wilusz et al., 2001). Another factor 

that also needs to be considered is the rate of translation, which is not likely affected by 

transcript abundance or transcriptional rate, but it is rather limited by the modifications 

of translation initiation factors and the binding of a pre-initiation ribosomal complex to 

the mRNA (Gingras et al., 1999).  

 

In tobacco, the import of the cytosolically synthesized AOX precursor protein 

into mitochondria was limited in the light but increased in the dark, while the total 

protein abundance of mature AOX did not follow such change and remains at similar 

level throughout the diurnal cycle (Dessi and Whelan, 1997). Also, the import of 

various mitochondrial precursor proteins can be stimulated or suppressed under 

different oxidative stress treatments in plants (Taylor et al., 2003) and mammals 

(Wright et al., 2001). Thus, import selectivity of specific precursor proteins may occur 

to ultimately facilitate changes in the substrate availability and metabolic roles of 

mitochondria during the diurnal cycle. From these, it is hypothesized that the abundance 

of a mitochondrial protein is likely to be controlled, at least in plant, by the rate of 
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import of the translated products. It will be interesting to study the impact of altered 

transcriptional rate and mRNA abundance on the properties and rate of protein import 

into mitochondria. Also, it is not certain whether changes to the protein import 

machinery occur at the level of the precursor specificity, activation states and/or 

utilization of alternative (or different isoforms of) protein translocators. It will be 

interesting to further investigate these aspects through “profiling” of the rate of in vitro 

protein import of different mitochondrial proteins, especially enzymes in the TCA cycle 

and photorespiration, across various Arabidopsis organs/systems and at different times 

of the day/night cycle. 

6.2.2 Protein degradation 

Protein degradation not only controls the amount of intracellular proteins, but it 

also removes proteins which are denatured spontaneously, damaged by reactive oxygen 

species or are unfolded/unassembled (Vierstra, 1996). Amino acids released after 

protein degradation can also be utilized for other metabolic purposes, such as 

degradation of branched-chain amino acids for energy metabolism. In rat liver 

mitochondria, about 30-50% of the proteins are subject to degradation within the first 

60 minutes of their synthesis (Desautels and Goldberg, 1982), indicating constant 

cycling of proteins may play an important role in controlling metabolic pathways in 

mitochondria.  

 

There are several classes of proteases in mitochondria. First, newly imported 

proteins are subject to proteolytic cleavage of the N-terminal presequence by 

mitochondrial preprotein peptidase (MPP) prior to becoming functional. During the 

diurnal cycle, MPP was increased in abundance during the first four hours of the dark 

period and clustered with a number of TCA cycle enzymes (Figure 5.3). This could 

indicate that the import rate of the enzymes belonged to or associated with the TCA 

cycle increased in the early dark phase in response to the probable increase in the 

cellular energy demand. This is supported by the increase in the activity of the TCA 

cycle enzymes as well as enzymes that are functionally related to TCA cycle (Figure 5.6, 

5.7 and Figure 5.8). In spinach, the processing activity of the F1β subunit of ATP 

synthase was found to be higher in root than leaf mitochondria (Knorpp et al., 1994), 

indicating organ-specific differences in import and processing. Another class of 

mitochondrial proteases are the aminopeptidases, one of which was identified in 
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Chapter 5 as belonging to a metallopeptidase M24 family and which was increased in 

abundance in the light period (Figure 5.3). While this protein has not been characterized, 

a related family of metallopeptidases, AAA proteases and FtSH, has been identified in 

plant mitochondria (Kolodziejczak et al., 2002; Urantowka et al., 2005). This family of 

proteases is found to be ATP-dependent and membrane-bound proteins, and its 

members have both proteolytic and chaperone activities (Leonhard et al., 1999), and 

have been shown to stabilize the assembly of the ATP synthase and OxPhos in yeast 

(Galluhn and Langer, 2004), humans (Casari et al., 1998) and plants (Kolodziejczak et 

al., 2007). Other proteins have also been documented to be proteolytically removed by 

this protease in other organisms, such as hydrophobic presequences produced by the 

action of MPPs and oxidatively damaged OxPhos subunits (Rep and Grivell, 1996). In 

the light, glycine cleavage plays a vital role in dissipating excess redox equivalent from 

the chloroplasts (Raghavendra and Padmasree, 2003). Therefore, the stability of the 

