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Abstract 

Intracellular protein abundance changes are brought about by alteration in protein 

synthesis and/or degradation rates. Using a combination of 15N metabolic labeling, 

two-dimensional electrophoresis and MALDI-TOF/TOF mass spectrometry, a new 

method was developed to follow the progressive 15N labeling of Arabidopsis cells 

under non-steady conditions to calculate protein degradation rate (KD) and protein 

synthesis rate (KS). Over 65-fold variation in degradation rates was observed in 84 

proteins across 6 different functional groups. Correlation between biological functional 

groups and protein turnover rates, protein degradation and synthesis rates, mRNA and 

protein turnover rates were discussed. 

 

An interesting question for protein turnover research is how macro molecular protein 

complexes containing both mitochondrial and nuclear encoded subunits assembled 

together. Using the strategy developed here, subunits within F1 subcomplexes of ATP 

synthase in the mitochondrial inner membrane and matrix were found to have a 

relatively higher 15N incorporation rate than corresponding subunits in intact F1FO ATP 

synthase. This demonstrated that F1 in inner membrane and matrix are assembly 

intermediates with higher turnover rate in vivo than the intact complex. Import of 

[35S]Met-labeled F1 subunit precursors into Arabidopsis mitochondria showed the rapid 

accumulation of F1 assembly intermediates. These results supported the modular 

assembly model of F1FO ATP synthase in plant and an assembly model for plant ATP 

synthase was proposed. Subcomplexes of mitochondrial respiratory complex I (CI; EC 

1.6.5.3) have been reported in isolated plant mitochondria and were considered to be 

potential assembly intermediates. Using the strategy developed here, a 200-kDa 

subcomplex containing ancestral γ-carbonic anhydrase (γ-CA), γ-carbonic 

anhydrase-like and 20.9-kDa subunits was found to have a significantly higher turnover 

rate than intact CI or CI+CIII2 in vivo. Time-couse studies of precursor import showed 

the rapid generation of this and larger subcomplexes and further assembly of these 
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subcomplexes into CI and CI+III2 which indicated these subcomplexes are productive 

assembly intermediates. Evolutionary conservation of the 200 kDa assembly 

intermediate subunits and evidence of their function in CI assembly was discussed with 

a phylogenic view, which supported this subcomplex being a key initiator of ancestral 

assembly.  

 

There are still many challenges for applying 15N labeling to measure protein turnover 

rates in whole Arabidopsis plants. To begin to assess these challenges, 15N labeling was 

applied to hydroponically grown Arabidopsis plants to investigate protein turnover 

rates by pooling young or old leaves at different developmental stages and analyze 

protein turnover rates separately. The results showed young and early growth stage 

leaves had more rapid 15N incorporation rate into translational amino acids than old 

and fully developed leaves. Proteins in the same function categories showed similar 

turnover rates changes between early stage young and old leaves. Protein turnover 

rates in a chloroplast FtsH2 mutant were also investigated to look for potential targets 

for this protease. The experimental procedure described here provides a beginning for 

future larger scale application of 15N labeling to investigate protein turnover rates in 

whole plants and in mutants relevant for understanding protein stability. 
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Genome, transcriptome, proteome, and metabolome are the four levels of analysis 

that are commonly exploited in functional genomics; and the latter three levels are all 

context-dependent that change with the endogenous and exogenous conditions of 

living cells (Pratt et al., 2002). Proteome abundance changes provide substantial and 

straightforward information to investigate gene expression and interaction, but it is 

also the most difficult to study in a truly comprehensive manner (Miklos and Maleszka, 

2001; Pratt et al., 2002). Although the transcriptome is widely used as a representation 

of genomic function, it is indirect because eukaryotic mRNAs experience splicing, 

editing and other modifications occur before the message is translated to proteins 

which are the functional molecule. Discrepancies between transcriptome and 

proteome abundance data are well recognized, and the correlation between mRNA 

and cognate protein levels is imperfect (Gygi et al., 1999; Gygi et al., 2000; Chen et al., 

2002; Griffin et al., 2002; Greenbaum et al., 2003; Belle et al., 2006; Yen et al., 2008; 

Schwanhausser et al., 2011). One reason for these weak correlations is the lack of 

information on the flux or turnover of these molecules.  

 

1.1 mRNA turnover 

Studies on mRNA turnover have confirmed that knowledge of transcript decay rates 

can yield insights into diverse biological processes that are not evident by measuring 

transcript abundance alone (Herrick et al., 1990; Grigull et al., 2004; Narsai et al., 2007; 

Friedel et al., 2009). There are two general strategies for studying mRNA turnover. The 

first strategy is to measure the decay rate of mRNA by inhibiting the endogenous 

transcription. In one study, the yeast RNA polymerase II temperature sensitive mutant, 

which stops transcription under heat shock, together with Northern blotting 

quantification of existing mRNA abundance changes over time were used to 

investigate mRNA stability in an early research report (Herrick et al., 1990). A variation 

of the transcription inhibitor strategy uses a chemical such as actinomycin D to stop 

new transcription while the abundances of remaining transcripts were measured by 



Chapter 1 General Introduction 

 
 

      3 
 

microarray over time (Narsai et al., 2007). The development of high throughput 

microarray techniques now makes the global determination of mRNA decay rates in 

different organisms possible. The second strategy is to measure both mRNA synthesis 

and degradation rates in a single experimental setting by biosynthetic labeling of newly 

transcribed mRNA. In mammals, 4-thiouridine (4sU) has been introduced into newly 

transcribed mRNA that can be isolated from total mRNA by thiol-mediated isolation 

(Melvin et al., 1978; Friedel et al., 2009; Schwanhausser et al., 2011). This strategy 

provides a non-destructive way to measure the RNA synthesis and degradation rates. 

 

Using these strategies, mRNA half-lives were found to vary from 3 minutes to more 

than 100 minutes in Saccharomyces cerevisiae (Herrick et al., 1990; Wang et al., 2002), 

from less than 15 minutes to more than 10 hour in mammals (Jacobson and Peltz, 1996) 

and from minutes to over 24 hours in Arabidopsis suspension cell culture (Narsai et al., 

2007). Both cis-acting elements (sequence specific control element) and trans-acting 

factors (mRNA binding proteins and miRNAs) can affect the stability of a specific mRNA 

(Cheneval et al., 2010). In plants, intron containing mRNAs show higher stability than 

intron-less mRNAs; specific sequences in 3’ un-translated regions are related to high or 

low stability mRNA; and miRNA targets usually have low stability (Narsai et al., 2007). 

Dysregulation of mRNA stability can lead to human diseases including cancer, 

Alzheimer’s and inflammatory-related diseases (Cheneval et al., 2010). Pharmaceutical 

intervention with compounds  that specifically interact with the intended mRNA and 

modulate transcript stability may hold promise as a future treatment of these diseases 

(Cheneval et al., 2010).  

 

1.2 Protein turnover  

Changes in intracellular protein concentration can stem from alterations in the rate of 

protein synthesis or the rate of protein degradation. In most cases, both processes 

contribute. Therefore, mRNA and protein turnover information are essential for 
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understanding the source of intracellular protein concentration changes (Doherty et al., 

2005). Further investigation of both mRNA and protein turnover rates can also help 

understand the dynamic balance between transcriptome and proteome that plays 

important role in the gene expression control (Schwanhausser et al., 2011). The control 

of the kinetics of synthesis and degradation of each protein will be central to how a cell 

can rapidly alter specific protein abundances and thus molecular function in response 

to environmental or developmental cues (Li et al., 2012). 

 

1.2.1 History of research advances and strategies used to study 

protein turnover 

Protein turnover, defined by the balance between continual degradation and synthesis, 

has been studied since the late 1930s (Schoenheimer et al., 1939). Early research 

measured the protein turnover in aggregate by considering either total protein or 

specific proteins (Huffaker and Peterson, 1974; Furuno et al., 1990). Proteins were first 

reported to be in a dynamic state of turnover in rats fed 15N-labeled tyrosine 

(Schoenheimer et al., 1939). One year later, evidence for plant total protein turnover 

was obtained by using 15N inorganic salt assimilation into tobacco (Vickery et al., 1940). 

These findings provided the basis for future turnover investigations of total proteins 

and specific enzymes of interest. Early studies on whole protein turnover 

measurements in mammal and plant tissues under different developmental and 

physiological conditions have provided important information for mammalian and 

plant research (Huffaker and Peterson, 1974; Waterlow, 1984). However, early protein 

turnover strategies, which cannot identify and quantify a protein simultaneously, are 

limited in the measurement of a large number of specific protein turnover rates. 

 

The capacity for high volume protein-specific protein turnover measurements has only 

become practical recently with the dramatic development of mass spectrometers with 
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both high sensitivity and mass-accuracy (Hinkson and Elias, 2011). Many methods have 

been developed to measure protein turnover in different organisms. Some are direct 

measurements of endogenous proteins by mass spectrometry (MS) using isotope 

labeling methods including both radioactive and stable isotope labeling (Pratt et al., 

2002; Lampert et al., 2007; Xiao et al., 2008; Doherty et al., 2009; Price et al., 2010; 

Yang et al., 2010; Schwanhausser et al., 2011; Li et al., 2012), while others use stable or 

transient transgenic techniques and a range of tags and markers (Belle et al., 2006; Yen 

and Elledge, 2008; Li et al., 2012). 

 

In one global analysis in budding yeast, protein turnover was measured in >3800 

individual polypeptides using cycloheximide-chase analyses (Belle et al., 2006). In 

another study using cDNA expression and fluorescent tagging in mammalian cells, 

degradation rates were reported for 8000 proteins (Belle et al., 2006; Yen et al., 2008). 

In mammal cells, rapid turnover protein are enriched in membrane proteins and signal 

transduction proteins whereas low turnover proteins are enriched in cytoskeleton 

proteins and nuclear proteins as well as many housekeeping functions (Yen et al., 

2008). Interestingly, both studies discovered low abundance of mRNA correlates with 

higher protein turnover rates, which demonstrated that transcription, translation and 

protein turnover are coordinated (Belle et al., 2006; Yen et al., 2008). But these 

strategies are limited in investigating organelles since the cDNA are usually attached to 

N or C terminal tags which might affect the localization and turnover of the expressed 

proteins. Using chemicals to stop the translation of mRNA may affect the turnover rate 

of translation control related proteins and also induce substantial cellular stresses and 

thus fail to represent actual proteins turnover rates in vivo. 

 

Metabolic stable isotope labeling involves using either labeled amino acids or other 

isotopically labeled compounds, both of which have been used for protein turnover 

studies. Stable isotope labeling of cells in culture with amino acids (SILAC) in 

conjunction with mass spectrometry has facilitated relative quantification of proteins 
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and post-translational modification of proteins on a proteome-wide scale. This 

approach is also applicable to the measurement of protein turnover. An early 

application of proteomics to analysis of protein turnover on a protein by protein basis 

was performed in Saccharomyces cerevisiae (Pratt et al., 2002) and this technology has 

also been applied to study Escherichia coli (Cargile et al., 2004), HeLa cell nucleoli 

(Andersen et al., 2005), Mycobacterium smegmatis (Rao et al., 2008), human atrial 

trabeculae (Lampert et al., 2007), chicken muscle (Doherty et al., 2005) and the human 

A549 adenocarcinoma cells (Doherty et al., 2009). SILAC works especially well with 

mammalian cell cultures to which essential amino acids can easily be supplied in a 

stable isotope labeled form and full incorporation into the proteome of the cells is 

ensured. In yeast, auxotrophic mutants inhibited in the synthesis of leucine have been 

used for full incorporation of stable isotope labeled L-leucine (Pratt et al., 2002). In 

plants, labeling of arginine, lysine or leucine has also been achieved using cell cultures, 

and an average of 70% to 80% incorporation of the metabolic label was obtained 

(Gruhler et al., 2005; Engelsberger et al., 2006). By using auxotrophic mutants for 

certain amino acid synthetic pathways, higher degrees of labeling may be feasible in 

plants (Gruhler et al., 2005). However, the high concentration of amino acids required 

for plant cell culture result in a high cost for SILAC labeling experiments (Engelsberger 

et al., 2006). On the other hand, full metabolic labeling with the heavy 15N isotope 

inorganic salts has become a widely used tool in plant quantitative proteomic research 

(Engelsberger et al., 2006; Nelson et al., 2007; Gouw et al., 2010; Muhlhaus et al., 

2011). As autotrophic organisms, plants can easily be metabolically labeled by 

replacing the inorganic nitrogen source containing natural abundance of nitrogen 

isotopes with a nitrogen source enriched in the 15N isotope (Kierszniowska et al., 2009). 

Although there have been stable-isotope independent strategies used to study protein 

turnover rate in mammalian cell culture (Belle et al., 2006; Yen et al., 2008; Ingolia et 

al., 2009; Eden et al., 2011), metabolic stable isotope labeling is still the most used 

protocol. Some of the important advantages of stable isotope labeling isotopes 

advantages include: unaffected protein localization, the labeling process does not 
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change the metabolite balance of the cell or organism, and the labeling process is 

convenient and simple. Because of these and other reasons, metabolic labeling with 

stable isotopes is the most frequently used strategy. 

 

Recently, the SILAC technique in combination with an in vivo RNA labeling strategy 

were used in mammalian cells to investigate both mRNA and protein abundance on a 

genome wide scale and turnover rates of transcript and protein for more than 5000 

genes were determined (Schwanhausser et al., 2011). The research simultaneously 

measured mRNA and protein abundance and turnover rates in parallel by pulse 

labeling. This had the advantage of analyzing control of gene expression in one 

experiment and avoided the variability associated with multiple experiments. Their 

data showed mRNA and protein levels had a moderate correlation (R2=0.41), which 

meant that 40% of the variance in protein abundance was explained at the mRNA 

abundance level (Schwanhausser et al., 2011). They also noted that cellular abundance 

of proteins is predominately controlled at the level of translation while mRNA and 

protein stability seem to have a minor role in the mammal cell system (Schwanhausser 

et al., 2011).  

 

Beyond the idea of investigating protein turnover rates by measuring protein 

degradation rate, a strategy called ribosome density mapping (RDM) has been 

developed to study protein synthesis rates by measuring the spatial distribution of 

ribosome on transcripts. RDM can determine the ratio of ribosome density to overall 

mRNA transcripts which provides a quantitative measurement of protein synthesis rate. 

This enables genome-wide investigation of translation with subcodon resolution by 

combining the deep sequencing of ribosome-protected mRNA fragments (Ingolia et al., 

2009; Hinkson and Elias, 2011). The synthesis rates determined by RDM have better 

correlation with proteins abundances than mRNA abundance alone. A new technique 

‘bleach-chase’ was used recently to measure the degradation rate of fluorescently 

tagged proteins. It is based on the principle that a brief pulse of light will induce 
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irreversible loss of fluorescence in the tagged protein and then the ratio between 

pre-fluorescence bleached (original protein) and the new fluorescence of unbleached 

proteins (new protein) can be determined by fluorescence time-lapse microscope and 

image analysis (Eden et al., 2011). The study using this strategy found the dilution 

effect from growth had an obvious effect on long half-life proteins with little effect on 

short half-life proteins (Eden et al., 2011).   

 

1.2.2 Biological functions of protein turnover 

Studies on a wide range of organisms have demonstrated that protein degradation has 

a multitude of essential functions in physiology and development. One of the most 

important is its role in cellular housekeeping (Finley and Chau, 1991; Vierstra, 1993). 

The selective degradation of proteins or ubiquitin-mediated protein degradation is 

critical for most cellular processes including cell cycle progressions, signal transduction 

and differentiation (Yen et al., 2008). To date, the underlying principles are conserved 

amongst all studied eukaryotes (Hellmann and Estelle, 2002). The importance of the 

ubiquitin pathway in plants becomes apparent upon examination of the Arabidopsis 

genome. It has been estimated about 1200 proteins or 5% of the predicted 25,000 

proteins in Arabidopsis function in the ubiquitin-mediated protein degradation 

pathway (Hellmann and Estelle, 2002). The action of plant hormones including 

jasmonic acid, cytokinin, gibberelic acid (GA) and brassinosteroid (BR) may all depend 

on protein degradation (Hellmann and Estelle, 2002). Abscisic acid was found to 

increase transcription factor abundance by promoting proteasome ligase degradation 

(Liu and Stone, 2010). The unselective degradation of proteins, which happens in 

vacuoles of plant cells, allows the digestion of the old or disordered proteins (Otegui et 

al., 2005; Svenning et al., 2011). In certain circumstances such as under carbohydrate 

limitation stress, plants can degrade protein as alternative respiratory substrates and 

protein degradation products can feed electrons to the mitochondrial electron 

transport chain (Araujo et al., 2011).  In steady state, the balance between synthesis 
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and degradation determines the concentration of a given protein, which in turn has 

dramatic effects on growth, development and homeostasis.  

 

When mRNA abundance and protein synthesis rate remain constant, increased protein 

degradation rate would decrease the abundance of that protein in the protein pool 

while decreased degradation rate would have the opposite effect (Guo and Ecker, 

2003). This may be an important evolved mechanism for plants to get accustomed to a 

new environment or a specific stimulus (Guo and Ecker, 2003). For example, after 

ethylene treatment the level of EIN3 is not increased by higher rates of transcription or 

protein synthesis but by decreased degradation rate through controlling the 

ubiquitin/proteasome degradation pathway (Guo and Ecker, 2003; Potuschak et al., 

2003). Environmental challenges for plants do not necessarily alter the mRNA levels 

and de novo translation of proteins but instead change the stability of distinct proteins. 

For example, moderate heat shock can reduce the RNA-binding protein HuR level by 

increased degradation rate but without affecting the transcription and translation 

processes (Abdelmohsen et al., 2009).   

 

1.2.3 Protein turnover rate determinants and their control 

Inherent characteristics of proteins that determine their turnover rate include: the 

length of the protein, its amino acid composition, its location and function of the 

proteins and the presence of conserved motifs (Dice, 1987; Doherty et al., 2009). 

Research in mammalian cell culture has confirmed that there is a positive correlation 

between protein half-life and length, indicating that longer proteins tend to be more 

stable (Yen et al., 2008). Amino acids W, C, L, T, F, W, Y, and V were enriched in labile 

proteins, whereas charged amino acids including E, D, K, N, R, and Q were enriched in 

stable proteins (Yen et al., 2008). Protein structual disorder, which is dictated by 

primary protein sequence, has also been found to be an important impacting factor for 

the protein stability in yeast (Tompa et al., 2008). In a recent study using SILAC pulse 
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labeling method, P, S, Q, C, E, and R amino acids occurred frequently in unstable 

proteins (Schwanhausser et al., 2011). Additionally, highly structured proteins were 

more stable than unstructured proteins in mouse NIH3T3 cells (Schwanhausser et al., 

2011). Short half-life proteins are often involved in signal transduction, whereas long 

half-life proteins are frequently involved in housekeeping roles, cytoskeletal in nature 

or are nuclear localized (Belle et al., 2006; Yen et al., 2008; Schwanhausser et al., 2011). 

Although PEST sequences (polypeptide sequences enriched in P-proline, E-glutamic 

acid, S-serine, and T-threonine) are generally thought to be associated with short 

half-life proteins, no correlation is found between PEST motif and protein turnover rate 

in mammalian cell culture (Yen et al., 2008; Doherty et al., 2009). A systematic study on 

protein turnover rate and any of these determinants in yeast revealed that the 

correlation between protein turnover and any single determinant is low (Tompa et al., 

2008). This indicates that protein turnover rate is a multi-factorial process and varies 

dramatically from protein to protein (Tompa et al., 2008). 

 

The efficient and tight control of protein abundance might be controlled coordinately 

by transcription, translation and both mRNA and protein turnover. A combination of 

both mRNA and protein stability may be an evolved mechanism to optimize gene 

expression control. It has been noted that low mRNA level usually correlates with high 

protein turnover (Belle et al., 2006; Yen et al., 2008). Housekeeping genes including 

ribosomal proteins (translation), glycolysis and TCA cycle proteins (respiration and 

metabolism) tend to have both stable mRNA and proteins (Schwanhausser et al., 2011). 

Abundant proteins are generally more stable and shorter in length than less abundant 

ones, which has been proposed to be an evolved gene expression pattern based on 

maximizing energy constraints (Schwanhausser et al., 2011). Regulatory genes 

including transcription factors, signaling proteins, chromatin modification enzymes and 

cell-cycle related factors have both unstable mRNA and unstable proteins 

(Schwanhausser et al., 2011). This promises the efficient control of the disappearance 

of regulatory proteins in the cell cycle by high degradation rate of existing mRNA and 
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proteins and also appearance of regulation proteins by enhanced transcription and 

translation in response to stress or signal stimulus. Stable proteins with unstable 

mRNA were enriched in RNA binding genes related to processing of mRNAs, tRNAs and 

non-coding RNAs in both yeast and mammal cells (Mittal et al., 2009; Schwanhausser 

et al., 2011). This might indicate a post-transcriptional negative feedback for 

RNA-binding proteins (Mittal et al., 2009; Schwanhausser et al., 2011). Genes with 

stable mRNA and unstable proteins are enriched in extracellular proteins or secreted 

proteins (Schwanhausser et al., 2011).  

 

1.3 Protein degradation pathway 

Proteins within cells are continually being degraded to amino acids, a process that is 

generally believed to be highly selective and precisely regulated. Inhibition of 

lysosomal degradation was found not to affect the degradation of intracellular proteins 

under basal metabolic conditions, which led to the prediction that degradation of 

intracellular protein subsets must be carried out by distinct mechanisms (Glickman and 

Ciechanover, 2002; Goldberg, 2003). Different studies have highlighted that plants have 

regulated protein degradation machinery that shares many common features with 

mammalian system (Araujo et al., 2011).  

 

1.3.1 Cytoplasmic and nuclear proteins 

How the cytoplasmic and nuclear compartments degrade proteins was determined 

over two decades ago with the identification of a major eukaryotic proteolytic pathway 

involving the 76-amino-acid polypeptide ubiquitin. The pathway first elucidated by the 

work of Hershko using rabbit reticulocytes, who won the Nobel Prize together with 

Ciechanover and Rose in 2004, has since been identified in other animals, fungi, and 

higher plants (Wilkinson, 2005). The ubiquitin pathway has been considered to be the 
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main pathway for protein turnover in eukaryotic cells (Rock et al., 1994; Yen et al., 

2008). Lysosomes in animal tissues and vacuoles in plants may be responsible for the 

degradation of many long half-life cytosolic proteins and for the enhanced protein 

breakdown observed during nutrient deprivation (Dice, 1987; Seglen and Bohley, 

1992).  