OxPhos is clearly vital to allow plants to optimally perform photosynthesis. In addition, 

the mitochondrial NADH/NAD+ ratio is usually higher in the light than in the dark 

phase (Igamberdiev and Gardestrom, 2003), indicating the degree to which NADH is 

oxidized by the OxPhos could be higher in the light. Together, it is conceivable that the 

increase in abundance of these proteases in the light could be functionally related to the 

up-regulation of photorespiration. Other ATP-dependent proteases, such as Lon and Clp 

proteases, have also been characterized (Peltier et al., 2006; Ostersetzer et al., 2007), 

although it is not clear whether they have differential roles in various organs and during 

the diurnal cycle.  

6.2.3 The roles of non-degradative post-translational modifications 
in protein turnover 

Not all proteins are constantly subject to complete proteolytic degradation 

because of the high energetic cost associated with site recognition and hydrolytic 

cleavage by a protease. Indeed, mitochondrial proteins typically have a long half-life, 

ranging from 3 days to weeks or months in rat liver mitochondria (Canick and Villee, 

1974; Russell et al., 1980; Lipsky and Pedersen, 1981). Thus, non-degradative post-

translational modifications play an important role in activating or deactivating 

mitochondrial proteins in response to different environmental and developmental cues 

without constantly resynthesizing and degrading them. One well documented 

modification is the phosphorylation of the PDH E1α subunit (Budde and Randall, 1990; 
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Gemel and Randall, 1992; Tovar-Mendez et al., 2003), FDH (Bykova et al., 2003b) and 

proteins belonging to or are associated with the TCA cycle (Bykova et al., 2003a). 

These proteins are also seen as multiple protein spots on a 2D gel in this study (Figure 

3.7, Figure 3.9, Figure 3.11, Figure 4.3 and Figure 5.2) which likely represent a 

different phosphorylation states of these proteins. We also observed alterations in the 

abundance of several of the FDH spots in the diurnal cycle (Figure 5.3). However, it is 

not clear what the effect such modifications have on protein function because it appears 

to have no effect on the oxidation rate of formate by mitochondria isolated at different 

times of the diurnal cycle (Figure 5.5b) or on the catalytic activity of FDH (Figure 5.5c). 

Another interesting post-translational modification observed in this study is the 

activation of MCCA by biotinylation. It was demonstrated that the protein and transcript 

abundance are clearly not correlated to the amount of biotin-bound protein in 

mitochondria (Figure 5.9a and 5.9b). From these, it can be speculated that protein 

modification could be a response to changes in substrate availability during the diurnal 

cycle (and/or in various organs), thereby inactivating excess proteins without degrading 

them while satisfying the cell’s requirements for ATP and carbon intermediates. The 

most important advantage of these post-translational modifications is their reversibility. 

For example, pyruvate dehydrogenase kinase (PDK) activity is stimulated by NH4
+ 

generated from glycine cleavage in the light which then deactivates PDH complex 

(Schuller et al., 1993); whereas PDK is inactivated in the dark, allowing pyruvate 

dehydrogenase phosphatase to reactivate PDH complex (Tovar-Mendez et al., 2003).  

 

In chloroplasts, post-translational modification of proteins, such as 

phosphorylation of the damaged D1 component of the photosystem II (Koivuniemi et al., 

1995; Tikkanen et al., 2008) and polyubiquitination of phytochrome (Jabben et al., 

1989), is a requirement for initiating enzymatic protein degradation. In rice 

mitochondria, over 50 oxidized proteins were identified by proteomic analysis 

(Kristensen et al., 2004), including photorespiratory components and a number of the 

TCA cycle enzymes. It was speculated that these oxidized modified proteins are 

vulnerable to degradation by proteases (Kristensen and Moller, 2004). In all of the 

proteomic analyses presented here, several TCA enzymes that appeared to be modified 

and might be targets for oxidation were identified, namely FDH, PDH E1α subunit and 

ACON. By comparing the peptides detected by MS, two gel spots containing the same 

ACON isoform but having different pIs on a 2D-gel were compared (Table 5.2 and 
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Table 5.3). One of the ACON was identified to be significantly deamidated (Figure 5.6), 

and the abundance of the unmodified protein (Figure 5.3) correlates to the ACON in 

vitro catalytic activity (Figure 5.5b). In mammals, a transglutaminase (which catalyzes 

the enzymatic deamidation of glutamine) has been reported in rat mitochondria to 

reduce ACON1 activity (Kim et al., 2005), and its activity has been shown to be 

affected by the ATP/GTP level, resulting in the disruption of mitochondrial functions in 

human (Lesort et al., 2000). A cytosolic SHMT has been previously shown to be post-

translationally modified by deamidation, accompanied by an overall reduced activity of 

the modified protein (di Salvo et al., 1999). Deamidation can also act as a recognition 

site for enzymatic degradation by proteases (Artigues et al., 1993). However, the limited 

detection range of the MS techniques has hampered the efforts to further identify the 

peptides that have been post-translationally modified by oxidation, deamidation and 

phosphorylation in various organ systems/organs and at different stages of the diurnal 

cycle. A future solution may be to combine DIGE technology and enzymatic treatment 

to remove the modified part of the protein and identify the differences in migration 

following changes of the post-translational modifications. For example, to examine the 

phosphorylation of the mitochondrial proteome, phosphatase treated and untreated 

samples could be analyzed and compared to detect differences in the migration of 

protein spots by DIGE. 

6.3 The importance of specialization of the mitochondrial 
proteome  

The functional specialization of the mitochondria in different organs is reflected 

by the heterogeneity in the expression of nucleus-encoded mitochondrial components. 

In summary, leaf mitochondria have enhanced function in the GDC/SHMT 

photorespiratory pathway and the oxidation of excess redox equivalent from 

chloroplasts; cell culture mitochondria are specialized in utilizing citrate from β-

oxidation for generating NADH and generating glutamate from 2-oxoglutarate; root 

mitochondria are enhanced in the non-decarboxylating part of the TCA cycle and stress 

responsive components; stem mitochondria appear to have elevated function in specific 

isoforms of the C1 metabolic pathway; flower mitochondria are specialized in energy 

metabolism and increased protein synthesis from the mitochondrial genome; and silique 

mitochondria seem to be specialized in metabolizing malate into pyruvate for fatty acid 
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biosynthesis in plastids and utilizing metabolites transport into and/or exporting 

metabolites out of mitochondria. 

 

Cytoplasmic male sterility phenotypes have often been linked to mutations in the 

mitochondrial genome (Hanson and Bentolila, 2004; Linke and Borner, 2005; Chase, 

2007). However, it has been hard to explain why mutations that are shared by 

mitochondrial genomes in all tissues only induce a fatal phenotype in male-floral organs. 

The main explanation offered has been that different energy demands in particular 

tissues exert a strain that mutationally-damaged mitochondria are selectively unable to 

meet (Warmke and Lee, 1978; Hanson and Bentolila, 2004).  However, heterogeneity of 

mitochondria protein composition in a particular organ could also be an explanation if it 

is incompatible with a mutated genome, due to the expression of particular isoforms of 

proteins, the assembly of particular complexes and or the stoichiometry of different 

components in pathways. Mutation of genes for nuclear-encoded mitochondrial 

components have also been reported to yield organ-specific plant phenotypes, including 

delayed or modified flowering by loss of citrate synthase or PPR proteins (Landschutze 

et al., 1995; Lurin et al., 2004), increased photosynthetic efficiency by loss of malate 

dehydrogenase (Nunes-Nesi et al., 2005) or aconitase (Carrari et al., 2003), altered leaf 

morphology and/or chloroplast development by loss of complex I, complex IV or 

mitochondrial ribosome function (Marienfeld and Newton, 1994; Newton et al., 1996; 

Jiao et al., 2004), alteration in root morphology and respiratory rate and inhibition of 

stomatal function by loss of fumarase (Nunes-Nesi et al., 2007; Van der Merwe et al., 

2009) and decreased shoot growth at low temperature by loss of AOX (Fiorani et al., 

2005).  