 

1.3.2 Organelle proteins 

Autophagy is a catabolic process involving the degradation of the cell’s own 

components through the lysosomal machinery and the resulting amino acids release 

back into the cytosol. Autophagy starts with the formation of autophagosomes, a 

double-membrane sequestering vesicle containing damaged or obsolete organelles and 

proteins (Mizushima and Klionsky, 2007; Xie and Klionsky, 2007). Mitochondria, 

peroxisomes and endoplasmic reticulum can be degraded by autophagy and some of 

these organelles seem to be selectively recognized (Mizushima and Klionsky, 2007; 

Mijaljica et al., 2012). This suggests autophagy plays an important role in controlling 

organelle quality and number. The turnover of mitochondria as a unit through 

autophagy (mitophagy) was known to be the primary pathway for the regulation of 

dysfunctional mitochondria in cells (Tal et al., 2007; Journo et al., 2009). Protein 

turnover research in mice showed proteins localized within specific organelles 

including mitochondria, nucleus and endoplasmic reticulum shared a similar turnover 

rate (Price et al., 2010). This coordinated turnover rate might demonstrate autophagy 

as a primary pathway for the breakdown of these organelles. In plants, the uptake and 

degradation of cytoplasmic material by vacuolar autophyagy has been studied 

extensively and shown to be involved in developmental processes such as vacuole 

formation, deposition of seed storage proteins and senescence as well as responses to 

stimuli (Bassham et al., 2006). Autophagy was found to play a role in chloroplast 

degradation during senescence in individually darkened leaves (Wada et al., 2009).  

Research on plant autophagy is still in its infancy and many questions remain to be 
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answered (Bassham et al., 2006). However, the importance of autophagy in plants in 

reallocating nutrients from non-essential areas of metabolism to vital cellular activities 

under starvation conditions, sacrificing certain cells or tissues to ensure the survival of 

the whole organism and autophagy formation pathways have been recently 

demonstrated (Araujo et al., 2011). 

 

Chloroplasts and mitochondria use different mechanisms from the cytoplasm and 

nucleus for protein degradation, maybe due to their prokaryotic origin (Vierstra, 1993). 

The AAA+ (ATPases associated with diverse cellular activities) proteases  are reported 

to be the main facilitators of degradation of organelle proteins (Janska, 2005). The 

AAA+ proteases (including the Clp, FtSH and Lon subclasses) are multimeric 

ring-structures (Lupas et al., 1997; Schmidt et al., 1999) which selectively bind a 

substrate, unfold and translocate the substrate via ATP hydrolysis into the proteolytic 

chamber and digest the substrate into 3-30 amino acids-long peptides (Wickner et al., 

1999; Chandu and Nandi, 2004; Janska et al., 2010). In Arabidopsis mitochondria, four 

FtsH proteases (AtFtsH3, AtFtsH4, AtFtsH10 and AtFtsH11), two Lon proteases (AtLon1 

and AtLon4) and one Clp protease (AtClpP2 with regulatory subunit AtClpX) have been 

identified experimentally (Janska et al., 2010). FtsH and Clp isoforms have also been 

identified in plastids while other Lon isoforms are found in chloroplasts and 

peroxisomes (Sakamoto, 2006). AtFtsH11 and AtLon4 are dual targeted to 

mitochondria and chloroplasts (Urantowka et al., 2005; Ostersetzer et al., 2007). There 

are two types of AtFtsH anchored to the inner membrane in Arabidopsis mitochondria, 

one is a m-AAA type with hydrolysis module that faces the matrix, which can assemble 

with prohibitins and integral inner membrane proteins into a 2 MDa complex. The 

second type is an i-AAA type with hydrolysis module that faces the inter-membrane 

space and forms a complex that has a mass of ~1.5 MDa (Janska et al., 2010). Lon 

isoforms were found located in the mitochondrial matrix in both plants and other 

eukaryotic organisms (Janska et al., 2010; Solheim et al., 2012). Studies in potato 

demonstrated that proteolytic ClpP2 and three chaperones ClpX formed a complex in 
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the mitochondrial matrix (Janska et al., 2010). In plants, the AAA proteases have been 

found to function in the tissue-specific degradation of cytoplasmic male 

sterility-associated protein ORF239 (Lon) (Sarria et al., 1998), biogenesis of respiratory 

chain complexes and homeostasis in late rosette development (Lon and FtsH) (Janska 

et al., 2010).  

 

Another type of proteolytic enzymes within mitochondria are the processing 

peptidases that cut the pre-sequence of proteins and thus affect turnover rates of the 

target proteins. Processing peptidases can be divided into three categories including 

mitochondrial processing peptidase (MPP), mitochondrial intermediate peptidase 

(MIP), and inner membrane peptidase (IMP). These enzymes work together for 

removing the pre-sequences of imported mitochondrial proteins (Kaser and Langer, 

2000). MPP and MIP are metallopeptidases and are located in the mitochondrial matrix 

while IMP is a serine-peptidase and is located in the mitochondrial inner membrane 

(Kaser and Langer, 2000). In yeast, a further intermediate cleaving peptidase ICP55 was 

found to be critical for stabilization of the mitochondrial proteome by removing an 

amino acid from a characteristic set of MPP-generated N-termini (Vogtle et al., 2009). 

In plants including Arabidopsis and rice, a similar presequence rule to yeast was found 

(Huang et al., 2009). MIP octapeptidyl aminopeptidase 1 (Oct1) can also cut at an 

unusual cleavage motif and stabilize the substrate (Vogtle et al., 2011). These 

peptidases may represent a general form of post-translation control at the protein 

stability level.  

 

Target of rapamycin is a serine/threonine protein kinase, which was first illustrated in 

mammals to regulate multiple cellular functions (Brown et al., 1994; Hay and 

Sonenberg, 2004). Rapamycin potently inhibits downstream signaling from the target 

of rapamycin (TOR) proteins which coordinate the balance between protein synthesis 

and degradation (Raught et al., 2001). The TOR pathway of protein degradation is 

relatively poorly characterized in plant compared to the studies in the mammalian and 
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microbial systems but recent observations suggest it may be equally important 

(Hannah et al., 2010; Lopez-Berges et al., 2010; Araujo et al., 2011). Interestingly, there 

seems to be existing crosstalk between different protein degradation pathways, it 

would be beneficial to study different degradation pathways in parallel (Araujo et al., 

2011). 

 

1.4 Assembly and turnover of OXPHOS protein complexes 

The OXPHOS complexes represent a good model system for studying protein turnover 

as they are abundant proteins in tight stoichiometries, which are known, and are of 

broad interests in eukaryotic research. In plants, the OXPHOS apparatus in 

mitochondria is composed of 10-15 mitochondrial encoded and 120-140 nuclear 

encoded components (Figure 1.1) (Millar et al., 2011). It is challenging to understand 

how to coordinate the abundance and assembly of nuclear and mitochondrial encoded 

subunits, which might be regulated both transcriptionally and post-translationally 

(Giege et al., 2005; Howell et al., 2007). Orderly assembly processes in plants have 

been confirmed by the accumulation of various sized subcomplexes in single subunit 

knock-outs or assembly factor mutants (Pineau et al., 2008; Meyer et al., 2011). 

Impaired assembly may cause dysfunction of OXPHOS complexes and energy 

generation disorders which can lead to lethality or severe phenotypes in plants (de 

Longevialle et al., 2007; Garmier et al., 2008; Meyer et al., 2009; Hammani et al., 2011; 

Meyer et al., 2011).  

 

1.4.1 Complex I assembly 

Complex I (NADH-ubiquinone oxidoreductase, EC 1.6.5.3) is composed of 14 core 

subunits which represent the minimal active form and which are conserved from 

prokaryotic to eukaryotic organisms (Figure 1.1). Complex I in eukaryotic mitochondria 



Chapter 1 General Introduction 

 
 

      16 
 

also contains 31-38 specific accessory subunits, some of which differ between 

organisms (Walker et al., 1995; Smeitink et al., 2001; Videir and Duarte, 2001; Carroll et 

al., 2002; Vogel et al., 2007; Gawryluk and Gray, 2010; Klodmann et al., 2010). There 

have been 44 subunits confirmed in the composition of Arabidopsis Complex I (Meyer, 

2012). In Neurospora crassa, Complex I assembly analysis using radio-labeled pulse 

chase in complex I mutants has revealed that the matrix and membrane arms assemble 

independently via separate pathways (Tuschen et al., 1990; Kuffner et al., 1998; Schulte, 

2001; Videira and Duarte, 2002; Mimaki et al., 2011). By using a combination of 

radio-labeled pulse-chase experiments, in vitro mitochondrial import and monitoring 

of tagged complex I subunits, several complex I assembly models have also been 

proposed in human cells in assembly disturbed systems (Ugalde et al., 2004; Lazarou et 

al., 2007; Vogel et al., 2007; Mimaki et al., 2011).  In plants, low concentrations of SDS 

leads to disassembly of isolated complex I producing 10 subcomplexes 85-550 kDa in 

size, which helps elucidate the internal architecture of complex I (Klodmann et al., 

2011). Using Arabidopsis complex I subunit knockout mutants, 200, 400, 450 and 650 

kDa membrane arm subcomplexes have been identified using blue native gels and 

antibodies and have been proposed to be possible assembly intermediates in complex I 

formation that accumulate when specific subunits are absent (Meyer et al., 2011). 

However, no direct evidence has been provided to clarify if the subcomplexes reported 

accumulate in mutants or detergent treated mitochondrial membrane proteins are 

legitimate reproducible assembly intermediates or disassembly products in vivo or just 

random breakdown accumulation from manipulation in vitro.  

 

Assembly factors are defined to aid assembly of a complex without being a part of the 

final structure (Nouws et al., 2012). The first two assembly factors for complex I were 

CIA40 and CIA84 and were discovered in Neurospora crassa (Kuffner et al., 1998).  

Nine assembly factors including NDUFAF2/B17.2, NDUFAF1/CIA30, C20orf7, C80orf38, 

NDUFAF4, NDUFAF3, NUBPL, FOXRED1 and ACAD9 have been found in humans thus far 

whose deficiency can impair complex I assembly and lead to clinical phenotypes in 
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patients (Nouws et al., 2012). Little is known for complex I assembly factors in plant, 

with only L-galactono-1,4-lactone dehydrogenase (GLDH) described as an assembly 

factor in Arabidopsis (Pineau et al., 2008; Schertl et al., 2012).  

 

1.4.2 Complex II assembly 

Complex II, succinate dehydrogenase (SDH) is both a tricarboxylic acid cycle (TCAC) 

enzyme and a member of the respiratory electron transport chain. It is composed of 

four core subunits including a flavoprotein (SDHI), an iron-sulfur protein (SDH2), and 

two membrane anchor proteins (SDH3 and SDH4) (Figure 1.1) (Millar et al., 2011). A 

few other subunits with unknown function have been detected in BN-PAGE separated 

plant complex II composition, which might demonstrate novel plant complex II subunits 

(Eubel et al., 2003; Millar et al., 2004; Millar et al., 2011). Several proteins assisting 

complex II assembly have been described in yeast and mammalian cells, but only 

SDHAF1 and SDHAF2 (SDH5) were considered to be real assembly factors that directly 

and specifically aid complex II assembly (Ghezzi et al., 2009; Hao et al., 2009; Rutter et 

al., 2010). In Arabidopsis, an SDHAF2 homolog has recently been described. The 

knock-out of SDHAF2 showed a lethal phenotype, which demonstrated its important 

role in complex II assembly in plants, while the knockdown showed inhibition of 

primary root elongation (Huang et al., 2012).  

 

1.4.3 Complex III assembly 

Complex III (UQ-cytochrome c oxidoreductase), which is embedded in the eukaryotic 

mitochondrial membrane and some bacterial plasma membranes, consists of 10 

subunits including the bi-functional, matrix exposed peptidase proteins (Figure 1.1). 

Most subunits are encoded by the nuclear genome while only cytochrome b is encoded 

by the mitochondrial genome (Unseld et al., 1997; Werhahn and Braun, 2002; Meyer et 
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al., 2008). Yeast provides an ideal model system due to its ability to survive by 

fermentation in the absence of functional complex III, which make gene knock-out and 

mutagenesis possible (Smith et al., 2012). Complex III assembly follows a modular 

assembly model including an early core subcomplex, late core subcomplex and dimeric 

complex III (Smith et al., 2012). There have been 13 assembly factors elucidated in 

aiding different stages of complex III assembly in yeast while two assembly factors: 

BCS1L and TTC19 were also found to have functional homologs in mammalian complex 

III assembly (Diaz et al., 2011; Smith et al., 2012). Little is known about plant complex 

III assembly or functional assembly factors.  

 

1.4.4 Complex IV assembly 

Complex IV, cytochrome c oxidase (COX), is the terminal oxidase of the respiratory 

electron transport chain. Eight proteins homologous to known COX subunits from 

other organisms, together with a further 6 proteins that may represent plant-specific 

COX subunits, have been identified (Figure 1.1) (Millar et al., 2004; Millar et al., 2011). 

BN-PAGE analysis of human complex IV has revealed an assembly pathway 

characterized by the sequential incorporation of COX subunits that was initiated by 

subunit 1 and proceeds with the formation of several discrete assembly intermediates 

(Barrientos et al., 2009). Studies in yeast have revealed about 40 assembly factors that 

aid different stages of complex IV assembly but only a few subunits have been found 

to have human homologs (Barrientos et al., 2009; Diaz et al., 2011). A plant homolog of 

yeast assembly factor COX19 was found to be capable of complementing a yeast cox19 

null mutant and might play a role in the biogenesis of plants’ cytochrome c oxidase to 

replace damaged forms of the enzyme (Attallah et al., 2007). 
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1.4.5 Complex V assembly 

Complex V is the membrane-bound F1FO type H+-ATP synthase of mitochondria that 

catalyses the terminal step in oxidative phosphorylation where ATP is finally produced. 

It is composed of a hydrophilic F1 component which catalyses ATP formation and 

protrudes into the matrix and a hydrophobic FO component which channels protons 

through the membrane while also anchoring the whole complex to the mitochondria 

inner membrane (Figure 1.1) (Senior, 1990; Hamasur and Glaser, 1992; Velours and 

Arselin, 2000; Heazlewood et al., 2003). The general structure and the core subunits of 

the enzyme are highly conserved in both prokaryotic and eukaryotic organisms (Millar 

et al., 2011). In plants, most of the mitochondrial F1 ATP synthase subunits are encoded 

in the nucleus and translated in the cytosol before being imported into the 

mitochondria (β,γ,δ and ε), while most of the FO subunits are encoded in the plant 

mitochondrial genome and translated in the mitochondrial matrix (a, b, c and A6L) 

(Jansch et al., 1996; Heazlewood et al., 2003; Sabar et al., 2003; Sabar et al., 2005). In 

plants, the F1 α subunit is encoded in the mitochondrial genome in most species. The 

abundance of subunits within the F1 component is kept in tight stoichiometry in 

prokaryotic and eukaryotic organisms (Senior, 1990; Hamasur and Glaser, 1992; Velours 

and Arselin, 2000) . The assembly of the V-ATP synthase has been shown to occur by 

two different pathways in yeast, a concerted and an independent assembly pathway 

(Kane et al., 1999; Smardon et al., 2002). However, reports of modular assembly of 

yeast mitochondrial F1FO ATP synthase support two separate but co-ordinately 

regulated pathways building separate subcomplexes that converged at the end stage 

(Rak and Tzagoloff, 2009; Rak et al., 2011).  

 

ATP synthase assembly factors including Atp10, Atp11, Atp12, Atp22, Atp23 and Fmc1 

have been discovered in yeast (Pickova et al., 2005; Osman et al., 2007). Atp11, Atp12 

and Fmc1 mediate the formation of the F1 moiety while Atp10, Atp22 and Atp23 are 

essential for the formation of the FO part (Pickova et al., 2005; Osman et al., 2007). 
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Efficient assembly is also ensured by Hsp60 and Hsp70 (Osman et al., 2007). A 

phylogenetic study of ATP synthase assembly factors found Atp11 and Atp12 are 

preserved in almost all eukaryotic organisms while the others show linkage specific 

characters (Pickova et al., 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 General Introduction 

 
 

      21 
 

 

 

 

 

 

 

 

 



Chapter 1 General Introduction 

 
 

      22 
 

1.5 Research Aims 

As summarized by a recent review (modified), the following seven outstanding 

questions need to be answered by the protein turnover research community in 

perspective (Hinkson and Elias, 2011). The construction of a strategy to investigate 

protein turnover rates is the first step for answering these questions. 

 

1. What governs the opposing forces of synthesis and degradation to achieve a 

desired abundance for a given protein? 

2. Which proteins are controlled by turnover versus sequestration or reversible post 

translation modifications (PTM) including phosphorylation, methylation, acylation, 

etc.?  

3. Does a PTM change the turnover rate for a given protein? 

4. What is the degradation pathway(s) (ubiquitin-proteasome, lysosome or other 

proteases) for a given protein? 

5. How much variation is there between activation states, tissue or organ 

differentiations, development stages, cell types, etc.? 

6. Which macromolecular complexes, organelles are turned over as a unit and which 

have varying stability among their components? 

7. How much interchange occurs between a free monomer pool (complexes precursor 

pool) and the final multimeric complexes (functional complexes)? 

 

To investigate protein turnover in plants, I used 15N labeling to investigate specific 

differences in the role of turnover in different sets of plant proteins. I undertook three 

aims in my research. 

 

Aim 1: Construction of a new 15N labeling approach to measure protein turnover 

rates in Arabidopsis cell culture 

The imperfect correlation between transcriptome and proteome across different 
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organisms has been widely recognized (Hinkson and Elias, 2011; Schwanhausser et al., 

2011). One reason for these weak correlations is the lack of information on the flux or 

turnover of both mRNAs and proteins. Studies on mRNA turnover in the same 

Arabidopsis cell culture have confirmed that knowledge of transcript decay rates can 

yield insights into diverse biological processes that are not evident by measuring 

transcript abundance alone (Narsai et al., 2007). A new strategy using 15N coupled with 

2D-gel techniques and mass spectrometry quantitative proteomics technique was built 

to investigate protein turnover rates in Arabidopsis cell culture. The correlation 

between transcriptome and proteome, turnover rates and gene functions were also 

discussed (Study I).  

 

Aim 2: Application of protein turnover measurements to detection of respiratory 

chain complexes assembly intermediates by comparing their subunits turnover rates 

within isolated complexes 

In the plant OXPHOS apparatus, subunits either nuclear or mitochondrial encoded are 

all kept in tight stoichiometry which is proposed to be controlled at both 

transcriptional and post-translational levels (Giege et al., 2005; Howell et al., 2007). 

Strategies reported to date to investigate plant OXPHOS complexes assembly include 

detecting accumulation of potential assembly intermediates in various subunits’ knock 

out mutant lines and low abundance SDS treatment induced disassembly 

intermediates (Klodmann et al., 2011; Meyer et al., 2011). However, these strategies 

cannot distinguish productive assembly intermediates in vivo from disassembly 

intermediates in vitro caused by electrophoresis or solubilisation manipulations. 

Discovery of productive assembly intermediates in vivo for OXPHOS Complex I and 

Complex V which can help define the assembly pathways of these complexes was 

undertaken by combining 15N labeling strategy measuring protein turnover rates 

(Study I), in vitro 35S-[Met] labeled precursor import and BN-PAGE techniques (Study II 

and III). 
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Aim 3: Extension of 15N labeling to measure protein turnover rates in leaves of 

hydroponically grown Arabidopsis 

Arabidopsis suspension cell culture provides a useful system for investigating protein 

turnover rates. However, working with intact plants of Arabidopsis is more relevant and 

provides protein turnover rates information at different development stages/tissues 

and being easier for stress treatments and turnover rates comparisons between wt and 

different mutants.  However, applying 15N labeling to whole plant adds some extra 

challenges. A further application of 15N labeling to investigate protein turnover rates in 

hydroponically grown Arabidopsis young and old single leaves at different 

developmental stages is reported in this thesis. This provides a starting point for future 

larger scale protein turnover studies as well as providing a backdrop for assessing 

changes in turnover under varying environmental conditions or protease mutants in 

whole plants (Study IV).  
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Foreword to Study I 

 

The control of protein turnover is central to how plants can rapidly alter specific 

protein abundance and thus molecular function to respond to environmental or 

developmental cues. Measurement of protein turnover rate is the first step for protein 

turnover research. Over the last decade, different strategies had been developed to 

investigate protein turnover rates across many other organisms (Hinkson and Elias, 

2011). A methodology for plant protein turnover rate is required by the plant research 

community.  

 

An increasing range of studies are using saturation or partial 15N labeling that is 

innocuous for the plant cells in steady state experiments for quantitative proteomic 

studies (Engelsberger et al., 2006; Huttlin et al., 2007; Hebeler and Stühler, 2008; 

Palmblad et al., 2008). But there are informatics and technical hurdles on the 

application of 15N labeling to measure protein turnover rates in plants. Additionally, 

relatively slow and sometime differential amino acid incorporation rate also restrict 

application of 15N labeling to investigate protein turnover rate. In Study I, a 

methodology to measure protein kinetics of changes in 15N incorporation of in-gel 

digestion peptides was established to overcome all these obstacles. 

 

Author contributions: Experiments were designed by Millar, A.H. and myself. I 

conducted all experiments including cell culture growth, 15N labeling, total protein 

extraction, 2-D gels, mass spectrometry and manual inspection of Isodist results. 

Nelson, C.J. wrote a script for batch data analysis using Isodist. I performed 2-D gels 

and MALDI-TOF/TOF under the instruction of Solheim, C.. Millar, A.H. and me analyzed 

the data and wrote the manuscript together. Whelan, J., Nelson, C.J. and Solheim, C. 

revised the manuscript. 
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Abstract 

The growth and development of plant tissues is associated with an ordered succession 

of cellular processes that are reflected in the appearance and disappearance of 

proteins. The control of the kinetics of protein turnover is central to how plants can 

rapidly and specifically alter protein abundance and thus molecular function in 

response to environmental or developmental cues. However, the processes of turnover 

are largely hidden during periods of apparent steady-state protein abundance and even 

when proteins accumulate it is unclear if enhanced synthesis or decreased degradation 

is responsible. We have used a 15N labeling strategy with inorganic nitrogen sources 

coupled to 2D Fluorescence Difference Gel Electrophoresis (DIGE) and mass 

spectrometry analysis of 2D IEF/SDS-PAGE gel spots to define the rate of protein 

synthesis (KS) and degradation (KD) of Arabidopsis cell culture proteins. Through 

analysis of MALDI-TOF/TOF mass spectra from 120 protein spots we were able to 

quantify KS and KD for 84 proteins across 6 functional groups and observe over 65-fold 

variation in protein degradation rates. These rates correlate with functional roles of the 

proteins in the cell and the time in the cell culture cycle. This approach is based on 

progressive 15N labeling that is innocuous for the plant cells and as it can be used to 

target analysis of proteins through the use of specific gel spots, has broad applicability. 
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Introduction 

The growth and development of plant tissues is associated with an ordered succession 

of cellular processes that are dictated by the appearance and disappearance of 

proteins and the transcripts that encode them (Smith et al., 2004; Gibon et al., 2006; 

Baerenfaller et al., 2008; Hruz et al., 2008). The ratio of the synthesis and degradation 

rates of these molecules, whether they are in quasi-steady state or are rapidly changing 

in abundance, defines both the net turnover rate and the abundance of each (Pratt et 

al., 2002). The control of the kinetics of these processes is central to how plants can 

rapidly alter specific protein abundance and thus molecular function to respond to 

environmental or developmental cues. 

 

Genome wide analysis of Arabidopsis mRNA turnover rates has confirmed that a 

knowledge of transcript decay rates can provide insights into diverse biological 

processes (Narsai et al., 2007). For example, the number of introns and sequence 

elements in the 3' untranslated region and subcellular localization of the encoded 

protein affect turnover rate of transcripts in Arabidopsis (Narsai et al., 2007). Analysis 

of plant proteome synthesis and degradation has lagged considerably from our 

understanding of these processes in the transcriptome. 

 

Many methods have been developed to measure protein turnover in other organisms. 

Some are direct measurements of endogenous proteins using isotope labeling 

methods including both radioactive and stable isotope labeling (Pratt et al., 2002; 

Lampert et al., 2007; Xiao et al., 2008; Doherty et al., 2009; Yang et al., 2010), while 

others use stable or transient transgenic techniques and a range of tags and markers 

(Belle et al., 2006; Yen and Elledge, 2008). The clearest advantage of isotope labeling 

approaches is that the tags are very subtle with little or no impact on cellular processes, 

and allow the fully functional proteins being assessed to be produced and distributed 

within cells in a normal context. The advent of mass spectrometry as a key tool in 

proteomics has provided a means to use enrichment of the natural abundance of 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      30 
 

stable isotopes to provide mass rather than radio decay signals to track the synthesis 

of new proteins. The ratio between light and heavy isotopes and the degrees of 

enrichment provided by mass spectrometry provides a powerful means to measure 

synthesis and degradation rates of individual proteins (Pratt et al., 2002; Cargile et al., 

2004). 

 

Stable isotope labeling using individual amino acids (SILAC) has proven highly 

successful in mammalian cell culture systems (Andersen et al., 2005). SILAC has also 

been used to measure protein turnover in yeast, but required the use of auxotrophic 

mutants (Pratt et al., 2002). However, this approach is problematic in plants that 

actively synthesize all their amino acids de novo, which dilutes and mixes the label 

between amino acids and leads to inefficient incorporation into proteins (Gruhler et al., 

2005; Engelsberger et al., 2006). Alternatively, 2H2O, 18O, 15N or 13C can be used to label 

whole plants and de novo synthesis tracked by the increase in the density of the 

resulting proteins (Kierszniowska et al., 2009; Yang et al., 2010). Deuterium oxide has 

been used to study labeling at the protein and amino acid levels (Xiao et al., 2008; 

Yang et al., 2010). The advantage of deuterium labeling is that it rapidly enters cellular 

compartments and equilibrates with the water environment. However, 2H2O is not 

biologically benign and multicellular organisms are limited in the percentage of 

deuterium oxide they tolerate (Kushner et al., 1999; Xiao et al., 2008; Yang et al., 

2010).  

 

An increasing range of studies are using saturation or partial 15N labeling in steady 

state experiments in plants as a means to perform quantitative proteomic studies 

(Huttlin et al., 2007; Hebeler and Stühler, 2008; Palmblad et al., 2008). However, its 

use to measure protein synthesis rates is still uncommon for a variety of reasons. 

Firstly, there are informatics and technical hurdles to combine identification and 

quantification of proteins and their labeling state to calculate turnover rate. Secondly, 

differences in the labeling of amino acids, changes in incorporation rates over time and 
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the range of turnover rates provide a heterogeneous response and complicates data 

interpretation. Here we have sought to overcome these obstacles and provide a data 

processing approach to measure kinetics of changes in 15N incorporation of peptides 

from in-gel digestions of separated protein spots.  

 

Methods 

Arabidopsis suspension cell growth and nitrogen source test 

Arabidopsis cell suspension was cultured in growth medium (1×Murashige and Skoog 

medium without vitamins, 3% sucrose [w/v], 0.5 mg/L naphthalene acetic acid, 0.05 

mg/L kinetin, pH 5.8) at 22°C under continuous light conditions and light intensity of 90 

μmol m-2 s-1 with orbital shaked at 120 rpm. Cultures were maintained in 250 ml 

Erlenmeyer flasks by the inoculation of 20 ml of 7-day old cells into 100 ml of new 

medium. The same growth medium without nitrogen (no ammonium nitrate or 

potassium nitrate) was used for the nitrogen source experiments. Ammonium nitrate 

(1.65 g/L), potassium nitrate (1.9 g/L) or both were added to the growth medium 

without nitrogen for the different nitrogen source media tested. Fresh weight, dry 

weight, and sucrose and nitrate concentrations were measured by collecting 5 ml cell 

culture from different media each day for comparison. Cells were collected using 

vacuum filtration onto filter paper. 

 

Comparison of proteome pattern in 14N and 15N media by two-dimensional 

differential fluorescent gel electrophoresis (DIGE) 

Ammonium-15N nitrate-15N (1.69 g/L) and potassium nitrate-15N (1.92 g/L) (98% 15N 

Sigma) were added to growth medium without nitrogen as the 15N growth medium. 

Seven-day old cells were washed with no nitrogen growth medium three times before 

transfer to 14N or 15N media. After 7 days of growth, these 14N and 15N cells where 

subcultured again. Fresh cells (0.1 g) were collected for analysis from 7-day old cells 

that had been subcultured in this manner in three successive, weekly cycles in either 

14N or 15N growth media. Total proteins were extracted using methanol and chloroform 
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(Baerenfaller et al., 2008). Protein was dissolved in lysis solution (urea 8 M, Tris base 40 

mM, CHAPS 4% [w/v]) and concentration was measured by Amidoblack (Schweikl et al., 

1989 ). A 75 μg protein aliquot of each sample was precipitated using 9 volumes of cold 

acetone and stored overnight at -20oC. Precipitated protein was pelleted by 

centrifugation of samples at 20 000 x g for 15 minutes and pellets dried at room 

temperature for 5 minutes. Protein (25 μg) from each sample was combined in order to 

make a DIGE reference standard for labeling with the fluorescent dye Cy2 while 50 μg 

of protein from each sample was labeled with either fluorescent dye Cy3 or Cy5. All 

samples were combined and added to rehydration solution (urea 8 M, CHAPS 2% [w/v], 

IPG-buffer 0.5% [v/v], DTT 18 mM, bromophenol blue 0.001% [w/v]) to make a final 

volume of 450 μL. Triplicate biological samples were separated by isoelectric focusing 

(IEF) pH 3-10 non-linear (24 cm; GE Healthcare) according to the manufacturer’s 

instructions. After completing IEF, strips were then transferred to an equilibration 

solution (urea 6 M, Tris base 50 mM, SDS 2% [w/v], glycerol 26% [v/v], bromophenol 

blue 0.001% [w/v], DTT 65 mM) and incubated in the dark for 15 minutes at room 

temperature with shaking. The strips were then transferred to the same solution 

omitting DTT but including iodoacetic acid (135 mM) and incubated for a further 15 

minutes at room temperature in the dark with shaking. After a brief rinse in 1.5 M 

Tris-HCl (pH 8.0), 1% SDS, the strips were transferred to 12% [w/v] polyacrylamide gels 

and overlayed with 1.2% [w/v] agarose. The second dimension SDS-PAGE was run in 

the dark at 50 mA/gel for 6 h in a glycine buffer system. Proteins were visualized on a 

Typhoon laser scanner (GE Healthcare), and image comparison was performed using 

the DECYDER software package (version 6.5, GE Healthcare).  

 

Amino acid 15N incorporation measurement by GC-MS 

Seven-day old cells in 14N medium were washed three times with no nitrogen media 

and then transferred to 15N medium. Cells (5 mL) were collected by vacuum filtration at 

0.5, 8, 48, 96 and 168 h time points for the first experiment and at 0.5, 8, 24, 48, 72, 96, 

120, 144, 168 h time points for the second experiment. Fresh cells (0.1 g) were snap 
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frozen in liquid nitrogen and stored at -80oC. A 500 μL volume of methanol metabolite 

extraction medium (20 methanol: 1 0.2 mg/ml ribitol stock solution : 2 H2O) was added 

to each sample, vortexed and heated at 65oC in a thermomixer for 30 minutes at 1400 

rpm. Tubes were then centrifuged at 14 000 rpm for 10 minutes, the supernatant 

collected, and 60 μl of each sample dried overnight by rotary evaporation in a 

SpeedVac (Savant). Dried samples were derivitized with 20 μl of methoxylamine 

hydrochloride (20 mg/ml) at 30oC for 90 minutes.  Then 20 μl of 
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N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (MBTSTFA) was added, and 

samples shaken (750 rpm) while incubating at 85oC for 60 minutes. Finally, 10 μl of an 

Alkanes mix was added as a retention time marker. Lists of the m/z values used for 

each derivatized amino acid, the formula used for 14N and 15N qualifier ions (Q ion) and 

the natural theoretical distribution of the unlabeled and labeled components follow. 

The GC/MS settings and 14N to 15N ratio calculation were based on protocols published 

previously (Timmins et al., 2009). For amino acids containing two nitrogen atoms, 

Glutamine and Asparagine, the qualifier ions included both the M+1 and M+2 peaks.  

 

Whole protein and individual protein abundance change measurement DIGE 

A 10 ml volume of cell suspension was collected at 0, 24, 96 and 168 h (6 replicates), 

half of each sample was used for fresh and dry weight measurements while the other 5 

ml was used for protein measurement. Cells (500 mg fresh weight) were collected at 

time points 0, 24, 96 and 168 h. Half of the samples (three replicates) were vortexed 

with Qiagen tissue lysis beads (5 mm) and boiled in 1×Sample buffer for 5 minutes and 

then centrifuged at 10 000 x g for 10 minutes. The supernatant was collected and 

separated with 1D SDS-PAGE on Bio-Rad Criterion precast gels (10–20% [w/v] 

acrylamide, Tris-HCl, 1 mm, 18-well comb gels). Gel electrophoresis was performed at 

20 mA/gel for 5 h. Proteins were visualized by colloidal Coomassie Brilliant Blue G250 

staining. The entire lane was selected and quantified using ImageJ. Proteins from the 

remaining half of the samples were precipitated with the methanol/chloroform 

method described above. The pellets were then dissolved in lysis buffer and 

concentrations measured by an Amidoblack method (Schweikl et al., 1989 ). Because 

the ImageJ and Amidoblack methods gave similar protein abundance levels, values 

were averaged to represent total protein abundance change at time points 0, 24, 96 

and 168 h.  

 

Seven-day old 14N medium growth cells were washed three times with no nitrogen 

media and then transferred to 15N medium. A 5 ml volume of cell culture was collected 
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by vacuum filtration at 0, 24, 96 and 168 h in triplicate. Total protein was extracted and 

protein measurements were determined as described previously. Standards for Cy2 

labeling were made by mixing equal amounts of protein from each sample. A total of 

six DIGE gels were made: Gel 1 standard (Cy2), 0A (Cy3) and 24A (Cy5); Gel 2 standard 

(Cy2), 24B (Cy3) and 96A (Cy5); Gel 3 standard (Cy2), 96B (Cy3) and 168A (Cy5); Gel 4 

standard (Cy2), 168B (Cy3) and 0B (Cy5); Gel 5 standard (Cy2), 24C (Cy3) and 168C 

(Cy5); Gel 6 standard (Cy2), 0C (Cy3) and 96C (Cy5). Image analysis was as previously 

mentioned. The abundance of each spot at a particular time point was an averaged 

value and normalized by dividing by the abundance of the protein at the 0 time point.  

 

Preparative Two-dimensional gel electrophoresis and in-gel trypsin digestion 

Whole protein samples (700 μg) at time points, 0, 24, 96 and 168 h, were precipitated 

using 9 times their volume of cold acetone at -20oC overnight. Proteins were pelleted 

by centrifuge 20 000 x g for 15 minutes and dried at room temperature for 5 minutes. 

Samples were added to rehydration solution (urea 8 M, CHAPS 2% [w/v], IPG-buffer 0.5% 

[v/v], DTT 18 mM, bromophenol blue 0.001% [w/v]) to a final volume of 450 μL. They 

were first separated by isoelectric focusing (IEF) pH 3-10 non-linear (24 cm; GE 

Healthcare) according to the manufacturer’s instructions. After the first dimension, IEF 

strips were then transferred separately to an equilibration solution (urea 6 M, Tris base 

50 mM, SDS 2% [w/v], glycerol 26% [v/v], bromophenol blue 0.001% [w/v], DTT 65 mM) 

and incubated for 15 minutes at room temperature with shaking. The strips were then 

transferred to the same solution omitting DTT but including iodoacetic acid (135 mM) 

and incubated for a further 15 minutes at room temperature with shaking. After a brief 

rinse in 1.5 M Tris-HCl, 1% SDS (pH 8.0), the strips were transferred horizontally onto 

12% [w/v] polyacrylamide gels and covered with 1.2% [w/v] agarose. Second 

dimensional gels were run at 50 mA/gel for 6 h. Proteins were visualized by colloidal 

Coomassie Brilliant Blue G250 staining. The same 120 protein spots from 0, 24, 96 and 

168 h gels were cut and in-gel digestion by trypsin according to the method described 

by Taylor et al (Taylor et al., 2005) with only a quarter of the trypsin amount used in 
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order to decrease the effect of trypsin peaks on data interpretation. 

 

Mass spectrometry analysis of the digested spots 

Peptides were analyzed with an UltraFlex III MALDI-TOF/TOF mass spectrometer 

(Bruker Daltonics). In-gel digested peptides were reconstituted with 5 μL 5% 

acetonitrile (ACN v/v), 0.1% trifluoroacetic acid (TFA v/v). Two-μL of each sample was 

spotted onto a MTP 384 MALDI target plate and mixed with 2 μL of spotting matrix (90% 

ACN, 10% saturated HCCA [α-Cyano-4-hydroxycinnamic acid] in TA90 [90% ACN,0.01% 

TFA]). Dried spots were overlaid with 10 μL cold washing buffer (10 mM NH4H2PO4, 0.1% 

TFA) and allowed to stand for 10 seconds before removal by pipette. Spots were 

analyzed at 50-85% laser intensity with up to 1200 shots for MS analysis per spot. Ions 

between 700-4000 m/z were selected for MS/MS experiments using 3% additional 

laser power. Masses corresponding to trypsin autolysis were excluded from analysis. 

Tandem mass spectrometry data were analyzed using Biotools (Bruker Daltonics) and 

an in-house Arabidopsis database comprising ATH1.pep (release 9) from The 

Arabidopsis Information Resource (TAIR) and the Arabidopsis mitochondrial and plastid 

protein sets (33621 sequences; 13487170 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 MS/MS; 

“Max Missed Cleavages” set to 1; variable modifications of oxidation (Met), 

carbamidomethyl (Cys) and deamidated (Asn and Gln). Only protein matches with 

more than 2 peptides and with ion scores greater than 37 were used for analysis 

(p<0.05). For all 120 spots, the 0 and 24 h time points were used for both MS and 

MS/MS analyses for protein IDs while only the MS data were analysed for 96 and 168 h. 

Search results were exported to CSV format for each spot. Identifications are outlined 

in Supp Table 1. Spectral data (Supp Data 2) are available for download from 

ProteomeCommons.org Tranche using the following hash: 

2DZyjPUwvskRQQDr5+RNbT+e2xS7Mm4JleiiaNXXrWMGT++RrpLjBYqOVhCJCqXpS619d

JT9K7T4H6vsrGKBf2YxJEYAAAAAAAACWQ==  
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The false-discovery rate (FDR) cutoff ion score was calculated by concatenation of all 

the MS/MS spectra from gel spot analysis at the 0 and 24h time points and analysed 

against a combined forward/reverse ATH1.pep (release 9) database. Of the peptide 

ions selected for quantification by Isodist, 428 (95%) had an ion score greater than 22 

(FDR < 10%), a small set of 25 peptides used for the subsequent MS analysis had a ion 

score < 22. These 25 peptides with ion score < 22 were assessed in two ways. First, all 

22 peptides matched to proteins in gel spots with > 5 peptides and protein scores with 

FDR < 95%.  Second, upon manual inspection all the empirical data aligned well with 

predictions based on Isodist calculations for partial labeling of the matched peptide 

sequence. Retrospective analysis of the degradation and synthesis rates of the proteins 

that incorporated the use of these ions showed no noticeable difference between 

means and S.D. with or without inclusion of the intensity of these lower scoring MS 

ions. 

 

Isodist measurement of RIA (Relative Isotope Abundance) 

In order to calculate heavy label incorporation and the relative abundance of NA 

(natural abundance) and H (heavy labeled) peptide populations, MALDI-TOF/TOF MS 

data were exported to mzXML files (CompassXport 3.0 (Bruker)), and were 

subsequently converted to text files using the ProteomeCommons.org IO Framework 

6.21 (http://proteomecommons.org/current/531/). Text files were then parsed using a 

script written in Mathematica 7.0 (Wolfram Research) for further analysis. Isotopic 

envelopes were fitted using a two population model consisting of natural abundance 

and 15N-labeled fractions with the open source program Isodist 

(http://williamson.scripps.edu/isodist/) as previously described (Sperling et al., 2008).  

Briefly, 5 iterations were allowed per round of fitting in order to calculate the 

abundance (amplitude) of the natural abundance form of the peptide, abundance of 

15N-labeled population, 15N-incorporation level, gaussian peak width, mass error, and 

baseline. Results from Isodist were then parsed with another Mathematica script and 

spectra generated by overlaying experimental and calculated data with these images 

http://proteomecommons.org/current/531/
http://williamson.scripps.edu/isodist/


Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      38 
 

then exported as PDF files for manual inspection.  Only peptides with good 

signal-to-noise were considered further. All data on a peptide by peptide basis are 

provided in Supp Table 2. Spectra from Isodist (Supp Data 3) are available for download 

from ProteomeCommons.org Tranche using the following hash: 

ufWHF3kYYqD7xqMt1YraUK6B3loQ0O+ZR1Ly4CBMrtHLA2Lp1l77CfdlrQH90T2rkdzMXZ

XhGw7C4hVcJrXETm9GnfYAAAAAAAACmA== 

 

Calculations 

Amino acid half-lives 

The half-lives of amino acids were calculated by first dividing the amino acids into sets 

based on time points around H/(H+L)=0.5. These were 0.5-8h, 8-24h, 24-48h and 

48-72h ranges. The final value shown for each amino acid is an average of data from 

these time points.  

 

Protein Degradation Rate  

We first calculated protein-specific degradation rates (KD) in a manner similar to that 

previously described (Yee et al., 2010; Schwanhausser et al., 2011). Briefly, for a given 

time point t, abundance levels of NA (A14) and isotopically-labeled (A15) samples were 

determined using Isodist and then used to calculate relative isotope abundance (RIA) 

of NA samples at each time point. For time point 0, the RIA is equal to one. 

)AA(

A

1514

14


RIA

       [1] 

The first-order (i.e. protein degradation as a function of protein concentration) rate 

constant (KD) was first calculated in a manner similar to that previously described (Yee 

et al., 2010; Schwanhausser et al., 2011). The fraction of natural abundance isotope 

remaining at a time point t, was log-transformed and a linear regression used to 

calculate Kloss.  KD was then calculated by subtracting Kdilution, which is the growth rate 

of the cell culture system and was also acquired by linear regression. In our system 

Kdilution was 0.232. 
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       [2]  

As an alternative, we can represent the ratio of heavy isotope to light isotope (R) as 

calculated by Isodist from experimental data, in terms of a series of factors in order to 

determine degradation rate: (1) the fold change in protein abundance (FCP), which can 

be measured, (2) the amount of protein degradation (D) that we wanted to derive, and 

(3) the amount of the NA protein before transfer to 15N enriched media (i.e. time 0) 

represented by Abundance (A). Thus we derived Equation [3], which is a similar 

approach to that of Jayapal et al (Jayapal et al., 2010). 

 )( DAAFCP

DA
R






        [3] 

For a time point t, relative to time point 0, FCP was calculated by multiplying the total 

cellular protein abundance fold change of the cell culture with the individual protein 

abundance fold change from the DIGE analysis. Hence if a protein abundance does not 

change FCP = 1, while if it doubles then FCP = 2.  Pdeg (the fraction of natural 

abundance protein present at time point 0 that is remaining at time point t) could thus 

be calculated using only two parameters, FCP and R. 

R

FCP
P

1
1

1deg




                       [4] 

In a manner analogous to Jayapal et al. (Jayapal et al., 2010), KD  can then be 

calculated by the natural log of NA protein remaining (1-Pdeg).   

t

P
KD

)1ln( deg


     [5] 

We have then used Equation [5] to calculate KD in two different ways.  First, we have 

used linear regression to define KD as a rate constant, assuming first order kinetics. 

Second, we have calculated KD for each protein at each time point and then averaged 

these values which allows us to consider proteins for which simple kinetics do not 

apply.  
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Protein Synthesis Rate 

Because of the availability of quantitative protein abundance data at each time point 

from the DIGE analysis, we could also calculate protein-specific synthesis rates (KS).  