 

These examples indicate that heterogeneity in the expression of the 

mitochondrial proteome has functional consequences, but may also suggest that 

alteration in the mitochondrial functions could change the retrograde response that 

affects the expression of other genes in the cell. In yeast, the expression of peroxisomal 

citrate synthase induces in the ρ+ cells containing mitochondrial citrate synthase or 

malate dehydrogenase null allele (Chelstowska and Butow, 1995). Differential 

translation responses of the mitochondrial NADP-dependent isocitrate dehydrogenase 

were observed when the genes for the TCA cycle enzymes were deleted individually in 

respiratory-competent yeast cells (McCammon et al., 2003). Since the enzyme activity 
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and/or abundance of proteins in the TCA cycle and respiratory chain varies in different 

organs (Chapter 4) and during the day/light cycle (Chapter 5), it is likely that the 

mitochondrial retrograde signalling could be influenced by capacity of the mitochondria 

to generate ATP. Retrograde signalling might also play an important role in co-

ordinating various cellular pathways and regulating the expression of spatially separated 

nuclear and mitochondrial gene. It will be interesting to identify the transcription factors 

and metabolites or small molecules (such as Ca2+) that might be responsible for the 

possible differences in retrograde signalling in various organs and at different times in 

the diurnal cycle. 

 

Previous studies of the changes in the mitochondrial proteome under various 

stresses in different organisms, including Arabidopsis, often focused on one particular 

organ or organ system. This study, along with several proteomic analyses in mouse and 

rat, showed that the composition of the mitochondrial proteins varies between different 

organs. In most of the established protocols, whole organisms or entire organ parts were 

often used for isolating mitochondria. In plant, however, organs consist of tissues, 

which are formed by groupings of millions of specialized plant cells. For example, in 

leaves, mesophyll cells are primarily responsible for photosynthesis and CO2 

assimilation, while other cell types have different functions (Purves et al., 1998). Thus, 

it is possible that mitochondria from different tissue-types of the same organ could also 

be functionally specialized. For example, the alternative oxidase preferentially 

accumulates in the young sporogenous tissue/tapetal layer of the fertile anther from 

Petunia hybrida (Conley and Hanson, 1994). In spinach, the rate of glycine oxidation is 

significantly lower in the leaf vein than leaf and stem mitochondria (Gardestrom et al., 

1980). By immuno-gold labelling of GDC P-protein in wheat and pea leaves, it has been 

shown that the abundance of the P-protein in mitochondria is higher in the 

photosynthetic mesophyll cells than in the non-photosynthetic epidermal and vascular 

parenchyma cells (Tobin et al., 1989). By comparing two protoplasts of different cell-

types isolated from the same pea leaf, it was shown that the activity of TCA cycle 

enzymes were at least two fold higher in the guard cells, whereas and the capacity of the 

alternative oxidase was higher in the mesophyll cells (Vani and Raghavendra, 1994). 

Investigation of the functional differentiation of mitochondria in various cell types will 

help to ascribe the relationship between the specialization of metabolic pathways and 

cell functions. A proteomic analysis of the chloroplasts isolated from mesophyll and 
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bundle sheath tissues in maize leaf has been conducted, showing the specialization of 

starch synthesis and sulphur import in bundle sheath cells and lipid biosynthesis and 

nitrogen import in mesophyll cells (Majeran et al., 2005). Thus, it will be vital in the 

future to investigate the proteomic differences in the mitochondria from various 

cell/tissue types. Such investigation will allow us to develop or predict the “complete” 

metabolic network of mitochondria from various cell types within the leaf, root, stem, 

flower or silique organ. It also allows us to infer functional relationships between 

mitochondria, cell types and organs.  

 

Heterogeneity of mitochondrial proteome in different cell types may explain the 

relatively static proteome observed in the selected time points of the diurnal cycle 

(Chapter 5). However, using the current methods for mitochondria isolation, the 

mitochondrial isolate consists of a heterogeneous population of mitochondria from a 

number of cell/tissue types. A new method of isolating mitochondria from various 

cell/tissue types needs to be developed in Arabidopsis before the changes in metabolic 

fluxes in leaf mitochondria during the diurnal cycle can be localized. 