Presuming equal degradation rates between 14N and 15N samples, as others have 

previously reported (Kafatos, 1972; Hunt, 1974; Price et al., 2010) we deduced that the 

change in abundance of a 15N-labeled protein (dA15/dt) is the difference between KS 

and KD multipled by the protein’s abundance: 

15
15 AKK

dt

dA
DS 

     [6] 

Upon integration:  

tK

Ds
DetConsAKK


 tan15   [7] 

When t=0, as there were no 15N proteins A15=0 and so Constant=KS. Thus, 

tK

sDs
DeKAKK


 15  [8] 

and then the relationship between KS and KD follows: 

tK

D
s
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     [9]   

By substitution of Equations [5] into [9], 

deg15

1

PAK

K

D

S 


                       [10] 

The change in the abundance of a protein was thus a combination of the 15N (A15) and 

14N (A ● Pdeg) protein abundance changes. To represent this we derived the following 

equations: 

deg15 PAAAAFCP 
        [11] 

APFCPA  )1( deg15

          [12]                                           

KS, the average rate of synthesis of a protein to a time point was solved for by 

combining Equations [5], [10] and [12].  
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To account for increasing cell amounts through time, the relative cell numbers 

(RCN)( i.e. the increase in total protein in the cell culture) were averaged between t = 0 

and a time point t.  The synthesis rate constant (KS/A) was then normalized across all 

data by dividing by RCN. 

 

Results 

Arabidopsis cell culture growth in 15N labeling and labeling of proteins 

Arabidopsis cell cultures have been used for steady-state 15N labeling experiments to 

determine abundance changes in a variety of experiments (Gruhler et al., 2005; 

Engelsberger et al., 2006; Lanquar et al., 2007). One of these reports noted that near 

complete labeling with 15N was possible in 2 weeks of culturing of cells with 19 mM 98% 

K15NO3 used to replace all nitrogen sources in the cell media (Engelsberger et al., 2006). 

In our laboratory, a rapidly growing Arabidopsis cell culture is used for a wide range of 

experiments, but the media contains two nitrogen sources for optimal growth, 18.8 

mM KNO3 and 20.6 mM NH4NO3. To assess the impact of nitrogen source on growth, 

we measured changes in fresh weight of culture over 216 hours (9 days). When cells 

were transferred to media without an N source (-N MS salt) there was a doubling of 

fresh mass of cells over 9 days, while in premixed media containing both sources of N, 

cell mass increased 7-fold over the 9 days. When –N MS salt media was supplemented 

with either KNO3 alone or NH4NO3 alone, substantially lower growth was recorded than 

with both nitrogen sources in the premixed media. Co-supplementation of both N 

sources into –N MS salt media provided growth equivalent to the premixed media 

(Figure 1A). We therefore decided to retain the use of two nitrogen sources in our 

experiments, through the use of 98% K15NO3 and 98% 15NH4
15NO3 supplementation of 

–N MS salts.  

 

There was no apparent difference in total cell yield from cell flasks whether these N 
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sources were at natural abundance (99.6% 14N/0.4% 15N) or 15N enriched (2% 14N/98% 

15N). To assess if growth in 98% 15N influenced the steady state proteome of the cell 

culture, total protein was extracted from cells cultured in two successive 7-day cycles in 

14N or 15N media. Differential Gel Electrophoresis using Cy dyes was used to look for 

significant differences in the protein profiles (Supp Figure 1). No significant differences 

were observed in statistical analysis of three biological replicates. Tandem mass 

spectrometry of the two samples revealed only matches to 14N containing peptides 

from the 14N labeled cells, and only matches to 15N containing peptides from the 15N 

labeled cells (Supp Data 1).  

 

Dynamics of 15N labeling of amino acids 

To determine how rapidly 15N labeled the amino acid pools in the cells, we performed 

GC-MS analysis of hot methanol (Timmins et al., 2009) extracts derivitized with 

MBTSTFA, and quantified the half-life of 14N-containing amino acids following the 

movement of washed cells from 14N media to 15N media (Figure 1B). While we could 

not detect all the amino acids using this method, we could reproducibly observe 15 

amino acids and show that the half-life of these pools are between 3 and 70 hours 

(Figure 1B, Supp Figure 2). As expected, glutamine and glutamate were the most 

rapidly labeled with 15N, with nearly 70% incorporation within the first 24 h. Most of 

the other amino acids followed with half-lives within 24 h, but the most difficult pools 

to label rapidly were the amino acids derived from 3-phosphoglycerate, namely serine, 

glycine and cysteine (Figure 1C). This plant cell culture is not photosynthetically active, 

so photorespiratory glycine and serine were not a complicating factor in assessing 15N 

incorporation. Although 15N labeling of amino acids showed a steady increase over 

time, none appeared to obey a simple standard curve (Supp Figure 2). This complicated 

pattern may arise from the multiple sources of amino acids for protein synthesis, 

including de novo amino acid synthesis from the 15N enriched inorganic nitrogen 

sources, scavenged from the degradation of proteins, and/or different subcellular 

amino acids pools (Holleman and Key, 1967; Wiemken and Durr, 1974). At 8 h the 
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calculated average 15N incorporation of the amino acid pool was 43.6% (this number 

was calculated based on the measured 15N incorporation of 15 free amino acids and 

the known proportion of each of these amino acids in Arabidopsis proteins).  A lag 

followed between 8-24 h, perhaps due to the degradation of proteins at natural 

abundance levels of N producing amino acids. At 24, 96 and 168 h, the 15N 

incorporation in the total pool was 52.7% 86.7% and 90.5%, respectively.  

 

Dynamics of 15N labeling of proteins 

Based on these amino acid data we chose three time points for analysis of 

incorporation of labeled amino acids into proteins, namely 24 h (1 day), 96 h (4 days) 

and 168 h (7 days). Three independent sets of flasks were transferred to 15N media, 

and sampled at the times indicated, snap frozen, proteins extracted from each sample 

and quantified. Substantial growth occurred over these time periods, with total protein 

in each flask rising from 1 at 0 h, to 1.05 ± 0.10 at 24 h, 1.97 ± 0.11 at 96 h and 6.02 ± 

0.23 at 168 h based on Amidoblack protein assays and quantification of Coomassie 

staining on 1D gels (data not shown). Visual inspection of Coomassie stained gels 

loaded on a protein basis showed that most protein spots were present at similar 

abundance across all time points (Supp Figure 3). To determine quantitatively if protein 

profiles were changing relative to the total extracted protein amount, we performed an 

integrated DIGE experiment with the 12 samples on IEF/SDS-PAGE gels (Supp Figure 4). 

About 20% of the protein spots were statistically observed to change in abundance, 

and the changes observed were all <2 fold between time points, indicating a relatively 

steady-state system for each protein relative to the size of the proteome as a whole 

(Supp Table 1). 
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A set of 120 protein spots, matched across a typical gel from each time point, was 

excised from each time point and digested with trypsin (Supp Figure 5). The 480 

samples were analysed by MALDI-TOF/TOF. For the 0h and 24h time points, a set of 

10-20 MS/MS spectra were obtained from each sample to identify the proteins and 

define the parent mass of ions matching to peptides from each protein that could be 

used as proteotypic peptides across the time series. In total, 108 proteins were 
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identified with 648 peptides (Supp Table 1). For the 96 h and 168 h time points, while 

both MS and MS/MS data were obtained, only MS spectra were pursued. We had 

previously found that identification of MS/MS spectra from the partially incorporated 

spectral envelopes observed at later time points was extremely poor, so we 

concentrated on analysis of high quality MS spectra for quantification purposes at 96 h 

and 168 h.  

 

Raw data were analyzed with Isodist (Sperling et al., 2008), a program which uses 

Fourier transform convolution and least-squares to fit calculated distributions to our 

experimental data set. Using the combined peptide identifications at 0 and 24 h time 

points, the relative abundance of the natural abundance (NA) and the 15N labeled 

heavy peptide (H) ion envelopes were calculated. Only good fit, high intensity spectra 

were chosen for further analysis and incorporation into the measurements made. Full 

datasets used are provided online as Supp Data 3. Figure 2A shows typical examples of 

two peptides and the MS spectra showing the lighter, natural abundance ion envelope 

(NA), and the heavier (H) ion envelope of peptides derived from the 15N enriched pool 

of amino acids. The MAB1 (At5g50850) peptide (LALPQIEDVR) has a relatively slow 

synthesis rate. There is little evidence of peptides from the 15N pool after 24h, but by 

96 h a significant H peptide envelope is found. The TRIP-1 (At2g46280) peptide 

(DHTPTLWFADNGER) has a relatively fast synthesis rate, with an abundant H peptide 

envelope already at 24 h, and few NA peptides remaining by 96 h, suggesting that a 

significant turnover of the original 14N protein was likely to have occurred. It is evident 

from both examples that while the NA peptides have a defined and constant mass, the 

mass envelope of the H peptides changes during the course of the experiment (Figure 

2A). This is due to the increased labeling of the amino acid pools over time. Combining 

all the peptide spectra used in our analysis, we have made frequency histograms of 

the % 15N in the heavy spectral envelope. At 24 h this averaged at 68%, and rose to ~90% 

by 96-168 h (Figure 2B). Interestingly, at the 24 h time point, this is slightly higher than 

the value predicted from the level of incorporation seen in the amino acid pools by 
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GC-MS (Figure 1, B,C, Supp Figure 2). This would suggest either a small systematic error 

in our measurements, Isodist fitting or GC-MS calculations, or the presence of a pool of 

non-incorporating amino acids at the early stage in the cells that do not participate in 

protein synthesis. When all the peptides for these two sample proteins were 

considered, it was clear there was a high degree of correlation between the NA/(H+NA) 

ratios for peptides derived from the same protein at a given time point giving 

confidence in these ratios at the protein level (Figure 2C). 

 

Calculation and comparison of KD rates for proteins 

A first consideration to the strategy of stable isotopic tracers in protein turnover 

studies is the speed with which the amino acid pools are replaced with labeled versions 

(Hinkson and Elias, 2011). We specifically considered if a significant amount of newly 

synthesized protein might have contributed to the NA envelope in the early time points 

before the amino acid pools had incorporated sufficient 15N. Such an accumulation 

would have adversely affected our calculations (see experimental procedures). Our 

analysis, based on GC-MS data, determined that this effect would be small to negligible 

on the H/NA ratio: <6% in sample calculations of peptides at 24 h for peptides >8AA in 

length (92% of the peptides examined) and negligible for all peptides examined at 96 

and 168 h time points. Our analysis further indicated that even this 6% effect on H/NA 

had a less than 0.5% effect on the final KD calculations. 

 

Using the H to NA peptide ratio information, the increase in total protein abundance in 

the cell culture through time, and the DIGE data for individual proteins (Supp Table 1), 

the rate of degradation (KD) for each protein could be determined (Supp Table 2). As 

outlined in the experimental procedures, three different methods were used in order 

to compare our approach with others recently published. First, we have calculated 

values using steady-state assumptions and linear regression (Yee et al., 2010).  Second, 

we have used regression with our modified KD calculation, which allows us to correct 

for changes in protein abundance during the course of the experiment.  With this 
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alternative method of calculating KD we can avoid the steady-state assumption, which 

is likely not appropriate for many proteins in our cell culture system. In this respect, our 

analysis is similar to a recent study using a dual labeling strategy of SILAC and iTRAQ to 

correct for changes in protein abundance in log growing bacteria (Jayapal et al., 2010). 
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For the two regression methods, R values for the first-order kinetics fit of the data 

varied, 76 of the 84 proteins met the thresholds defined by Yee et al (Yee et al., 2010) 

and 42 of the 84 proteins met the thresholds defined by Jayapal et al (Jayapal et al., 

2010). However, given that a significant number of proteins do not have first-order 

kinetics of degradation (Hinkson and Elias, 2011; Schwanhausser et al., 2011), we used 

a third method, while still correcting for protein abundance changes, averaged the KD 

values calculated at each time point (Pratt et al., 2002; Schwanhausser et al., 2011). 

Sample calculations using these latter equations for the two peptides shown as 

examples in Figure 2A are provided in Supplementary Data 4. For a protein to have a KD 

calculated, we required quantitation data from at least 3 peptide(s) over two time 

points for inclusion in the dataset.  

 

To compare data from each time point we ranked KD across the 84 proteins for which 

we had sufficient numbers of peptide identifications to make a KD calculation. These 

ranks are shown in Figure 3 as a heatmap to compare the ranks for the 24, 96 and 168 

h datasets. It was clear from these data that there was general agreement on protein 

rank in KD calculations at different time points, with the majority of the green, low 

numbered ranks at the top of the heatmap, and the majority of the red, high 

numbered ranks, at the bottom. We were conscious that small numbers of peptides 

with more extreme H/NA ratios could potentially bias the analysis as these were likely 

to be the most error prone measurements. We thus combined all the data for peptides 

with H/NA within the more restricted two orders of magnitude range of 0.1-10, which 

was approximately 65% of the peptide dataset, and compared a combined rank of KD 

against the ranks for each time point and the average of all three time points. Again 

there was general agreement in this restricted dataset of the slow and fast degrading 

proteins. Using this averaging approach we obtained similar KD rankings to when we 

used either of the regression methods (Jayapal et al., 2010; Yee et al., 2010). Notably, 

our KD average was most similar to the second regression method, in which iTRAQ 

labels were used to account for changes in protein abundance (Jayapal et al., 2010). In 
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an analogous manner, we used FCP thereby negating the necessity of a steady state 

assumption. While the heatmap shows the rank of KD across methods, the actual values 

of the KD average analysis are graphed on the left of the heat map (KD by all methods 

are provided in Supp Table 2C). The data shows a preponderance of RNA/DNA binding, 
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metabolism proteins and protein synthesis and degradation machinery proteins with 

rapid KD and the majority of the mitochondrial energy metabolism and central 

metabolism category members with slow KD. At the extremes of this distribution, 

elongation factor 1B alpha had a KD average of nearly 1.2 d-1while the KD average of 

glutathione peroxidase 6 was less than 0.02 d-1.  There are examples of protein 

isoforms like fructose-bisphosphate aldolases (At3g52930, At2g36460) which have very 

similar degradation rates, while others like mitochondrial malate dehydrogenases 

(At3g15020, At1g53240) differed significantly in KD.  

 

Calculation and comparison of KS rates for proteins 

While many reports that consider degradation in steady-state assume synthesis rate 

equals degradation rate, in our case we have information on changes in protein 

abundance and the degradation rates at different time points. Therefore we calculated 

the protein specific synthesis rate (KS) and assessed its relationship to KD. Using a 

similar approach to that of KD, we explored the impact of time points, the removal of 

data with high and low H/NA ratios (0.1-10) and an average of KS over all time points. 

While there was variation for a number of proteins, overall there were clear sets of 

rapidly synthesized proteins and slowly synthesized proteins (Figure 4). There was a 

clear group of mitochondrial proteins with a slow and consistent synthesis rate (Figure 

4, green bars). Notably KS for mitochondrial energy components was more consistent 

than the KD observed for this category in Figure 3. Proteins in the RNA/DNA binding 

and metabolism, protein synthesis and degradation, and the stress and signaling 

categories dominated the list of proteins with high KS values.  

 

Comparison of KD and KS rates for proteins with each other and with functional 

classification and mRNA data. 

To explore if the apparent variation in KD and KS for a given protein at different time 

points was biologically meaningful, rather than simply noise in a steady-state system, 

we performed hierarchical clustering of the heat map of ranked data for 24, 96 and 168 
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h using a Pearson correlation coefficient method (Supp Figures 6 and 7). For both KD 

and KS, this showed a series of defined clusters of proteins. To determine if KD or KS 
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were simply reflections of decreasing/increasing protein abundances we compared 

these clusters with total protein abundance at the different time points.  We arranged 

the normalized abundance data from the DIGE analysis as a heat map in the same 

order as the clusters of ranked KD and KS. These comparisons show that the clusters 

apparent in KD and KS rank are unlikely to simply reflect changes that could be observed 

in total protein abundance, but rather they indicate independent variations of protein 

turnover that underlie the abundance of proteins in the cell culture. The KD of 

mitochondrial energy proteins was typically considered low based on the data in Figure 

3, but the ranks for these proteins clearly clustered with faster ranked KD in the 24 h 

data, and decreased rank over time. In contrast, many of the stress induced proteins 

and RNA/DNA binding proteins had KD ranks that increased over time (Supp Figure 6). 

A related trend was also apparent in KS (Supp Figure 7). Mitochondrial components had 

fast KS ranks at 24 h, but lowered their rank at 96 h and 168 h, while components in 

RNA/DNA binding and antioxidant defense had ranks that increased over time to have 

faster relative KS in the later time points. 

 

As the cell culture is growing over time, the relationship between KD and KS for proteins 

is critical to maintain a protein’s total abundance in the proteome. We explored the 

veracity of this relationship in several ways. First, scatter plots of average KD and KS 

were generated using the data from Figures 3 and 4. This showed a positive 

relationship between the two parameters with a fair to moderate correlation over a 

range of parametric and non-parametric methods (R=0.39-0.76, n=84, Supp Figure 8). 

When proteins were divided into the 6 functional categories of Figure 3 and 4, it was 

apparent there was a better positive correlation for protein synthesis and degradation 

(R=0.52-0.9, n=15, Supp Figure 8) and antioxidant and defense (R=0.62-0.79, n=11 

Supp Figure 8), while there was no correlation for mitochondrial energy, primary 

metabolism, or stress and signaling (Supp Figure 8). Second, in an effort to determine if 

KD and KS were linked through time, we combined and clustered the KD and KS ranked 

datasets together over the three time points (Supp Figure 9). This shows that there 
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were only a relatively small number of proteins with strong correlation between KD and 

KS across the time points. The best cases of correlation were for the cytosolic proteins - 

ATHIP1 (At4g22670), ROC1 (At4g38740) and GSTF9 (At2g30870) and somewhat more 

weakly the mitochondrial proteins - CPN10 (At1g14980), succinyl-CoA ligase 

(At2g20420), ATP synthase delta (At5g47030) and ATP synthase beta (At5g08670). 

 

As KS is dependent on mRNA abundance and half-lives, and as this information was 

available for the same Arabidopsis cell culture (Narsai et al., 2007), we considered the 

correlations between these datasets based on the whole set of 84 proteins and the six 

functional categories of proteins analysed here (Supp Figure 10). The correlation 

between protein relative abundance and mRNA half-life was most apparent in the 

antioxidant and defense (R=0.58-0.87, n=8) and stress and signaling (R=0.47-0.60, n=10) 

categories. There was less consistency in the correlation between KD and KS with RNA 

half-life. Using microarray data from untreated cell culture, we also considered 

correlations between protein abundance, synthesis/degradation rates and raw mRNA 

hybridisation abundance. We found higher correlation of RNA hybridization with KS 

rates than with protein abundance alone, but only for the RNA/DNA and protein 

synthesis and degradation component groups. However, we also found that KD was 

often better correlated with RNA hybridization than protein abundance for these same 

functional groups, indicating the potential importance of protein degradation rate in 

understanding the size and dynamics of the RNA pool involved in transcription and 

translational processes. 

 

Discussion 

Developing methodology to measure protein synthesis and degradation rates requires 

a complex series of choices and compromises to evaluate the ease and transferability 

of the method alongside its veracity, accuracy, and its underlying assumptions of 

protein dynamics. As reviewed recently by Hinkson and Elias (Hinkson and Elias, 2011) 

a good method needs first to allow a protein of unaltered sequence to reach maturity 
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and attain normal sub-cellular localization and protein-protein association. As a 

secondary consideration, we believe that a method that allows targeted analysis of 

proteins of interest would be of benefit. The combination of 15N labeling and analysis 

of gel-separated protein spots provides the framework for these two considerations. 

The use of gel-separated samples also provides simplification of mass spectra to 

maximize its interpretability. Choice of method must also consider if simple first-order 

kinetics are followed (i.e. if protein degradation as a function of protein concentration 

is constant). Additionally, it must be determined if a steady-state system (one in which 

KD and KS are equal, where cellular protein concentration is constant, and where it is 

cell growth that is responsible for any net changes to protein abundance (Hinkson and 

Elias, 2011) applies. Using the key features of this workflow (Figure 5) and the methods 

and assumptions in calculating KD and KS, we consider the benefits and limitations of 

our chosen approach. 

 

The value of partial 15N labeling over other choices for stable isotope assessment of 

plant protein turnover 

Several strategies have been employed for measuring protein turnover in cells. The 

SILAC strategy with 13C labeled amino acids had been widely used to measure protein 

turnover rates (Pratt et al., 2002; Lampert et al., 2007; Doherty et al., 2009). However, 

this strategy is not well suited to fully labeling plant cells for multiple reasons. First, 

because plants are autotrophic and can synthesize all the amino acids, diluting and 

mixing SILAC label complicates analysis (Gruhler et al., 2005).  Second, it is likely that 

the labeled carbon skeletons from amino acids such as lysine and arginine (which are 

routinely used in SILAC labeling experiments) are likely to only partially label certain 

amino acids, and this could not readily be anticipated or accounted for in a quantitative 

model. Third, because all amino acids are not transported equally between tissues, 

such an approach will be further complicated for use in whole plants (Fischer et al., 

1998). Another strategy was demonstrated in a recent paper where a heavy water 

method was used to measure tag-linked expressed proteins in Arabidopsis seedlings 
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(Yang et al., 2010). However, heavy water is toxic to organisms including plants and 

altered the transcriptome pattern in plants (Yang et al., 2010), so this approach may 

alter cell physiology and in vivo proteome-wide turnover rates. 15N labeling had already 

been successfully used in labeling Arabidopsis cell culture and plants (Engelsberger et 

al., 2006; Huttlin et al., 2007; Hebeler and Stühler, 2008). Our DIGE results demonstrate 

that quantitative 15N labeling does not change the proteome profile, which is 

consistent with other reports in plants (Huttlin et al., 2007; Lanquar et al., 2007; 

Hebeler and Stühler, 2008). Hence, this strategy is probably the most non-intrusive way 

to investigate the proteome dynamics without changing physiological conditions in 

plant cells. The nitrogen assimilation process in plants is well studied and the 

machinery has relatively little discrimination against 15N incorporation (Evans, 2001). 

We can monitor the incorporation of 15N from amino acids into proteins, and based on 

peptides with 10-20 N atoms, we can clearly distinguish natural abundance and 

enriched ion envelopes within the mass spectrum in our data, even with only 50% 15N 

incorporation. This approach reduces the chance of interference and noise from other 

peptides or background in the calculation and also allows the relatively rapid 

assessment of turnover rate after the switch to 15N (<24 h). This contrasts with the 

longer periods of time that would be needed in order to make a calculation from 

peptides with a much higher incorporation level. Therefore we consider this method 

has potential for measuring changes in degradation rate induced by environmental or 

developmental factors. Interestingly, levels as low as 6% 15N label have been 

successfully used to measure differences in protein levels (Huttlin et al., 2007), so the 

prospects for even lower partial labeling strategies to measure protein degradation 

could be explored in the future to further reduce the time needed to make degradation 

calculations. 

 

Value of gel-based separation and MALDI analysis for 15N based turnover analysis. 

A potential limitation in the use of progressive versus steady-state 15N labeling is the 

increased complexity of the mass spectra. For a peptide containing 20 nitrogen atoms, 
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this progressive labeling strategy will create an increasingly complex isotopic envelope 

(M to M+20) that needs to be interpreted and quantified as NA and 15N enriched 

populations. Undertaking this analysis in complex mixtures of peptides is extremely 

difficult as it greatly increases the chances of overlapping peaks and interference 

between the isotopic envelopes of different peptides. The 2D gel separation we 

employed greatly reduces the complexity of the peptide pattern as usually only 

peptides from one protein are present in each spectrum. Additionally, by using 

MALDI-TOF/TOF MS, we generated singly charged spectra which were easier to assign 

to a NA and heavy-labeled envelope of ions. This is inherently less complex than 

spectra generated using electrospray ionization (ESI) due to the multiple charge states 

that exist in ESI for peptides.  Moreover, the 2D gel spot approach facilitated an 

independent measurement of abundance changes using quantitation of fluorescent 

dye binding across the time points in the experiment. These data were essential to 

account for the effect of relative differences in protein abundance during the seven 

days of cell culture growth. The added advantage of using 2D gels is that this technique 

can be used in the future by researchers to focus on gel-separated spots of interest. For 

example, proteins identified by antibodies raised to specific proteins or 

post-translational modifications of proteins (e.g. phosphorylation, oxidation or 

glycosylation) or in native complexes (e.g. 2D BN-PAGE/SDS-PAGE) or hydrophobic 

proteins in diagonal gels (e.g. BAC/SDS-PAGE or Tricine/TRIS SDS-PAGE) can be targeted 

for analysis using the combination of gels and progressive 15N labeling. 

 

Important considerations in the Isodist analysis and calculations of KD and KS 

A critical decision we faced was how to define the abundance of existing and newly 

synthesized peptides in a population. When cells are transferred from NA to 15N 

enriched media, assimilation of the 15N into amino acids begins, but the incorporation 

rate in amino acid pools for protein synthesis is very small in the first few hours (Figure 

1, Supp Figure 2). Thus, even peptides containing a small number of 15N amino acids 

should be considered as newly synthesized, even though the masses of these peptides 
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overlap with the NA ion envelope. Tools to quantify enrichment in peptide populations 

like Mascot Distiller (Matrix Sciences) presume a system is at steady-state and rely on 

the user to define the incorporation ratio. However, in our case this was not viable as 

we wanted to calculate the incorporation ratio from the spectra, and aimed to assess 

many hundreds of spectra. We used a program called Isodist that incorporates a 

least-squares fitting algorithm to determine both the extent of labeling for the defined 

labeling pattern of a given species, and the relative amounts of different species in a 

mixture (Sperling et al., 2008). Hence it will fit theoretical spectral envelopes based on 

a defined peptide sequence, and provide both the abundance of the two populations 

and the degree of incorporation.   

 

Relative Isotope Abundance (RIA) has been used as the only factor to measure protein 

turnover in steady-state systems (Pratt et al., 2002; Yee et al., 2010). However, the 

abundance of individual proteins over time has to be considered in growing and 

non-steady-state systems like our Arabidopsis cell culture. The ratio between the NA 

and the 15N enriched populations is determined by the change in total protein 

abundance, the rate of degradation of the NA population and the rate of increase in 

the 15N enriched population. An important aspect of defining these variables (which 

has often been neglected) is that the newly synthesized proteins also experience a 

degradation process that needs to be accounted for when solving for KD and KS.  

 

In our calculations we discovered that the variation in 15N incorporation across all 

peptides and proteins at the same time point was very low (Figure 2, Supp Table 2).  

So this meant the effects of different amino acid turnover rates on our calculations 

were not significant. However, to directly assess this issue we considered the GC-MS 

data on AA incorporation rates and the isotope ratios of peptides that contained a large 

percentage of amino acids with either a slower (G, C, T, S and P) or faster (Q, E, N, L, D) 

15N incorporation rate. We compared 7 peptides enriched for lower turnover AAs with 

13 peptides enriched for higher turnover AAs. We examined peptides where AAs were 
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enriched with either high or low incorporation rates.  Of this smaller subset of 

peptides, the effect on KD or KS was found to be very small; 5-9% different from the 

average for all peptides that matched to these proteins. This implies that the effect of 

AA composition on our calculations for a single peptide is quite small and will be 

further reduced when KD and KS are calculated at the protein level. 

 

While the peptide to peptide variation at a given time point was small to insignificant, 

we found the variation in KD and KS for several proteins across time points was 

significant. In other reports a significant variation in KD has led to proteins being 

discarded from analysis, because they fail to reach regression thresholds on the 

assumption of simple first-order kinetics of degradation. For example, Jayapal et al 

(Jayapal et al., 2010) reported that ~50% of observed proteins did not follow simple 

first-order kinetics in log-grown bacteria. Data on proteins that have a poor correlation, 

and therefore do not appear to strictly adhere to simple first-order kinetics, could be 

argued to be due to experimental error and/or inadequate sampling, alternatively the 

variation in KD could be the result of biological events. If the latter is the case, then 

clearly reporting and investigating the biological meaning is of interest. Also, even if a 

good regression fit is lacking, average KD or KS values and standard deviations can place 

proteins in a relative list of degradation and synthesis rates as shown in Figures 3 and 4.  

In a similar manner, other researchers have reported KD values through the use of 

average values across time points in yeast and mammals (Pratt et al., 2002; 

Schwanhausser et al., 2011). In fact, a range of studies over decades in growing 

systems have observed a range of examples of proteins that don’t follow simple 

first-order degradation kinetics. From early studies in tobacco cells it was apparent that 

protein degradation rate can change with time in plants (Kemp and Sutton, 1972). 

While simple first-order kinetics models are often used in mammalian systems, even in 

chicken muscle, a simple single exponential decay has not been observed (Doherty et 

al., 2005).  Those authors suggested this variability was at least in part due to changes 

in protein metabolism resulting from circadian rhythms. In a recent review of protein 
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degradation analysis, Hinkson and Elias (Hinkson and Elias, 2011) note that biphasic 

kinetics with rapid early turnover rates have been reported for many decades.  They 

purport that variability in protein stabilities should be expected for cells to tune 

degradation as a means of regulating the proteome; moreover high initial degradation 

rates can partially result from proteolysis of mis-translated and/or mis-folded proteins 

(Yewdell et al., 2003). Perhaps an even more exciting direction will be the assessment 

of which protein complexes or even entire organelles are turned over as units. Hence, 

there is a significant body of evidence suggesting that limiting the analysis to proteins 

abiding by simple first-order degradation kinetics in complex systems will limit the 

ability to draw meaningful biological conclusions.  

 

Biological insights from KD and KS calculations 

We found in our dataset that by including calculations for proteins that did not follow 

simple first-order degradation kinetics, we could uncover functional groupings of 

proteins that could be linked to KD and its variability. In general, mitochondrial proteins 

have low KD, while cytosolic and nuclear proteins were more unstable and have higher 

KD values. These difference in degradation rates observed may be due to inherent 

differences in rates of the degradation pathways in the cytosol and organelles 

(Hellmann and Estelle, 2002; Sinvany-Villalobo et al., 2004) or the combination of 

location and the functional roles of the proteins. Such differences may benefit the 

plant cell, allowing stable mitochondrial proteins to ensure a steady supply of energy, 

while the dynamics of the nuclear and cytosolic proteomes can guarantee quick 

response to the environment. Also, the timing of changes in KD and KS across the cell 

culture cycle differed for cytosolic and mitochondrial proteins. Note the relatively 

faster KD and KS of mitochondrial proteins in the first 24 h during the lag phase, and a 

clear lowering of the rank of KD and KS for mitochondrial proteins during rapid growth 

compared to cytosolic proteins (Supp Figure 7 and 8). This could indicate that 

mitochondrial turnover is highest soon after cell division, but is slower during the 

expansion and aging of cells. It would also correlate with the known early induction of 
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mRNA for mitochondrial components during plant cell development, and the apparent 

cessation of mitochondrial biogenesis in older cells (Narsai et al., 2007).   

 

Across the six functional categories, the RNA/DNA Binding and Metabolism, Protein 

Synthesis and Degradation and Stress and Signaling categories had higher degradation 

and synthesis rates than the other three categories (Figures 3 and 4). The Stress and 

Signaling category had the highest average degradation and synthesis rates than any of 

the others (Figures 3 and 4). This is consistent with the reports on functional categories 

of protein in yeast and mammalian cell lines (Belle et al., 2006; Yen and Elledge, 2008). 

Surprisingly, even though relative protein abundances were fairly static over the seven 

days of culture, many proteins did not appear to have tight links between their KD and 

KS rates at a given time point (Supp Figure 10). One set of exceptions were the subunits 

of the mitochondrial ATP synthase that were linked in synthesis and degradation, which 

likely reflects the fact that as a multi-subunit complex, the mitochondrial ATP synthase 

is restricted by stoichiometry (Bisetto et al., 2008) to maintain a tight link of KD and KS 

at all time points.   

 

A range of specific proteins and their turnover rates were also of special interest. One 

of the five fastest KD values recorded was for the ethylene biosynthesis enzyme, ACC 

oxidase. The rapid turnover of proteins in this pathway has been known for some time 

(Kim and Yang, 1992; Nakatsuka et al., 1997). This rapid degradation is needed to 

quickly slow the rate of ethylene synthesis after its peak (Kim and Yang, 1992), and the 

degradation process is actively regulated as a means of manipulating ethylene signaling 

in plants (Qiao et al., 2009). We identified several translational initiation factors known 

to be responsible for initiation of programmed cell death triggered as a response to 

Pseudomonas syringae infection (At1g26630 FBR12), and in brassinosteroid signaling in 

plants (At2g46280 TRIP-1) as amongst the most rapidly degrading proteins. Rapid 

degradation of these proteins may aid their signaling roles by ensuring they are tightly 

transcriptionally controlled in plant cells. A temperature-induced lipocalin TIL1 
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(At5g58070) is known to be associated with the plasma membrane and be involved in 

prevention of lipid peroxidation during temperature changes (Chi et al., 2009). Its rapid 

degradation rate identified here might indicate it is damaged during this role and needs 

to be rapidly replaced to maintain its function. Glycine-rich-RNA-binding (GRP) family 

proteins including GRP2, GRP7, and GRP8 had relatively fast degradation and synthesis 

rates (Figure 3 and 4). GRP7 is the most well studied GRP family protein, its mRNA is 

known to oscillate in response to circadian rhythm (Staiger et al., 2003), plant innate 

immunity (Fu et al., 2007) and flowering time (Hruz et al., 2008). A high degradation 

rate of GRPs could be a mechanism for plants to more quickly and efficiently respond 

to environmental changes.  

 

At more than 39-fold slower than ACC oxidase, glutathione peroxidase 6 was the 

slowest KD recorded at less than 0.02 d-1. This protein is commonly observed to be 

induced transcriptionally by oxidative and environmental stress (Sarry et al., 2006; 

Jiang et al., 2007), its relative stability makes sense to ensure antioxidant defense 

during stress. A similar explanation can be made for the slow turnover of HSP60 

(At3g23990) involved in protein stabilization (~0.08 d-1), and for glutathione 

S-transferases (At2g30860) involved in detoxification of cells (~0.20 d-1). The underlying 

basis of relative protein stability in plants is largely unexplored but is vital for 

engineering of plants with enhanced traits to meet the demands of the future. 

 

Conclusions: 

Using a combination of 2DE, MALDI-TOF/TOF, and 15N-isotopic labeling, we have 

developed a method to follow the progressive 15N labeling of plant cells under 

non-steady-state conditions in order to calculate KD and KS. The ability of this technique 

to be targeted, by use of gels and prior knowledge of the spots of interest, and the use 

of methods to assess data that does not meet simple first-order kinetic assumptions, 

opens many options for expanding its use for the study of protein dynamics in plants.  



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      63 
 

Reference 

 

Andersen JS, Lam YW, Leung AK, Ong SE, Lyon CE, Lamond AI, Mann M (2005) 

Nucleolar proteome dynamics. Nature 433: 77-83 

Baerenfaller K, Grossmann J, Grobei MA, Hull R, Hirsch-Hoffmann M, Yalovsky S, 

Zimmermann P, Grossniklaus U, Gruissem W, Baginsky S (2008) Genome-scale 

proteomics reveals Arabidopsis thaliana gene models and proteome dynamics. 

Science 320: 938-941 

Belle A, Tanay A, Bitincka L, Shamir R, O'Shea EK (2006) Quantification of protein 

half-lives in the budding yeast proteome. Proc Natl Acad Sci U S A 103: 

13004-13009 

Bisetto E, Picotti P, Giorgio V, Alverdi V, Mavelli I, Lippe G (2008) Functional and 

stoichiometric analysis of subunit e in bovine heart mitochondrial F(0)F(1)ATP 

synthase. J Bioenerg Biomembr 40: 257-267 

Cargile BJ, Bundy JL, Grunden AM, Stephenson JL, Jr. (2004) Synthesis/degradation 

ratio mass spectrometry for measuring relative dynamic protein turnover. Anal 

Chem 76: 86-97 

Chi WT, Fung RW, Liu HC, Hsu CC, Charng YY (2009) Temperature-induced lipocalin is 

required for basal and acquired thermotolerance in Arabidopsis. Plant Cell 

Environ 32: 917-927 

Doherty MK, Hammond DE, Clague MJ, Gaskell SJ, Beynon RJ (2009) Turnover of the 

human proteome: determination of protein intracellular stability by dynamic 

SILAC. J Proteome Res 8: 104-112 

Doherty MK, Whitehead C, McCormack H, Gaskell SJ, Beynon RJ (2005) Proteome 

dynamics in complex organisms: Using stable isotopes to monitor individual 

protein turnover rates. Proteomics 5: 522-533 

Engelsberger WR, Erban A, Kopka J, Schulze WX (2006) Metabolic labeling of plant cell 

cultures with K(15)NO3 as a tool for quantitative analysis of proteins and 

metabolites. Plant Methods 2: 14 

Evans RD (2001) Physiological mechanisms influencing plant nitrogen isotope 

composition. Trends Plant Sci 6: 121-126 

Fischer WF, André B, Rentsch D, Krolkiewicz S, Tegeder M, Breitkreuz K, Frommer WB 

(1998) Amino acid transport in plants. Trends in Plant Science 3: 188-195 

Fu ZQ, Guo M, Jeong BR, Tian F, Elthon TE, Cerny RL, Staiger D, Alfano JR (2007) A 

type III effector ADP-ribosylates RNA-binding proteins and quells plant 

immunity. Nature 447: 284-288 

Gibon Y, Usadel B, Blaesing OE, Kamlage B, Hoehne M, Trethewey R, Stitt M (2006) 

Integration of metabolite with transcript and enzyme activity profiling during 

diurnal cycles in Arabidopsis rosettes. Genome Biology 7: R76 

Gruhler A, Schulze WX, Matthiesen R, Mann M, Jensen ON (2005) Stable isotope 

labeling of Arabidopsis thaliana cells and quantitative proteomics by mass 

spectrometry. Mol Cell Proteomics 4: 1697-1709 

Hebeler RO, S.; Reidegeld, K. A.; Eisenacher, M.; Stephan, C.; Sitek, B.;, Stühler KM, H. 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      64 
 

E.; Sturre, M. J. G.; Dijkwel, P. P.; Warscheid, B. (2008) Study of early leaf 

senescence in Arabidopsis thaliana by quantitative proteomics using reciprocal 

14N/15N labeling and difference gel electrophoresis. . Mol. Cell. Proteomics 

7:108-120 

Hellmann H, Estelle M (2002) Plant development: regulation by protein degradation. 

Science 297: 793-797 

Hinkson IV, Elias JE (2011) The dynamic state of protein turnover: It's about time. 

Trends Cell Biol 21: 293-303 

Holleman JM, Key JL (1967) Inactive and protein precursor pools of amino acids in the 

soybean hypocotyl. Plant Physiol 42: 29-36 

Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L, Widmayer P, Gruissem W, 

Zimmermann P (2008) Genevestigator V3: A Reference Expression Database for 

the Meta-Analysis of Transcriptomes. Advances in Bioinformatics 2008 

Hunt JA (1974) Rate of synthesis and half-life of globin messenger ribonucleic acid. 

Rate of synthesis of globin messenger ribonucleic acid calculated from data of 

cell haemoglobin content. Biochem J. 138: 499-510 

Huttlin EL, Hegeman AD, Harms AC, Sussman MR (2007) Comparison of full versus 

partial metabolic labeling for quantitative proteomics analysis in 

Arabidopsis-thaliana . Mol. Cell. Proteomics 6: 860-881 

Jayapal KP, Sui S, Philp RJ, Kok YJ, Yap MG, Griffin TJ, Hu WS (2010) Multitagging 

proteomic strategy to estimate protein turnover rates in dynamic systems. J 

Proteome Res 9: 2087-2097 

Jiang Y, Yang B, Harris NS, Deyholos MK (2007) Comparative proteomic analysis of 

NaCl stress-responsive proteins in Arabidopsis roots. J Exp Bot 58: 3591-3607 

Kafatos FC (1972) The cocoonase zymogen cells of silk moths: a model of terminal cell 

differentiation for specific protein synthesis. Curr Top Dev Biol 7: 125-191 

Kemp JD, Sutton DW (1972) Protein Metabolism in Cultured Plant Tissues: III. Changes 

in the Rate of Protein Synthesis, Accumulation, and Degradation in Cultured 

Pith Tissue. Plant Physiol 49: 596-601 

Kierszniowska S, Walther D, Schulze WX (2009) Ratio-dependent significance 

thresholds in reciprocal 15N-labeling experiments as a robust tool in detection 

of candidate proteins responding to biological treatment. Proteomics 9: 

1916-1924 

Kim WT, Yang SF (1992) Turnover of 1-aminocyclopropane-1-carboxylic Acid synthase 

protein in wounded tomato fruit tissue. Plant Physiol 100: 1126-1131 

Kushner DJ, Baker A, Dunstall TG (1999) Pharmacological uses and perspectives of 

heavy water and deuterated compounds. Can. J. Physiol. Pharmacol. 77: 79-88 

Lampert FM, Matt P, Grapow M, Lefkovits I, Zerkowski HR, Grussenmeyer T (2007) 

"Turnover proteome" of human atrial trabeculae. J Proteome Res 6: 4458-4468 

Lanquar V, Kuhn L, Lelievre F, Khafif M, Espagne C, Bruley C, Barbier-Brygoo H, Garin J, 

Thomine S (2007) 15N-metabolic labeling for comparative plasma membrane 

proteomics in Arabidopsis cells. Proteomics 7: 750-754 

Li Q (2010) Advances in protein turnover analysis at the global level and biological 

insights. Mass Spectrom Rev 29: 717-736 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      65 
 

Nakatsuka A, Shiomi S, Kubo Y, Inaba A (1997) Expression and internal feedback 

regulation of ACC synthase and ACC oxidase genes in ripening tomato fruit. 

Plant Cell Physiol 38: 1103-1110 

Narsai R, Howell KA, Millar AH, O'Toole N, Small I, Whelan J (2007) Genome-wide 

analysis of mRNA decay rates and their determinants in Arabidopsis thaliana. 