6.4 Understanding the dynamics of mitochondrial metabolism: 
From protein abundance and catalytic activity to 
metabolic flux 

The ultimate objective in the discipline of metabolic system biology is to 

elucidate the regulation of metabolic reaction networks and the identification of limiting 

metabolic steps. The understanding of metabolic regulation requires quantitative 

information obtained from the transcriptomic, proteomic and/or metabolomic 

experiment(s). The integrated quantitative data in combination with knowledge of the 

networks of metabolic pathways allows the construction of models that describe the 

dynamic changes in metabolite concentrations in various organs/tissues/systems or over 

the course of the diurnal cycle. One way to predict the change in the metabolic flux of a 

perturbed system(s) is to compare the quantity and composition of all the metabolites in 

the treated and controlled samples. A major drawback of metabolomic technology yet to 

be overcome is the detection of a number of compounds with unknown structures. More 

importantly, while the current protocols can confidently analyze metabolites at the 

whole tissue/cell level, estimating the steady-state concentration of metabolites in a 
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given subcellular localization in vivo remains, to date, relatively difficult. Given the 

challenges that remain for measuring the steady-state metabolite concentration at the 

organellar level, the question arises: can we predict the steady-state metabolic flux of 

plant mitochondria under the defined experimental conditions or perturbations, by using 

the data obtained from other –omic technologies? 

 

In this thesis, the transcript level of the mitochondrial components, the 

abundance of the major proteins in mitochondria and the catalytic activity of the 

selected enzymes in the TCA cycle were measured. A number of studies have attempted 

to establish the relationship between transcript abundance and metabolite level, but 

often poor positive or negative correlations between these two components could be 

found (Urbanczyk-Wochniak et al., 2003; Carrari et al., 2006; Gibon et al., 2006; 

Bradley et al., 2009; Lehmann et al., 2009). However, metabolic control is exerted not 

at the mRNA level but more considerably at the level of protein abundance, post-

translational modifications or enzyme activity (ter Kuile and Westerhoff, 2001). Indeed, 

despite positive correlations, our data also showed weak linear relationship between 

protein and mRNA abundance (Figure 3.17 and Figure 4.14) which might further 

suggest that the amount and the biochemical properties of the mitochondrial proteins 

play a major role in modulating metabolic flux in plant mitochondria. Nonetheless, it 

has been shown that the correlation analysis between mRNA and metabolite can 

provide insight into the regulatory impact of metabolites on gene expression and/or vice 

versa (Gibon et al., 2006). 

 

The development of various comparative proteomics techniques and 

technologies has provided the opportunity to study alterations in the physiological state 

of mitochondria through the modifications occurring in the proteome. High resolution 

profiling and quantitation of proteins have been traditionally achieved by 2D-gel 

electrophoresis. Comparative analysis of two or more samples using the combination of 

the DIGE technology quantifies the spot abundance of many proteins that may be 

present in the samples. It also provides information about the nature of post-

translational modifications of a given protein and the differential accumulation of the 

degradation products in the samples analyzed. The identity of the specific gene family 

member in each protein spot which altered in abundance can be identified by mass 

spectrometry. The measurement of the in vitro catalytic activity (Vmax) of the TCA cycle 
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enzymes which are altered in abundance in the DIGE analyses (see Chapter 3 and 

Chapter 5) quantifies the amount of active enzyme present under a set of optimum 

conditions. The differences in enzymatic activity could also explain the alterations in 

the substrate availability between samples, changes in the movement of proteins spots 

on the 2D-gel and/or variations in the amount of degraded spots across samples. In 

Chapter 5, the abundance and/or activity of a number of proteins were found to have a 

similar metabolite profile in the day/night cycle in previously published datasets. For 

example, the metabolite profiles of glutamate and GABA in Arabidopsis leaf (Allan and 

Shelp, 2006) show a strong resemblance to the abundance and/or activity of GABA 

aminotransferease and glutamate dehydrogenase in the diurnal cycle (Figure 5.3 and 