Plant Cell 19: 3418-3436 

Palmblad M, Mills DJ, Bindschedler LV (2008) Heat-shock response in Arabidopsis 

thaliana explored by multiplexed quantitative proteomics using differential 

metabolic labeling. . J. Proteome Res. 7: 780-785 

Pratt JM, Petty J, Riba-Garcia I, Robertson DH, Gaskell SJ, Oliver SG, Beynon RJ (2002) 

Dynamics of protein turnover, a missing dimension in proteomics. Mol Cell 

Proteomics 1: 579-591 

Qiao H, Chang KN, Yazaki J, Ecker JR (2009) Interplay between ethylene, ETP1/ETP2 

F-box proteins, and degradation of EIN2 triggers ethylene responses in 

Arabidopsis. Genes Dev 23: 512-521 

Sarry JE, Kuhn L, Ducruix C, Lafaye A, Junot C, Hugouvieux V, Jourdain A, Bastien O, 

Fievet JB, Vailhen D, Amekraz B, Moulin C, Ezan E, Garin J, Bourguignon J 

(2006) The early responses of Arabidopsis thaliana cells to cadmium exposure 

explored by protein and metabolite profiling analyses. Proteomics 6: 2180-2198 

Schwanhausser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, Chen W, Selbach M 

(2011) Global quantification of mammalian gene expression control. Nature 473: 

337-342 

Schweikl H, Klein U, Schindlbeck M, Wieczorek H (1989 ) A vacuolar-type ATPase, 

partially purified from potassium transporting plasma membranes of tobacco 

hornworm midgut. J. Biol. Chem.264: 11136-11142 

Sinvany-Villalobo G, Davydov O, Ben-Ari G, Zaltsman A, Raskind A, Adam Z (2004) 

Expression in multigene families. Analysis of chloroplast and mitochondrial 

proteases. Plant Physiol 135: 1336-1345 

Smith SM, Fulton DC, Chia T, Thorneycroft D, Chapple A, Dunstan H, Hylton C, Zeeman 

SC, Smith AM (2004) Diurnal changes in the transcriptome encoding enzymes 

of starch metabolism provide evidence for both transcriptional and 

posttranscriptional regulation of starch metabolism in Arabidopsis leaves. Plant 

Physiology 136: 2687-2699 

Sperling E, Bunner AE, Sykes MT, Williamson JR (2008) Quantitative analysis of isotope 

distributions in proteomic mass spectrometry using least-squares Fourier 

transform convolution. Anal Chem 80: 4906-4917 

Staiger D, Zecca L, Wieczorek Kirk DA, Apel K, Eckstein L (2003) The circadian clock 

regulated RNA-binding protein AtGRP7 autoregulates its expression by 

influencing alternative splicing of its own pre-mRNA. Plant J 33: 361-371 

Taylor NL, Heazlewood JL, Day DA, Millar AH (2005) Differential impact of 

environmental stresses on the pea mitochondrial proteome. Mol Cell 

Proteomics 4: 1122-1133 

Timmins M, Zhou W, Rupprecht J, Lim L, Thomas-Hall SR, Doebbe A, Kruse O, 

Hankamer B, Marx UC, Smith SM, Schenk PM (2009) The metabolome of 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      66 
 

Chlamydomonas reinhardtii following induction of anaerobic H2 production by 

sulfur depletion. J Biol Chem 284: 23415-23425 

Wiemken A, Durr M (1974) Characterization of amino acid pools in the vacuolar 

compartment of Saccharomyces cerevisiae. Arch Microbiol 101: 45-57 

Xiao GG, Garg M, Lim S, Wong D, Go VL, Lee WN (2008) Determination of protein 

synthesis in vivo using labeling from deuterated water and analysis of 

MALDI-TOF spectrum. J Appl Physiol 104: 828-836 

Yang XY, Chen WP, Rendahl AK, Hegeman AD, Gray WM, Cohen JD (2010) Measuring 

the turnover rates of Arabidopsis proteins using deuterium oxide: an auxin 

signaling case study. Plant J 63: 680-695 

Yee JC, Jacob NM, Jayapal KP, Kok YJ, Philp R, Griffin TJ, Hu WS (2010) Global 

assessment of protein turnover in recombinant antibody producing myeloma 

cells. J Biotechnol 148: 182-193 

Yen HC, Elledge SJ (2008) Identification of SCF ubiquitin ligase substrates by global 

protein stability profiling. Science 322: 923-929 

Yewdell JW, Reits E, Neefjes J (2003) Making sense of mass destruction: quantitating 

MHC class I antigen presentation. Nat Rev Immunol 3: 952-961 

 

 

Supplementary 

Supplementary data are available for download from the following link. 

http://www.mcponline.org/content/11/6/M111.010025/suppl/DC1  

 

Acknowledgements This research was funded by support from the ARC Centre of 

Excellence in Plant Energy Biology (CE0561495). LL was funded by Scholarship 

International Research Fees (SIRF), University International Stipend (UIS) and Top Up 

Scholarship for UIS, AHM was funded as an ARC Australian Professorial Fellow 

(DP0771156). Dr Ian Castleden (Centre for Computational Systems Biology, University 

of Western Australia) is thanks for his expertise and assistance in file format 

conversations and concatenation. 

 

 

 

 

 

http://www.mcponline.org/content/11/6/M111.010025/suppl/DC1


Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      67 
 

 

 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      68 
 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      69 
 

 

 

 

 

 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      70 
 

 

 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      71 
 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      72 
 

 

 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      73 
 

 

 

 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      74 
 

 

 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      75 
 

 

 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      76 
 

 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      77 
 

 

 

 

 

 

 

 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      78 
 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      79 
 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      80 
 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      81 
 

 

 

 



Chapter 2 Determining protein turnover rate in Arabidopsis cells 

 
 

      82 
 

 

 



Chapter 3 F1FO ATP synthase assembly pathway 

 
 

      83 
 

Chapter 3 

F1FO ATP synthase assembly pathway 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 F1FO ATP synthase assembly pathway 

 
 

      84 
 

Foreword to Study II 

 

A key question for protein turnover research is which macromolecular complexes and 

organelles are turned over as a unit and which have varying stability among their 

components. Investigating protein complex subunit turnover rates might help to 

reveal each subunits role in the function of the intact complex. Subunits within the 

mammal ribosome and proteasome have been reported to have different turnover 

rates to each other, however it is dangerous to overinterpret these data in the 

absence of information on whether all the subunits were within protein complexes or 

were free proteins is the cell (Hayter et al., 2005; Doherty et al., 2009).  

 

Another interesting dimension to this question is whether different populations of 

complexes that could be separated by a native gel system have different turnover 

rates and thus whether they might perform different biological roles in vivo which 

might provide evidence for assembly processes. In plants, separate F1 and FO 

components of the F1FO ATP synthase were found prominently in blue native gels of 

plant mitochondrial membrane proteins from different species and tissues (Jansch et 

al., 1996; Eubel et al., 2003). Separate F1 and FO components are also found across 

eukaryotic kingdoms but have most often been interpreted to be degradation 

products produced during in vitro manipulations, rather than bona fide in vivo 

subcomplexes (Jansch et al., 1996; Wittig et al., 2007; Diaz et al., 2009; Klodmann et 

al., 2011). In Study II, by combining the 15N labeling strategy established in Arabidopsis 

(Study I) and BN-PAGE separation, turnover rates of different F1 populations and the 

final F1FO ATP synthase subunits were measured and compared to each other. These 

data were used to elucidate the roles of these different F1 populations and their 

potential roles in F1FO ATP synthase assembly in vivo. Import of radio-labeled 

precursors was also employed to show the appearance of free F1 populations in ATP 

synthase assembly in Study II.  
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In Study II, a modular assembly model for plant ATP synthase was proposed which is 

consistent with the modular assembly model reported in yeast (Rak et al., 2011). 

Study II provides direct evidence by protein turnover research of the existence of 

matrix F1 and inner membrane F1 in vivo in plants which are separate from the intact 

F1FO complex and this has implications for ATP synthesis efficiency in plants that 

requires further experimentation.  

 

Author contributions: Experiments were designed by Millar, A.H., Nelson, C. and 

myself. Import experiments were designed by Millar, A.H. and Whelan, J. I did the 

experiments involving cell culture growth, 15N labeling, mitochondrial preparation, 

BN-PAGE separation, in-gel activity assay and mass spectrometry. Carrie, C. and I 

worked together for the labeled precursors import and 1st dimensional BN-PAGE 

separation. Millar, A.H., Nelson, C. and I analyzed the data and wrote the manuscript 

together. Whelan, J. revised the manuscript. 

 

 

 

 

 

 

 

 

 



Chapter 3 F1FO ATP synthase assembly pathway 

 
 

      86 
 

Accumulation of newly synthesised F1 in vivo in Arabidopsis mitochondria provides 

evidence for modular assembly of the plant F1Fo ATP synthase 

 

Lei Li1,2, Chris Carrie1, Clark Nelson1,2, James Whelan1, A. Harvey Millar1,2* 

 

Author Affiliation: 
1ARC Centre of Excellence in Plant Energy Biology and 2Centre for Comparative Analysis 

of Biomolecular Networks (CABiN), MCS Building M316, The University of Western 

Australia, 35 Stirling Highway, Crawley WA 6009, Western Australia, Australia. 

 

Running title: Modular assembly of the plant F1Fo ATP synthase 

 

*Corresponding author: A. Harvey Millar 

ARC Centre of Excellence in Plant Energy Biology 

4th Floor MCS Building M316 

University of Western Australia 

35 Stirling Highway  

Crawley 6009 WA , Australia 

Tel: +61 8 6488 7245 

Fax: +61 8 6488 4401 

e-mail: harvey.millar@uwa.edu.au 

 

 

 

 

 

 

 

 

 

 

mailto:harvey.millar@uwa.edu.au


Chapter 3 F1FO ATP synthase assembly pathway 

 
 

      87 
 

Abstract 

F1 subcomplex in mitochondrial samples is often considered to be a breakage product 

of the F1FO ATP synthase during sample handling and electrophoresis. We have used a 

progressive 15N incorporation strategy to investigate the plant F1FO ATP synthase 

assembly model and the apparently free F1 in plant mitochondria which is found in 

both the inner membrane and matrix. We show that subunits within F1 in the inner 

membrane and matrix had a relatively higher 15N incorporation rate than 

corresponding subunits in intact membrane F1FO. This demonstrates that free F1 is a 

newer pool with a faster turnover rate consistent with them being assembly 

intermediates in vivo. Import of [35S] Met-labelled F1 subunit precursors into 

Arabidopsis mitochondria showed the rapid accumulation of F1 assembly intermediates. 

The different 15N incorporation rate in matrix F1, inner membrane F1 and F1FO shows 

these three represent different protein populations and likely step by step 

intermediates during the assembly process of plant mitochondrial ATP synthase. The 

potential biological implications of in vivo accumulation of enzymatically active F1 in 

mitochondria are discussed. 
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Introduction 

Mitochondrial ATP synthase is composed of a hydrophilic F1 component which 

catalyses ATP formation and protrudes into the matrix and a hydrophobic FO 

component which channels protons through the membrane while also anchoring the 

whole complex to the mitochondria inner membrane (Senior, 1990; Hamasur and 

Glaser, 1992; Velours and Arselin, 2000; Heazlewood et al., 2003). The catalytic F1 

subunit complex α3β3 and FO components (subunits a, c, e, f, g, and A6L (ATP8) ) are 

connected by a central stalk (including F1 subunits γ, δ and ε) and a peripheral stalk 

(including OSCP, subunit b, subunit d, F6) (Rees et al., 2009). The general structure and 

core subunits of the F1FO ATP synthase are highly conserved from bacteria to yeasts, 

plants and animals (Cross and Müller, 2004). Most of plant mitochondrial F1 ATP 

synthase subunits are encoded in the nucleus and translated in the cytosol before 

being imported into the mitochondria (β,γ,δ and ε), while most of the FO subunits are 

encoded in the plant mitochondrial genome and translated in the mitochondrial matrix 

(a, b, c and A6L) (Jansch et al., 1996; Heazlewood et al., 2003; Sabar et al., 2003; Sabar 

et al., 2005). In plants, the F1 α subunit is encoded in the mitochondrial genome in 

most species. The abundance of subunits within the F1 component are kept in tight 

stoichiometry in prokaryotic and eukaryotic organisms (Senior, 1990; Hamasur and 

Glaser, 1992; Velours and Arselin, 2000). One of the challenges of investigating ATP 

synthase is determining how the different components are assembled from their 

subunits, and how these are progressively combined into functioning protein 

complexes.  

 

Blue native electrophoresis has been used widely for two decades to investigate 

multi-protein complexes in their enzymatically active form (Schagger and Vonjagow, 

1991; Jansch et al., 1996). The F1FO ATP synthase (also known as complex V in OXPHOS) 

is clearly visible on blue native gel separations of mitochondrial samples, and in 

combination with mass spectrometry, its subunit composition has been identified in a 

range of model species (Schagger and Vonjagow, 1991; Jansch et al., 1996; Werhahn 
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and Braun, 2002; Heazlewood et al., 2003; Klodmann et al., 2011). In blue native gel 

separations of wild type yeast mitochondrial membrane proteins, both dimeric and 

monomeric forms of F1FO ATP synthase have been resolved (Arnold et al., 1998), while 

in mammals the monomeric F1FO ATP synthase predominates (Schagger and Vonjagow, 

1991).  Apparently free F1, separate from the FO subunits is usually only found in 

native gels of debilitating ATP synthase mutants in yeast (Arnold et al., 1998). In 

contrast, significant amounts of apparently free F1 are reported in mitochondrial blue 

native separations from mouse muscle samples (Diaz et al., 2009), bovine heart (Wittig 

et al., 2007) and a number of human cultured cell lines (Nijtmans et al., 1995; Carrozzo 

et al., 2006; Wittig et al., 2006; Cortes-Hernandez et al., 2007) and in human patient 

samples (Wittig et al., 2006, 2007). Apparently separate F1 and FO are also prominent in 

blue native gels of plant mitochondrial membrane proteins from different species and 

tissues (Jansch et al., 1996; Eubel et al., 2003). These separate F1 and FO components 

across kingdoms have most often been interpreted to be degradation products 

produced during sampling handling and detergent solubilisation or the result of 

damage or mutation, rather than bona fide in vivo assembly intermediates (Jansch et 

al., 1996; Wittig et al., 2007; Diaz et al., 2009; Klodmann et al., 2011). This view is 

supported by the relatively high abundance of the separate components which would 

not normally be expected for assembly intermediates (Klodmann et al., 2011) and also 

the evidence that hydrophilic F1 can be detached from FO by severe sample treatments 

such as sonic irradiation and chloroform extraction of membranes (Ackerman and 

Tzagoloff, 1990). The amount of F1 subunits released from human cultured cells 

mitochondria by osmotic shock has been used as a marker of ATP synthase disassembly 

status (Cortes-Hernandez et al., 2007). The presence of intact F1FO ATP synthase in blue 

native gels from plants has been reported to be sensitive to salt concentration during 

dodecylmaltoside-assisted membrane solubilisation, and buffer changes were found to 

partially stabilize the dodecylmaltoside-assisted solubilisation of intact plant F1FO ATP 

synthase (Jansch et al., 1996).  Free F1 has also been found in plant mitochondrial 

matrix samples and reported to be an in vitro breakage product resulting from 
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freeze-thawing of mitochondrial samples (Jansch et al., 1996). 

 

Many proteomic reports in plants, however, have noted the differential sensitivity of 

plant F1 subunits to a range of biological stress treatments. This suggests the F1 

subcomplex may need an in vivo pathway for repair or replacement distinct from what 

is required for the FO subcomplex. Stress treatments including H2O2, paraquat, chilling 

and drought have been found to enhance the abundance of plant mitochondrial F1 

subunit breakdown products (Sweetlove et al., 2002; Taylor et al., 2005). Coordination 

of mitochondrial and nuclear genomes expression of F1FO ATP synthase during sugar 

stress has also been postulated to occur at the level of protein complex assembly of F1. 

Sugar starvation caused the limited supply of nuclear-encoded subunits of respiratory 

enzyme complexes including the β subunit of F1FO  ATP synthase, which then required 

the degradation of excessive mitochondrial-encoded subunits such as F1α to build 

stoichiometric ATP synthase complexes (Giege et al., 2005). Degradation of specific 

subunits or subcomplexes and/or modular assembly of functional ATP synthase might 

thus be a way for plants to adapt to differential damage of subunits in changing 

environments and altered demands during plant development. However, the biological 

implications of significant amounts of free F1 in vivo in plants would be significant. In 

principle, F1 not governed by membrane potential could enhance ATP hydrolysis 

making a futile cycle inside mitochondria and lowering the efficiency of ATP synthesis 

under such circumstances. 

 

To determine if apparently free F1 arose from breakage of F1FO in vitro or was a 

separate subcomplex in vivo required the isolation of complexes and subcomplexes to 

determine their relative rates of assembly. The typical method to investigate complex 

assembly had been by a radio-labelled pulse-chase strategy which can monitor 

different subunits chased into protein complexes in organello or in vivo (Kane et al., 

1999; Smardon et al., 2002; Rak and Tzagoloff, 2009; Rak et al., 2011). However, this 

approach only studies a tiny proportion of the newly synthesised complex in cells or 
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isolated mitochondria. Recent research in yeast using these approaches has shown the 

assembly of F1FO ATP synthase involves two separate but co-ordinately regulated 

pathways that converge at the final stage (Rak and Tzagoloff, 2009; Rak et al., 2011).  

At least three modules: F1, the c subunit ring and the subunit a/A6L/stator sub-complex 

are thought to be assembly intermediates (Rak et al., 2011). Free F1 has also been 

shown to play an activation role in Atp6 and Atp8 translation (Rak et al., 2011) and 

increased degradation of subunit a has been discovered in HeLa cells lacking F1 (Rak et 

al., 2011). However, the significance of the early evidence of appreciable abundance of 

apparently free F1 in mammal and plant mitochondrial extracts has not been 

incorporated into this model based on radio-labelled pulse-chase experiments. Here 

we have used a strategy to look at the progressive incorporation rate of a stable 

isotope (15N) into Arabidopsis mitochondrial inner membrane and matrix proteins to 

understand the assembly model of F1FO ATP synthase in vivo and the nature of the 

significant amount of apparently free F1 in plant mitochondria.  

 

Methods 

Cell culture growth, 15N metabolic labeling and mitochondria preparation 

Arabidopsis cell suspension was cultured in growth medium (1×Murashige and Skoog 

medium without vitamin, 3% sucrose [w/v], 0.5 mg/L naphthalene acetic acid, 0.05 

mg/L kinetin, pH 5.8) at 22°C under continuous light conditions and light intensity of 90 

μmol m-2 s-1 with orbital shaked at 120 rpm. Cultures were maintained in 250 ml 

Erlenmeyer flasks by the inoculation of 20-25 ml of 7-day old cells into 100 ml of new 

medium. The same growth medium without nitrogen (no ammonium nitrate or 

potassium nitrate) was used to wash the 7d old cell culture three times before transfer 

to 15N growth medium. Ammonium-15N nitrate-15N (1.69 g/L) and potassium 

nitrate-15N (1.92 g/L) (98% 15N Sigma) were added to growth medium without nitrogen 

as the 15N growth medium. 15N labelled cells were collected onto filter paper at 96, 120 

and 168 h using vacuum filtration. 

 



Chapter 3 F1FO ATP synthase assembly pathway 

 
 

      92 
 

Fresh cells (20-25 g) from each time point replicate were dispersed in digestion 

solution (0.4% [w/v] Onozuka cellulase RS, 0.05% [w/v] Kyowa pectolyase Y-23, 0.4 M 

mannitol, MES 0.7 g/L, pH 5.7) with gentle shake in the dark for 3 hours at room 

temperature. The solution was centrifuged at 800 g for 10 min, the supernatant 

decanted and the resuspended protoplast pellet dispersed in digestion solution, 

without enzymes, by swirling and repeating the centrifugation. Washed protoplasts 

were then resuspended in extraction buffer (0.4 M sucrose, 50 mM Tris, 3 mM EDTA 

and 0.1% [w/v], pH 7.5) and homogenized 5-9 times in a Dounce 0.12 mm homogenizer. 

Extraction buffer containing broken protoplasts was centrifuged at 2500 g for 5 min 

and the supernatant recovered for centrifugation at 20,000 g for 20 min. The organelle 

pellet was resuspended in 0.5-1 ml of mannitol wash buffer (0.3 M mannitol, 10 mM 

TES and 0.1% [w/v] BSA pH 7.5) using a paint brush, and pipetted onto two 35 ml 

Percoll gradients (40%, 25% and 18% [w/v] Percoll in mannitol wash buffer). The 

gradients were centrifuged at 40,000 g for 60 min with slow braking. Mitochondria, 

which form a yellow-brown band at the 40% and 25% interface, were collected and 

diluted in sucrose wash buffer (0.3 M sucrose, 10 mM TES, pH 7.5). Diluted 

mitochondria were centrifuged at 24,000 g for 15 min with slow braking. The pellet 

was collected and diluted again in sucrose wash buffer. Preparation of mitochondria 

from 20 day old shoots of hydroponically grown Arabidopsis seedlings was performed 

according to (Lee et al., 2008). Isolated mitochondria were quantified with the Bradford 

assay and were used for in vitro imports, or made into aliquots corresponding to 1 mg 

of mitochondrial protein and run on blue native gels directly or stored in -80 oC for later 

analysis.  

 

Mitochondria treatments and fractionation of the membrane and soluble proteome 

Mitochondria equivalent to 3 mg of protein freshly repaired from 120 h 15N labelled 

cell cultures were used for a series of treatments. Mitochondria equivalent to 1 mg of 

the protein were directly solubilised without freezing and separated by blue native 

(BN)-PAGE. Mitochondria equivalent to another 1 mg of protein were frozen and 
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thawed three times, half were further treated by heating at 50 oC for 15 min before 

samples were washed, solubilised and separated by BN-PAGE separately. The relative 

abundance of F1 and FO subcomplexes in Coomassie staining gel images was quantified 

by Image J. 

 

Mitochondria corresponding to 3 mg of protein isolated from 120 h 15N labelled cells 

were used for fractionation of membrane and soluble proteomes. Mitochondria were 

vortexed at 4 oC for 5 min, with 30 s intervals between every 30 s of vortexing. Two 

equal aliquots were treated by 150 mM potassium acetate and further vortexed for 5 

min. Sucrose wash buffer was added to both aliquots to fill the centrifuge tubes, 

samples were vortexed and then centrifuged at 100,000 g for 60 min at 4oC. 

Supernatant proteins were then concentrated using a 3 kDa cut-off column (Amicon). 

Two membrane and two soluble fractions (salt treated and untreated) were then 

solubilised and separated by BN-PAGE. 

 

Two dimensional BN/SDS PAGE  

Mitochondrial aliquots were washed with 2 ml sucrose wash buffer (0.3 M sucrose, 10 

mM TES, pH 7.5) and then centrifuged at 14,300g for 10 min. Pellets were dissolved in 

100 μL digitonin solubilization buffer (30 mM HEPES pH 7.4, 150 mM potassium acetate, 

10% [v/v] glycerol, digitonin 50 mg/ml). Samples were centrifuged at 18,000 g for 30 

min after incubation for 20 min on ice to remove insoluble material and were 

subsequently supplemented with 5 μL of a Coomassie blue solution (5% [w/v] 

Coomassie G250 from Serva in 750 mM ɛ-amino-n-caproic acid). Coomassie 

Blue-treated protein samples were directly loaded onto blue-native gels. Two 

dimensional BN/SDS PAGE was carried out as described previously (Schagger and 

Vonjagow, 1991). Gradient gels (4.5%-16% [w/v] polyacrylamide) were used for the first 

blue-native dimension as described previously (Eubel et al., 2003). A second dimension 

Tricine-SDS PAGE gel comprised of a 4% stacking gel and a 12% separation gel was used 

for separation of polypeptides. Electrophoresis parameters and Coomassie staining 
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were carried out as described previously (Eubel et al., 2003). Fractions of membrane 

and soluble proteomes from 0.5-1 mg of mitochondrial protein from isolated cell 

culture and plant mitochondria were separated by BN-PAGE. In gel ATP hydrolysis 

activity assays were performed according to (Wittig et al., 2007). 