Figure.5.7b). Thus, using the proteomic and enzymatic kinetic data, together with 

previous literature evidence on the post-translational modifications and the metabolic 

regulation of mitochondrial proteins, it is possible to predict the differences in the flux 

of potential metabolic network in the mitochondria in various plant organs or at 

different times during the day/night cycle. Examples of the in vivo flux of major 

metabolic pathways predicted from the experimental data and literature evidence are 

illustrated in the comparison of the photosynthetic and non-photosynthetic systems in 

Chapter 3 (Figure 3.18 and Figure 3.19) and proteomic comparison of mitochondria in 

different organs in Chapter 4 (Figure 4.9). Similar flux models have also been built 

using the proteomic data from rat heart, liver, kidney, and brain mitochondria (Johnson 

et al., 2007a; Johnson et al., 2007b).  

 

Using these predictive models, it is possible to generate hypotheses for further 

testing, and the results of these would allow the refinement of the predictive model. For 

example, what will happen to the abundance of the mitochondrial proteins in the 

sulphur metabolism and the metabolic flux of the mitochondrial cysteine biosynthetic 

pathway in photosynthetic and non-photosynthetic organs (Figure 3.19) if the 

mitochondrial serine acetylserine is being knocked out? Once refined in this manner, the 

metabolic model can then be used to generate a new set of hypotheses. The cycle of 

hypothesis testing, data collection and integration, model refining and formulation of 

new hypothesis could be undertaken to explain the observations that might not be 

predicted in the refined model (Sweetlove et al., 2003). Understanding the fluxes of key 

mitochondrial pathways will also be important in selection of tissues for metabolic 

engineering that rely on modifying features of mitochondria function; for example the 



Chapter 6. General Discussion 

254 

prospects of increasing vitamin and cofactor synthesis (Rebeille et al., 2007; Smith et al., 

2007), making terpenes via the ubiquinone synthesis pathway as protectants against 

herbivores (Kappers et al., 2005), or altering amino acid or organic acid profiles in plant 

products (Carrari and Fernie, 2006; Schauer et al., 2006). 

 

Fluxes of key biochemical pathways in plants have been commonly studied by 

measuring changes in substrate and product concentrations or following the flow of 

metabolite labelling from a labeled precursor. Early studies that measured and estimated 

the concentration of metabolites focused on specific pathways in mitochondria from 

various plant species, such as: (i) adenylates in wheat mitochondria with respect to other 

cellular compartments (Lilley et al., 1982); (ii) various metabolites belonging to or 

associated with the TCA cycle in light- and dark-grown oat leaves (Hammp et al., 1984); 

(iii) organic acids, adenylates and nucleotides in potato (Roberts et al., 1997); and (iv) 

pyridine nucleotides and differences in the rate of glycine oxidation in barley grown 

under photorespiratory and non-photorespiratory conditions (Wigge et al., 1993). 

However, measuring the level of many metabolites is time-consuming and limited 

information about possible changes of other metabolites in these studies had precluded 

further analysis of changes in the metabolic flux in mitochondria.  

 

More recently, feeding of a stable isotope-labelled substrate to a plant system 

has been employed to determine the distribution of that label amongst the products in 

the cells. This technique has led to the “mapping” of the relative abundance of isotope-

labelled compounds in mitochondria with respect to other cellular compartments, 

namely glucose by maize root tips (Dieuaide-Noubhani et al., 1995), glucose, Gln and 

Ala by developing embryos of Brassica napus (Schwender et al., 2006), sucrose by 

Catharanthus roseus hairy roots (Sriram et al., 2007) and sucrose and glutamine by 

soybean embryos (Sriram et al., 2004). Possible changes of the TCA cycle flux in plants 

grown under various environmental constraints have also been investigated. For 

example, the flux through TCA cycle is higher in Arabidopsis cell culture grown under 

an elevated oxygen concentration (Williams et al., 2008). The dynamic metabolic 

responses of the TCA cycle were observed when cell culture and root were treated with 

menadione (Lehmann et al., 2009). Several pitfalls of the isotope labelling technique to 

measure flux have been previously discussed. For example, isotope labelling is time-