 

In gel digestion, MALDI TOF/TOF and quantification of the proportion of natural 

abundance peptides remaining after 15N incubation 

The same protein spots in ATP synthase F1FO, F1, FO and matrix F1 lanes from 0, 96, 120 

and 168 h gels were cut and in-gel digested with trypsin according to the method 

described by (Taylor et al., 2005) with the alteration that only a quarter of the trypsin 

amount was used in order to decrease the effect of trypsin peaks on data 

interpretation. The mass spectrometry and determination of the ratio of the amount of 

natural abundance (NA) peptides to the sum of the amount of NA and 15N labelled 

peptides (H) were largely as previously described (Li et al., 2012). This allowed the 

calculation of NA/(NA+H) as a proxy for protein turnover rate.  

 

Peptides were analyzed with an UltraFlex III MALDI-TOF/TOF mass spectrometer 

(Bruker Daltonics). In-gel digested peptides were reconstituted with 5 μL 5% 

acetonitrile (ACN v/v), 0.1% trifluoroacetic acid (TFA v/v). A total of 2 μL of each sample 

was spotted onto a MTP 384 MALDI target plate and mixed with 2 μL of a matrix 

solution (90% (v/v) ACN, 10% (v/v) of a saturated α-Cyano-4-hydroxycinnamic acid 

solution, supplemented with 0.01% (v/v) TFA). Dried spots were overlaid with 10 μL 

cold washing buffer (10 mM NH4H2PO4, 0.1% TFA) and allowed to stand for 10 seconds 

before removal by pipette. Spots were analyzed at 50-85% laser intensity with up to 

1200 shots for MS analysis per spot. Ions between 700-4000 m/z were selected for 

MS/MS experiments using 3% additional laser power. Masses corresponding to trypsin 

autolysis were excluded from analysis. Tandem mass spectrometry data were analyzed 

using Biotools (Bruker Daltonics) and an in-house Arabidopsis database comprising 

ATH1.pep (release 9) from The Arabidopsis Information Resource (TAIR) and the 
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Arabidopsis mitochondrial and plastid protein sets (33621 sequences; 13487170 

residues), using the Mascot search engine version 2.3 and utilizing error tolerances of 

±1.2 Da for MS and ±0.6 Da for MS/MS; “Max Missed Cleavages” set to 1; variable 

modifications of oxidation (Met) and carbamidomethyl (Cys). Only protein matches 

with ion scores greater than 40 were used for analysis (p<0.05). For all spots, the 0 and 

24 h time points were used for both MS and MS/MS analyses for protein IDs while only 

the MS data were analysed for 96, 120 and 168 h. Search results were exported to CSV 

format for each spot. In order to calculate heavy label incorporation and the relative 

abundance of NA and H peptide populations to yield NA/(NA+H), MALDI-TOF/TOF MS 

data were exported to mzXML files (CompassXport 3.0 (Bruker)), and were 

subsequently converted to text files using the ProteomeCommons.org IO Framework 

6.21 (http://proteomecommons.org/current/531/). Text files were then parsed using a 

script written in Mathematica 7.0 (Wolfram Research) for further analysis. Isotopic 

envelopes were fitted using a two population model consisting of NA and H fractions 

with the open source program Isodist (http://williamson.scripps.edu/isodist/) as 

previously described  (Sperling et al., 2008).  Briefly, 5 iterations were allowed per 

round of fitting in order to calculate the abundance (amplitude) of the NA form of the 

peptide, abundance of 15N-labeled population (H), the 15N-incorporation level, gaussian 

peak width, mass error, and baseline. Results from Isodist were then parsed with 

another Mathematica script and spectra generated by overlaying experimental and 

calculated data with these images were then exported as PDF files for manual 

inspection. Only peptides with good signal-to-noise were considered further. 

 

In vitro precursors import in cell culture mitochondria 

The full cDNA of A. thaliana γ subunit (At2g33040) and ε subunit (At1g51650) were 

cloned into pDest14 (Invitrogen) using gateway-cloning techniques (Invitrogen) for in 

vitro transcription and translation. [35S]Met-labeled precursor proteins were 

synthesized using rabbit reticulocyte TNT in vitro transcription/translation lysate 

(Promega, Melbourne, Australia) as described previously (Carrie et al., 2010). For in 

http://proteomecommons.org/current/531/
http://williamson.scripps.edu/isodist/
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vitro imports analyzed on SDS-PAGE and BN-PAGE gels, mitochondria equivalent to 100 

or 250 μg protein were used per time point. After the import was carried out for the 

required time, mitochondria were pelleted at 20,000 × g for 5 min and then proteins 

subjected to BN-PAGE. After migration, gels were fixed in 40% (v/v) methanol, 10% (v/v) 

acetic acid, dried, and exposed for radiolabel detection as described before (Carrie et 

al., 2010). For the chase experiments, the same incubation buffer without the 

translation lysate and precursors protein was used with 1 mM methionine added. 

 

Results 

Elevated turnover rates in F1 subcomplex components 

Seven day old Arabidopsis suspension cell culture growth in natural abundance (NA) 

media were washed in nitrogen free MS salt media and transferred to 98% 15N 

enriched MS media as described previously (Li et al., 2012) and then separately 

cultured for 96, 120 and 168 h. Biological triplicate experiments were undertaken for 

each time point. Mitochondria were isolated from NA and 15N labelled cell culture at 

each time point and frozen. Mitochondrial membranes were separated from 

freeze-thawed samples by centrifugation, solubilised with digitonin and separated by 

BN-PAGE followed by a second dimension of SDS-PAGE. ATP synthase subunits in 

BN/SDS-PAGE gel protein spots were identified by in-gel digestion and analysis by 

MALDI TOF/TOF from three independent mitochondrial protein samples. Previous blue 

native maps from plant mitochondria were used as guides to locate ATP synthase 

subunits (Heazlewood et al., 2003; Klodmann et al., 2011). Subunits including α, β, γ, δ 

and ε and FAD were found in both F1FO and F1 lanes while subunit d, AL6 and subunit f 

were found in both F1FO and FO lanes (Fig 1, Supp Data 1). OSCP was only found in F1FO 

which is consistent with earlier research (Jansch et al., 1996; Heazlewood et al., 2003).  

 

Peptides for ATP synthase subunits scoring >40 by the Mascot algorithm (p<0.05) were 

used to calculate the NA/(NA+H) ratio for specific peptides. This ratio represents the 
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proportion of the peptide pool that remains from the time before the switch to the 15N 

media. Quantification of the NA/(NA+H) ratio for each peptide was determined as 

previously described by modelling fits to the mass spectra to explain the isotope 

distribution for each peptide (Li et al., 2012). The three biological replicate calculations 

of NA/(NA+H) for all the peptides of a protein were averaged to determine the final 

NA/(NA+H) for a protein which was then used as a proxy for each protein’s turnover 

rate (Fig 2, Supp Data 2). The bar graphs in figure 2A show that 37-50% of the NA 

population of F1 and FO subunits remained after 96 hours of cell culturing. However, 

the isotope proportion for specific subunits depended on whether the peptides for a 

protein were extracted from the F1FO complex or the apparently free F1 or FO 
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subcomplex on the gels. In the case of FO subunits (A6L, subunit d) these differences 

are minor and not statistically significant. However, in the case of the F1 α, β and γ 

subunits, the NA/(NA +H) ratio was significantly lower when peptides were extracted 

from the free F1 subcomplex.  These consistently smaller NA/(NA+H) ratios indicate a 

significantly higher turnover rate for these subunits (p<0.05) in F1 than in the F1FO 

complex. These differences persisted at 120 and 168 h of 15N labeling (Fig 2B and C). 

The difference between the FO subunits in free FO and F1FO complex were not 

statistically significant at any of the timepoints measured (Fig 2, Supp Data 2). This 

means the free F1 cannot arise from breakage of F1FO in vitro during sample handling, 

but must arise from a different pool of protein complexes in vivo.  

 

F1 precursor proteins are imported and rapidly assembled into both apparently free 

F1 and F1FO ATP synthase in organello 

To determine whether F1 is formed rapidly after import or if it might somehow arise 

from a long-term degradation process in plants, we performed in vitro import assays of 

[35S]Met-labelled γ and ε subunit precursors into isolated Arabidopsis cell culture 

mitochondria. Analysis of autoradiographs of SDS-PAGE separated samples showed 

both subunits were imported into mitochondria in a 60 min incubation and the 

imported products were resistant to PK digestion. The γ subunit was processed on 

import leading to a ~3kDa decrease in its apparent molecular mass and only the 

processed form was PK protected. The smaller ε subunit was not processed, consistent 

with the known N-terminus of the protein, but most of the membrane bound protein 

was PK protected after 60 minutes of the import reaction (Fig 3A).  Separation of 

PK-protected proteins in BN gels revealed both γ and ε proteins [35S]Met-labelled 

complexes with the same molecular mass as the apparently free F1 within 60 minutes, 

with the γ subunit but not the ε subunit also labeling a complex the same size as F1FO 

(Fig 3B).  To further explore this import process, we examined the assembly process 

using a time series of the import (5, 10,20,30,60 min) followed by a chase in the 

absence of precursor for 60 min. The γ subunits that had assembled in F1 could not be 
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further chased into F1FO over the course of an hour (Fig 3C). The ε subunit assembled in 

F1 could be chased into a higher mass complex intermediate between F1 and F1FO (Fig 

3D). 

 

Comparison of turnover rates among fresh, frozen and heat treated mitochondrial 

membranes 

Given the literature proposition that free F1 and FO often arise from sample handling 

and breakage of intact F1FO, we directly assessed the impact of freezing and heat 

treatment on the 15N incorporation ratio of ATP synthase subunits at 120 h. Fresh 

mitochondria (F), frozen mitochondria from three cycles of freeze and thaw (FT) and 

the same sample treated by heating (FT+Heat) were separated by BN-PAGE in separate 

lanes on the same gel. Coomassie staining was used to determine the change of F1 or 

FO subcomplex abundance as a proportion of the F1FO + F1 + FO abundance. The 

freezing treatment had little if any effect on the relative proportion of free F1 and FO 

(0.7 and 1.4, respectively) while freezing and heat increased the free F1 or FO  

proportion more obviously (1.4 and 2.7, respectively). These effects were reflected in 

NA/(NA+H) ratios of F1 α and β subunits being closer to the F1FO complex values (Fig 4, 

Supp Data 3).  

 

An even higher turnover F1 subcomplex exists in the mitochondrial matrix and 

hydrolyses ATP 

The appearance of apparently free F1 in plant mitochondria is not restricted to a 

membrane bound form in BN analysis of isolated membranes, it has also been reported 

in the soluble matrix protein fraction of potato mitochondria (Jansch et al., 1996). 

Using similar protocols to those used in potato, we could observe a soluble F1 

subcomplex in an Arabidopsis cell culture mitochondrial matrix fraction (Fig 5). The F1 

subunits α, β, γ, δ were identified. We measured the turnover rate of the mitochondrial 

matrix F1 subunits after 120 h of labeling and they have a very similar turnover rate to 

each other. When we compared them to the turnover rates of the corresponding 



Chapter 3 F1FO ATP synthase assembly pathway 

 
 

      102 
 

 

 

 

 

 

 

 

 



Chapter 3 F1FO ATP synthase assembly pathway 

 
 

      103 
 

 

 

 

 



Chapter 3 F1FO ATP synthase assembly pathway 

 
 

      104 
 

 

subunits in the membrane F1 and F1FO from the same mitochondrial sample, we 

observed that matrix F1 had a much higher turnover rate than either the inner 

membrane F1 or F1FO (Fig 5 Supp Data 4). Salt treatment of membranes did not alter 

the turnover rate of the membrane or matrix F1 subunits which suggests the F1 in the 

inner membrane is tightly associated with the membrane and is not in equilibrium with 

the matrix F1 (Fig 5, Supp Data 4).  

 

To determine if the soluble matrix F1 has catalytic activity, in-gel activity assays to 

measure ATP hydrolysis were performed. In-gel ATP hydrolysis activity was associated 

with the F1FO band and the F1 band in BN separation of membrane proteins from cell 

culture mitochondria. Separation of soluble proteins from the same mitochondria 
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showed ATP hydrolysis activity associated with a free soluble F1 subcomplex (Fig 6). To 

determine if enzymatically active soluble F1 was also present in planta, in-gel activity 

assays were repeated in Arabidopsis leaf mitochondria. Again, F1FO band and FO bands 

of in-gel ATP hydrolysis activity were observed in membrane samples and an F1 band 

with ATP hydrolysis activity was also observed in soluble protein samples.  

 

DISCUSSION 

Strategies to investigate macromolecular complex assembly  

Radioactive labeling pulse-chase experiments have been the classic way to study 

assembly of various ATP synthase complexes. These experiments usually incorporate 

[35S]-Met short term labeling and a chase step with excess normal media or removal of 

free label, coupled with non-denaturing solubilisation or BN-PAGE separation of the 

products over a time-course (Myers and Forgac, 1993; Kane et al., 1999; Barrientos et 

al., 2002; Smardon et al., 2002; Rak et al., 2011). This approach has provided 

convincing qualitative evidence of protein subunits chased into larger complexes within 

wild type or ATP synthase mutants of different species. However, this approach is not 

able to dissect the parallel appearance of subcomplexes or their dilution rates during 

the chase, such as has been shown in the case of vacuolar V-ATP synthase analysis in 

yeast and mammal cells (Myers and Forgac, 1993; Kane et al., 1999). Using a new 

strategy to progressive 15N labeling and separating F1FO ATP synthase, F1 and FO 

subcomplexes by BN-PAGE, we have been able to show a soluble F1 population exists in 

the matrix with a much higher turnover rate, and an intermediate inner 

membrane-bound F1 population has a higher turnover rate relative to the stable F1FO 

complex. This demonstrates that three populations of F1 subunits exist in plant 

mitochondria and can be separated for analysis. Consistent with our work, recent work 

in yeast has proposed a modular assembly model for mitochondrial ATP synthase F1FO 

that postulates ‘a’ free F1 assembly precursor which plays a translational activation role 

towards the FO subunit a (Atp6p) and A6L (Atp8p) (Rak and Tzagoloff, 2009; Rak et al., 

2011).  The discovery of a high turnover rate F1 in Arabidopsis mitochondrial matrix is 
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consistent with the existence of such an F1 population in plants, and thus that the 

current yeast ATP synthase F1FO assembly model could also be a model for plants. 

Because the differences between inner membrane F1 and ATP synthase F1FO turnover 

rates are statistically significant (Fig 2), the membrane bound F1 could be evidence of a 

downstream or more stable assembly intermediate than matrix F1. The fact that the 

heat treatment reduced the differences in NA/(NA+H) (Fig 4) could indicate the inner 

membrane F1 is a mixture of F1FO breakdown in vitro and an assembly intermediate.  

Our data cannot unequivocally prove that the soluble F1 in the matrix and apparently 

free F1 in inner membrane are not disassembly intermediates. But the higher 15N 

incorporation in these F1 populations than in F1FO ATP synthase means this is only 

possible if breakage of the complex is biased to the newly assembled F1 components of 

F1FO ATP synthase. It is not clear what could cause such a bias. Breakage would also 

presumably lead to the presence of higher turnover FO, but this is not the 

characteristics of the apparently free FO found in membrane samples (Fig 2).  Further, 

our attempts at harsh handling of samples do not lead to lower NA/(NA+H) but rather 

to higher ratios (Fig 4) which is consistent with dilution by the 15N incorporation 

signature of the bulk of assembled F1FO ATP synthase. 

 

Concerted vs modular assembly models for different ATP synthases 

The assembly of the V-ATP synthase has been shown to occur by two different 

pathways, a concerted and an independent assembly pathway in wild type yeast (Kane 

et al., 1999; Smardon et al., 2002). The published data suggests assembly of V-ATP 

synthase occurs predominantly by the concerted assembly pathway with each subunit 

added sequentially. However, reports of modular assembly of yeast mitochondrial F1FO 

ATP synthase support two separate but co-ordinately regulated pathways building 

separate subcomplexes that converged at the end stage (Rak and Tzagoloff, 2009; Rak 

et al., 2011). Our data shows the existence of a very high turnover rate soluble F1 in 

mitochondrial matrix together with a relatively high turnover rate F1 associated with 

the inner membrane which supports a modular model for mitochondrial F1FO assembly 
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in plants. The differences between the turnover rates of inner membrane FO and F1FO 

ATP synthase were not statistical significantly different (Fig 2, Supp Data 2) which 

suggests F1 and FO are not assembled together, but rather are assembled 

independently. Our [35S]Met-labelled import results showed that γ subunits were 

incorporated into apparently free F1 but also in higher mass complexes that were 

smaller than the final F1FO ATP synthase revealed at the end of the chase period (Fig 

3C). Also, import of the ε subunit shows accumulation of a dominant band 

intermediate in mass between F1 and F1FO (Fig 3D). These observations could support 

the notion that aspects of concerted ATP synthase assembly are also occurring in plant 

mitochondria.  

 

Proposal for an F1FO ATP synthase work assembly model for plant mitochondria and 

its biological implications 

We propose that a soluble mitochondrial F1 which includes at least α, β, ɣ and δ is 

formed in the matrix. By an unknown mechanism this is associated with the inner 

membrane making an independent population that is observed as F1 following BN 

separation (Fig 7) but which has membrane binding components before detergent 

addition. This association with the membrane could be via a digitonin-labile interaction 

with FO membrane complexes that lack key stator stalk components (most notably 

OSCP) causing them to break and form F1 during membrane solubilisation. A similar 

model was also proposed in an early study of ATP synthase assembly in human cells 

(Nijtmans et al., 1995) where subunit c was proposed to bind F1 to membranes before 

full assembly of F1FO.  This is also consistent with the composite structure of the 

extrinsic region of the F1FO ATP synthase that shows OSCP reaching in to the F1 head 

group to clamp the F1 in place (Rees et al., 2009) . Finally, the stator stalk and other 

subunits are assembled into these F1FO intermediates to form the final functional and 

detergent-stable F1FO ATP synthase (Fig 7). If this model is correct then the apparently 

free FO in membranes (Fig 1) would not exist in vivo, but would be the membrane 

anchor of the intermediate F1 which is released upon detergent treatment.  
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Given there is evidence in both animal (Wittig et al., 2007; Diaz et al., 2009) and plant 

(Fig 6) mitochondria that free F1 retains ATP hydrolytic activity, it is plausible that the 

soluble pool of F1 catalyses a futile cycle with F1FO ATP synthase in vivo which would 

lower the efficiency of respiration. The rate would depend on the ATP concentration in 

the matrix and thus the efficiency of the adenylate transporter removing ATP from the 

matrix. In animals such phosphorylation efficiency losses in mitochondria were once 

thought to only be tolerated in brown adipose tissue expressing uncoupling proteins 

(Ravussin and Galgani, 2011). But now the wider presence of membrane uncoupling 

proteins in mammalian tissues and their role in slow degenerative disease and aging 



Chapter 3 F1FO ATP synthase assembly pathway 

 
 

      109 
 

has been recognised (Azzu et al., 2010; Mookerjee et al., 2010). In plants, however, a 

range of non-proton pumping electron transport chain components and uncoupling 

proteins act to lower the efficiency of ATP synthesis in a wide variety of scenarios 

(Millar et al., 2011). Thus the presence of free F1 in the matrix may be a further 

mechanism of oxidative phosphorylation uncoupling in plants that deserves further 

investigation. 
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Foreword to Study III 

 

CI comprises 14 core subunits found in all organisms and an additional 31-38 accessory 

subunits only found in eukarytoes (Walker et al., 1995). A number of the accessory 

subunits differ among eukaryote kingdoms (Walker et al., 1995; Videir and Duarte, 

2001; Gawryluk and Gray, 2010; Klodmann et al., 2010). The composition, structure 

and assembly of complex I is a major area of studying in a large number of different 

organisms (Tuschen et al., 1990; Carroll et al., 2002; Vogel et al., 2007; Mimaki et al., 

2011; Meyer, 2012). Controlled dissociation of Arabidopsis CI using low concentrations 

of SDS followed by BN-PAGE and peptide mass spectrometry has enabled the 

visualisation and analysis of 10 subcomplexes which are 85-550 kDa in size, providing 

detailed insights into the internal architecture of the plant CI (Klodmann et al., 2010). 

In Arabidopsis CI subunit knockout mutants, 200, 400, 450 and 650 kDa membrane arm 

subcomplexes had been identified and have been proposed to be assembly 

intermediates (Meyer et al., 2011). However, reports in studies to date have not been 

able to distinguish between productive and non-productive intermediates, an essential 

distinction in building a rigorous CI assembly model. The strategy to investigate 

complex assembly established in Study II, by combining 15N labeling, BN-PAGE 

separation and labeled precursor import, was used now to address issues in 

mitochondrial CI assembly in Arabidopsis. 

 

A specific matrix-exposed domain has been identified in plant mitochondrial CI, which 

is formed by γ-carbonic anhydrase (γ-CA) and γ-CA like protein subunits that are 

attached to the membrane arm of mitochondrial CI (Sunderhaus et al., 2006). In 

Arabidopsis, this protein domain contains at least three different γ-CA proteins and two 

less well conserved γ-CAs like proteins (Perales et al., 2004). Suspension cell culture 

lines derived from the mutant ca2 showed reduced growth rates and lower CI 

abundance (Perales et al., 2005), which indicates that the γ-CA subunits could be 



Chapter 4 Complex I assembly 

 
 

      115 
 

important for CI assembly or structural stability. 

 

In Study III, a 200-kDa subcomplex, containing the ancestral γ-carbonic anhydrase 

(γ-CA), carbonic anhydrase-like (CAL) and 20.9-kDa subunits, was found with a 

significantly higher turnover rate than intact CI and the supercomplex I+III2. Transient 

incorporation of labeled precursor into the same 200 kDa-subcomplex confirmed it as a 

productive CI assembly intermediate in vivo. Furthermore, the components within 

200-kDa assembly intermediate, their conservation in complex I from different 

organisms and their role in CI assembly were discussed from an evolutionary 

viewpoint. 

 

Author contributions: Experiments were designed by Millar, A.H., Nelson, C. and I. 

Import experiments were designed by Millar, A.H. and Whelan, J. I conducted the 
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Abstract 

Subcomplexes of mitochondrial respiratory complex I (CI; EC 1.6.5.3) are shown to turn 

over in vivo and we propose a role in an ancestral assembly pathway. By progressively 

labeling Arabidopsis cell cultures with 15N and isolating mitochondria, we have 

identified CI subcomplexes through differences in 15N incorporation into their protein 

subunits. The 200-kDa subcomplex, containing the ancestral γ-carbonic anhydrase 

(γ-CA), γ-carbonic anhydrase-like and 20.9-kDa subunits, had a significantly higher 

turnover rate than intact CI or CI+CIII2. In vitro import of precursors for these CI 

subunits demonstrated rapid generation of subcomplexes and revealed that their 

specific abundance varied when different ancestral subunits were imported. 