consuming and the analysis of data requires prior knowledge and/or assumptions about 
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the equilibrium positions of the pathway reactions (Rees and Hill, 1994; Sweetlove et 

al., 2008). In addition, perhaps the most challenging aspects in the flux analysis of 

mitochondria with this technique are the compartmentation of the metabolic networks 

and the duplication of metabolic pathways in other cellular compartments (e.g. aconitate 

can be metabolized in both the cytosol and in the mitochondria). Given the relative ease 

of measuring protein abundance and activity, is it possible to utilize the proteomic data 

to predict metabolic fluxes in mitochondria from a given system without measuring the 

global level of metabolites? Thus, it will be important in the future to analyse the 

correlation between protein abundance (and/or enzyme activity), metabolic flux and the 

steady-state level of metabolite in plant mitochondria. 

6.5 Future Directions 

The experiments outlined in this thesis have generated a pool of data describing 

the specific set of proteins that are distinct in each organ investigated. This information 

will help to select a number of knockout mutants that lack specific proteins. At least two 

categories of knock-outs should be investigated: (a) photorespiratory and (b) non-

photorespiratory mutants. Genomic, proteomic and metabolomic analyses of these 

mutants will gain a better understanding of the complex functional network in plant 

mitochondria. To complete the whole picture of “gene to function”, the abundance of 

the selective metabolites in the mutants would need to be measured and compared 

against wild-type plants. Performing a comparative mitochondrial proteomic experiment 

on different organs from the mutants would also help to refine the predictive models 

that were established previously in Chapter 3. 

 

Using a combination of cryostat tissue sectioning and immunodetection (known 

as “tissue printing”) previously established by Conley et al. (1994), it is possible to 

pinpoint the specific tissue(s) that houses the enhanced abundance of a protein of 

interest. Therefore, it is possible to further examine whether the proteins found 

selectively increased in abundance in various organs (Chapter 3 and 4) are also 

selectively enhanced in abundance in certain tissues. The main pitfall of this technique 

is that only some primary antibodies are commercially available (therefore requires time 

to purify antisera) and many replicates are required to confidently quantify the 

differences in the immuno-signal. 
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Recently, MALDI-MS-based imaging applications are being increasingly 

utilized for studying the spatial distribution of proteins and metabolites in plants and 

mammals (Burrell et al., 2007; Reyzer and Caprioli, 2007; Rubakhin et al., 2003; Seeley 

and Caprioli, 2008; Stoeckli et al., 2007). Laser-assisted microdissection has been 

adapted to harvest single cells, cell populations, or microscopic tissue pieces (Moco et 

al., 2009). The sectioned samples can then be analyzed by MS and it is possible to 

visualize the spatial distribution of peptides/metabolites in a tissue/single cell with a 

suitable image processing software package. Thus, it is possible to measure the 

approximate amount of a metabolite/peptide of interest with known mass-to-charge 

ratio (m/z) in a particular tissue/cell. This information, together with tissue printing, 

could be used to predict the metabolic flux through mitochondria in various 

organs/tissues. One problem yet to be overcome is how the complexity of the MS 

spectrum can be analyzed to identify the unknowns or distinguish peptides/metabolites 

with similar m/z. These examples illustrate that many new technologies and techniques 

are emerging and a few are now available, that will contribute to further understanding 

of the dynamics of metabolic networks in relation to the plant mitochondrial proteome. 
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Appendix I 

 

 
 
Data were extracted from Kislinger et al. (2006). The correlation analysis of the 
abundance of proteins and transcripts between brain (B), heart (H), kidney (K) and liver 
(L) in mouse was performed in a pairwise manner. Top: The Pearson correlation 
coefficients between protein and transcript abundance and the number of discordant 
genes calculated for all the paris of comparisons are shown. Bottom: The protein 
abundance ratio of mitochondrial components between a pair of organs (y-axis) was 
plotted against the transcript abundance ratio for the same components (x-axis) in log10 
scale (n = 66).  
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Appendix II 

 
This is the magnified version of Figure 4.15a 
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Appendix III 

The following tables contain the raw mRNA and protein abundance data used for the 
scatter plots in Figure 3.17. 
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(Appendix III continued) 
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(Appendix III continued) 
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