Time-course studies of precursor import showed the further assembly of these 

subcomplexes into CI and CI+CIII2, indicating that the subcomplexes are productive 

intermediates of assembly. The strong transient incorporation of new subunits into the 

200-kDa subcomplex in a γ-CA mutant is consistent with this subcomplex being a key 

initiator of CI assembly in plants. This evidence alongside the pattern of coincident 

occurrence of genes encoding these particular proteins broadly in eukaryotes, outside 

opisthokonts, provides a framework for the evolutionary conservation of these 

accessory subunits and evidence of their function in ancestral CI assembly.  
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Introduction 

NADH-ubiquinone oxidoreductase (Complex I (CI), EC 1.6.5.3) is the largest (~1000 kDa) 

protein complex of the oxidative phosphorylation (OXPHOS) assembly and is also the 

major entry point of electrons from the oxidation of NADH into the respiratory chain. 

CI contains 14 core subunits that represent the minimal active form and that are 

conserved from prokaryotic to eukaryotic organisms. In the mitochondria of eukaryotes, 

CI contains an additional 31-38 accessory subunits, a number of which differ among 

organisms (Walker et al., 1995; Videira and Duarte, 2001; Klodmann et al., 2010; Cardol, 

2011). Single-particle electron microscope imaging analysis of isolated CI from 

Arabidopsis and Polytomella identified a specific matrix-exposed domain formed by 

γ-carbonic anhydrase (γ-CA) subunits that are attached to the membrane arm of 

mitochondrial CI by the integral membrane protein CA2 (Sunderhaus et al., 2006). In 

Arabidopsis, this protein domain contains at least three different γ-CA proteins, CA1 

(At1g19580), CA2 (At1g47260) and CA3 (At5g66510), having conserved active site 

regions, and two less well conserved γ-CA-like proteins, CAL1 (At5g66510) and CAL2 

(At3g48680), which contain alterations to the primary structure of typical γ-CAs 

(Perales et al., 2004). Links between these subunits and photosynthetic function have 

been postulated (Zabaleta et al., 2012), a role in photomorphogenesis in plants has 

been shown by gene knockout studies (Wang et al., 2012), and overexpression leads to 

male sterility in plants (Villarreal et al., 2009), but a CA activity from these proteins has 

not been experimentally confirmed. While at first these subunits were thought to be 

specific to CI from photosynthetic organisms (Heazlewood et al., 2003; Perales et al., 

2005), evidence has emerged of γ-CA proteins in mitochondria and in isolated CI from a 

range of other eukaryotic lineages including slime moulds and amoebae that lack 

photosynthesis (Gawryluk and Gray, 2010). Broader phylogenetic studies have also 

found homology between other CI accessory subunits once thought to be species-or 

lineage-specific (Cardol, 2011).  

 

Given the divergence of CI composition amongst eukaryotes, both the assembly 
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pathway and the biological importance of accessory subunits in assembly 

intermediates could be considerably different among major taxonomic groups of 

eukaryotes. In CI mutants of Neurospora crassa, analysis of CI assembly using 

radiolabeling pulse chase has revealed that the matrix and membrane arms assemble 

independently via separate pathways (Tuschen et al., 1990; Kuffner et al., 1998; Schulte, 

2001; Videira and Duarte, 2002; Mimaki et al., 2012). The membrane subunit 20.9, 

which is absent from mammalian CI, was identified some years ago as a factor essential 

for assembly of the membrane arm in fungi (Schulte et al., 1994). Based on a 

combination of radiolabeling pulse-chase experiments, in vitro mitochondrial import 

and monitoring of tagged CI subunits in assembly-disturbed systems, several CI 

assembly models have been proposed for human cells (Lazarou et al., 2007; Vogel et al., 

2007; Mimaki et al., 2012). In this process, mammalian assembly factors not conserved 

in other species have been identified (Kuffner et al., 1998; Lazarou et al., 2007; Mimaki 

et al., 2012).  Subcomplexes containing CA2 have been reported using antibodies 

(Perales et al., 2005) in detergent disassembly studies of CI in plants (Klodmann et al., 

2011), in Arabidopsis CI subunit knockout mutants (Meyer et al., 2011), and in 

wild-type Arabidopsis mitochondrial proteomes in saturation mapping of 

two-dimensional blue native (BN) gels (Klodmann et al., 2011). Knockout of CA2 and 

CA3 do not yield a clear phenotype in Arabidopsis (Perales et al., 2005; Sunderhaus et 

al., 2006), which might be a consequence of functional redundancy in activities 

between these proteins. However, suspension cell culture lines derived from the 

mutant ca2 showed reduced growth rates and lower CI abundance (Perales et al., 

2005), which indicates that γ-CA subunits could be important for CI assembly or 

structural stability in plants.  

 

However, reports of studies to date have not been able to distinguish between 

productive and non-productive intermediates, an essential distinction in building a 

rigorous CI assembly model. Specifically we needed to determine if subcomplexes were 

present in vivo or if they were formed in vitro due to detergent solubilisation or 
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electrophoresis; if they were incorporated into the small/early assembly intermediates; 

and if they were productive intermediates that go on to form CI or are simply 

non-productive subcomplexes that accumulated in mitochondria. We have combined a 

progressive 15N labeling strategy in vivo (Li et al., 2012) with BN polyacrylamide gel 

electrophoresis (BN-PAGE) and in vitro [35S]Met import and assembly assays to address 

these issues. This approach has allowed analysis of the incorporation rate of subunits 

into subcomplexes, mature CI, and supercomplexes of plant mitochondria to 

investigate their role in assembly and to provide key evidence for the existence of a 

productive CI subcomplex in vivo in plants. The subunits of the identified assembly 

subcomplex, lost in animal lineages, are widely conserved in other eukaryotic lineages, 

providing evidence for their role as ancestral accessory subunits. 

 

Methods 

Arabidopsis cell culture growth and 15N labelling  

Arabidopsis cell suspension was cultured in growth medium (1×Murashige and Skoog 

medium without vitamin, 3% sucrose [w/v], 0.5 mg/L naphthalene acetic acid, 0.05 

mg/L kinetin, pH 5.8) at 22° C under continuous light conditions with a light intensity of 

90 μmol m-2 s-1 and with orbital shaked at 120 rpm. Cultures were maintained in 250 ml 

Erlenmeyer flasks by the inoculation of 20-25 ml of 7-d old cells into 100 ml of new 

medium. The same growth medium without nitrogen (i.e. no ammonium nitrate or 

potassium nitrate) was used to wash the 7-d old cell culture three times before it was 

transferred to 15N growth medium. Ammonium-15N nitrate-15N (1.69 g/L) and 

potassium nitrate-15N (1.92 g/L) (98% 15N Sigma) were added to growth medium 

without nitrogen to make the 15N growth medium. Cells labelled for 24, 120 and 168 h 

with 15N were collected onto filter paper using vacuum filtration. Three biological 

replicates for each time point were performed.  

 

Protoplast preparation and mitochondrial isolation from cell culture 

Fresh cells (20-25 g) for each single time point replicate were dispersed in digestion 
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solution (0.4% [w/v] Onozuka cellulase RS, 0.05% [w/v] Kyowa pectolyase Y-23, 0.4 M 

mannitol, MES 0.7 g/L, pH 5.7) and gently shaking in the dark for 3 hours at room 

temperature. The solution was centrifuged at 800 g for 10 min. The supernatant was 

decanted and the protoplast pellet resuspended in digestion solution without enzymes 

by swirling and repeated rounds of centrifugation. Washed protoplasts were then 

resuspended in extraction buffer (0.4 M sucrose, 50 mM Tris, 3 mM EDTA and 0.1% 

[w/v], pH 7.5) and homogenized 5-9 times with a Dounce 0.12 mm homogenizer. 

Extraction buffer containing broken protoplasts was then centrifuged at 2500 g for 5 

min, the supernatant recovered, and then this supernatant subjected to centrifugation 

at 20,000 g for 20 min. The resultant pellet was resuspended in 0.5-1 ml mannitol 

washbuffer (0.3 M mannitol, 10 mM TES and 0.1% [w/v] BSA pH 7.5) using a paint 

brush and the suspension pipetted onto two 35 ml Percoll step gradients comprising 

40%, 25% and 18% [w/v] Percoll in mannitol wash buffer. The gradients were 

centrifuged at 40,000 g for 60 min and decelerated with slow braking. Mitochondria, 

which form a yellow band at the 40% and 25% interface, were collected and diluted in 

sucrose wash buffer (0.3 M sucrose, 10 mM TES, pH 7.5). Diluted mitochondria were 

centrifuged at 24,000 g for 15 min and decelerated with slow braking. Pellet was 

collected and diluted again in wash buffer. Washed mitochondria were diluted in 0.5-1 

ml of sucrose wash buffer. Isolated mitochondria were quantified with the Bradford 

assay and were then used for import assays, or made into 1 mg protein aliquots and 

run on BN gels or stored at -80 o C for further experiments. 

 

Arabidopsis plant growth and mitochondrial preparation 

Wild type Arabidopsis (Col-0) or ca2 mutant seeds (～30 μg) (Perales et al., 2005) were 

washed in 70% (v/v) ethanol for 2 min and then the seeds placed in a sterilization 

solution (5% [v/v] bleach, 0.1% [v/v] Tween-20) for 15 min with periodical shaking. 

Seeds were then washed in sterile water 5 times before being dispensed into a 250 ml 

plastic vessel containing 80 ml of growth medium (1/2 strength Murashige and Skoog 

medium without vitamins, 1⁄2 strength Gamborg B5 vitamin solution, 5 mM MES, 2.5% 
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[w/v] sucrose, pH 5.8). Arabidopsis seedlings were grown under a 16/8-h light/dark 

period with light intensity of 100–125 μmol m-2 s-1 at 22 °C for 2 weeks. Ten vessels of 

wild type or ca2 mutant seedlings were collected for mitochondrial preparations. 

Seedlings (50-100 g) were homogenized with mortar and pestle and mitochondria 

isolated as previously described (Lee et al., 2008). The protein content of freshly 

isolated mitochondria was quantified with a Bradford assay protocol before being used 

for import experiments. 

 

Two dimensional blue-native(BN)/SDS-PAGE 

Mitochondrial aliquots were washed with 2 ml sucrose wash buffer (0.3 M sucrose, 10 

mM TES, pH 7.5) and then centrifuged at 14,300 g for 10 min. Pellets were dissolved in 

100 μL of digitonin solubilization buffer (30 mM HEPES pH 7.4, 150 mM potassium 

acetate, 10% [v/v] glycerol, digitonin 50 mg/ml). Samples were centrifuged at 18,000g 

for 30 min after incubation for 20 min on ice to remove insoluble material and were 

subsequently supplemented with 5 μL of Serva Blue G250 (5% [w/v] Coomassie Blue in 

750 mM aminocaproic acid). Coomassie blue-treated protein samples were directly 

loaded onto BN gels. Two-dimensional BN/SDS-PAGE was carried out as described 

previously (Schagger and von Jagow, 1991). Gradient gels (4.5%-16% [w/v] acrylamide) 

were used for the first BN dimension. Second dimension Tricine-SDS PAGE gels, 

comprised of a 4% stacking gel and a 12% separation gel, were used for separation of 

protein complex subunits.  Electrophoresis parameters and Coomassie staining were 

carried out as previously described (Eubel et al., 2003). 

 

In gel digestion and MALDI-TOF/TOF analysis 

Protein spots in CI+CIII2, CI and CI subcomplex lanes from BN gels were excised and 

subjected to in-gel digestion with trypsin using previously described methods (Taylor et 

al., 2005), but using only a quarter of the trypsin concentration in order to decrease 

the effect of trypsin autolysis peaks on MS data interpretation. Peptides were analyzed 

with an UltraFlex III MALDI-TOF/TOF mass spectrometer (Bruker Daltonics). In-gel 
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digested peptides were reconstituted with 5 μL of a solution containing 5% acetonitrile 

(ACN v/v), 0.1% trifluoroacetic acid (TFA v/v) in ddH2O. Two-μL of each sample was 

spotted onto a MTP 384 MALDI target plate and mixed with 2 μL of spotting matrix (90% 

ACN, 10% saturated HCCA [α-Cyano-4-hydroxycinnamic acid] in TA90 [90% ACN,0.01% 

TFA]). Dried spots were overlaid with 10 μL cold washing buffer (10 mM NH4H2PO4, 0.1% 

TFA) and allowed to stand for 10 sec before removal by pipette. Spots were analyzed at 

50-85% laser intensity with up to 1200 shots for MS analysis per spot. Ions between 

700-4000 m/z were selected for MS/MS experiments using 3% additional laser power. 

Masses corresponding to trypsin autolysis products were excluded from analysis. 

Tandem mass spectrometry data were analyzed using Biotools (Bruker Daltonics) and 

an in-house Arabidopsis database comprising ATH1.pep (release 9) from The 

Arabidopsis Information Resource (TAIR) and the Arabidopsis mitochondrial and plastid 

protein sets (33621 sequences; 13487170 residues), using the Mascot search engine 

version 2.3.02 and utilizing error tolerances of ±1.2 Da for MS and ±0.6 Da for MS/MS; 

“Max Missed Cleavages” set to 1; variable modifications of oxidation (Met) and 

carbamidomethyl (Cys). Only protein matches with more than 2 peptides and with ion 

scores greater than 40 were used for analysis (p<0.05). For all spots, the 0 and 24 h 

time points were used for both MS and MS/MS analyses for protein IDs while only the 

MS data were analysed for 120 and 168 h. Search results were exported to CSV format 

for each spot. 

 

Quantification of protein turnover as NA/(NA+H) and protein degradation as KD and 

protein half-life.  

In order to calculate heavy label incorporation and the relative abundance of NA 

(natural abundance) and H (heavy labeled) peptide populations, MALDI-TOF/TOF MS 

data were exported to mzXML files (CompassXport 3.0 (Bruker)), and were 

subsequently converted to text files using the ProteomeCommons.org IO Framework 

6.21 (http://proteomecommons.org/current/531/). Text files were then parsed using a 

script written in Mathematica 7.0 (Wolfram Research) for further analysis. Isotopic 

http://proteomecommons.org/current/531/


Chapter 4 Complex I assembly 

 
 

      124 
 

envelopes were fitted using a two-population model consisting of natural abundance 

and 15N-labeled fractions with the open source program Isodist 

(http://williamson.scripps.edu/isodist/) (Sperling et al., 2008) as we have previously 

described (Li et al., 2012). Protein degradation rates (KD) were calculated as previously 

described (Li et al., 2012).The total protein abundance in the cell culture at different 

timepoints was quantified using Image J of stained protein gels and by Amido black 

analysis as described previously (Li et al., 2012). An average KD among subunits within 

CI+III2, CI, 650 and 200 kDa subcomplexes was separately determined at 24, 120 and 

168 h. Half-lives of CI+III2, CI, 650 and 200 kDa subcomplexes at 24, 120 and 168 h were 

determined from KD as half-life=ln2/KD. The final KD values and half-lives for CI+III2, CI, 

650 and 200 kDa subcomplexes were determined by averaging the values obtained at 

24, 120 and 168 h. 

 

Import in cell culture and plant mitochondria 

The full cDNAs of A. thaliana CA1 (At1g19580), CA2 (At1g472660), CA3 (At5g66510), 

20.9-(At4g16450), CAL1 (At5g63510) and CAL2 (At3g48680) were cloned into pDest14 

(Invitrogen) using gateway-cloning techniques (Invitrogen) for in vitro transcription and 

translation as described previously (Carrie et al., 2010). Equivalent quantities of 

mitochondria isolated from cell culture, wild type and ca2 knockout Arabidopsis were 

used in import reactions as described previously (Carrie et al., 2010).  

 

Results 

Higher turnover rates of specific subunits in the 200- and 650-kDa CI subcomplexes. 

When Arabidopsis cells were grown for 24, 120 and 168 h in 98% [15N]-enriched MS 

medium (Li et al., 2012), mitochondrial OXPHOS complexes prepared and separated by 

BN-PAGE, and protein spots identified by mass spectrometry, several reported CI 

subunit-containing protein complexes were evident, including CI+CIII2 and mature CI 

(Heazlewood et al., 2003; Klodmann et al., 2011), and CI subcomplexes of 650-kDa 

http://williamson.scripps.edu/isodist/
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(Meyer et al., 2011) and 200-kDa (Klodmann et al., 2010; Meyer et al., 2011) in size 

(Figure 1). Peptide mass spectrometry analysis revealed >20 different CI-specific 

subunits in the CI and CI+CIII2  lanes, while the CA2, CAL1 and 20.9-kDa subunits were 

also found in the two subcomplexes (Figure 1, Dataset S1). A wider range of protein 

bands were analysed, but only those including significant identifications of complex I 

subunits are shown in Figure 1.  

 

High-scoring peptides by the Mascot algorithm (p<0.05) where further analyzed to 

determine what proportion of each peptide in mass spectra was derived from the 

natural abundance (NA) of N in the original cell culture, and what proportion derived 

from the incorporation of 15N (H) into new protein synthesised after the growth  

medium switch. These values (as outlined in Materials and Methods and in (Li et al., 

2012)) were used to calculate the NA/(NA+H) ratio for specific peptides from each gel 

spot. Calculations of NA/(NA+H) for all the peptides of a given protein were averaged 

to determine a final NA/(NA+H) ratio ± SE. This value was used as a proxy for each 

protein’s turnover rate (Figure 2; Dataset S2). Subunits, including CA2, CAL1 and 

20.9-kDa, had a significantly lower NA/(NA+H) ratio when the peptides were derived 

from the 200-kDa and 650-kDa subcomplexes than when the same peptides for the 

same proteins were derived from CI and CI+CIII2. These results indicate a significantly 

higher turnover rate for the 200- and 650-kDa subcomplexes (p<0.05) than for CI and 

CI+CIII2. These differences were clearly apparent after just 24 h of 15N labeling and 

were very evident after 120 h of labeling (Figure 2). Notably, the differences between 

CI and CI+CIII2 were not statistically significant for any of the three subunits examined 

(Figure 2; Dataset S2). 

 

The turnover rates indicated by NA/(NA+H) values do not define the specific 

contribution of synthesis of 15N protein and the degradation of pre-existing 14N 

proteins to turnover. However, data on the growth rate of the cell culture allowed us to 

subsequently calculate the degradation rate (KD) of CI and subcomplexes and convert 
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this to protein half-life. The averaged KD value for the 200 kDa subcomplex (0.42±0.04 

d-1) was about 10 times faster than for CI+III2 (0.04±0.01d-1) and CI (0.04±0.02 d-1) and 

about 1.6 times faster than for the 650 kDa subcomplex (0.26±0.07d-1). The averaged 

protein half-life for the 200 kDa subcomplex (1.7±0.3 d) was thus about 8% of that of 

CI+III2 (22.0±5.7d) and CI (23.9±11.9 d) and 60% of that of the 650 kDa subcomplex 

(3.0±0.7d). The lower NA/(NA+H) values of subunits in subcomplexes are thus due to 

their significant in vivo turnover during the course of the seven days of the experiment, 

rather than just a process of dilution through growth. 

 

Matrix-arm subunits have higher turnover rates than membrane-associated and 

mitochondrion-encoded CI subunits 

To investigate whether subunits have different turnover rates compared to each other 

within CI and CI+CIII2, the NA/(NA+H) ratios for a variety of CI subunits after 120 h and 

168 h 15N labeling were compared (Figure 3A-D). Matrix-arm subunits including 75 kDa, 

51 kDa, 39 kDa, 18 kDa and B17.2 exhibited relatively low NA/(NA+H) ratios and thus 

relatively higher turnover rates than other subunits in both CI and CI+CIII2. The specific 

matrix-exposed arm components including CA2, CAL1 and 20.9 kDa and 

mitochondrion-encoded subunits including ND1, ND7 and ND9 had relatively high 

NA/(NA+H) ratios, and thus lower turnover rates. The plant 20.9-kDa subunit, which 

has been found in both matrix and membrane modules of CI (Klodmann et al., 2010; 

Meyer et al., 2011), does not have a direct homolog in mammals, but is related to 

fungal NUXM subunits and the 13-kDa and 21-kDa CI subunits in other eukaryotes, and 

was the most stable protein subunit studied in both CI and CI+CIII2.  

 

To determine if these observations of varying 15N incorporation rates for different 

modules of the complex were statistically significant, CI subunits were divided into four 

groups as detailed in Figure 3. One-way ANOVA analysis and Tukey Post Hoc multiple 

comparisons among the four groups revealed that the matrix group had a significantly 

higher 15N incorporation rate than every other group (P<0.01). The membrane/matrix 
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interaction group also had a significantly higher 15N incorporation rate than the specific 

γ-CA-domain group (P=0.04 in CI, P<0.01 in I+III2). (Figure 3 E,F; Dataset S3).  

 

γ-CAs, γ-CALs and 20.9-kDa subunit precursor proteins are imported and assembled 

into a variety of subcomplexes in mitochondria 

To determine whether γ-CA-domain subcomplexes are produced rapidly after import, 



Chapter 4 Complex I assembly 

 
 

      132 
 

we performed in vitro import assays with [35S]Met-labeled CA1, CA2, CA3, CAL1, CAL2 

and 20.9-kDa subunit precursors into isolated Arabidopsis cell culture mitochondria. 

Analysis of autoradiographs of SDS-PAGE-separated samples showed that all subunits 

were imported into mitochondria during 60-min incubation period, and that imported 

products were resistant to proteinase K (PK) digestion (Figure 4A). The CAL1 subunit 

was clearly processed on import, leading to a ~2 kDa decrease in its apparent 

molecular mass, and only the processed forms were PK-protected. The other subunits 

assayed were not clearly processed leading to changes in MW, but membrane-bound 

proteins were PK-protected after 60 min of the import reaction (Figure 4A). Separation 

of PK-protected proteins by BN-PAGE revealed that CA3, CAL1-2 and 20.9 kDa could be 

clearly assembled into 200- to 300-kDa subcomplexes and the 650-kDa subcomplex. 

CA1-3 were assembled to differing degrees into CI and CI+CIII2 (Figure 4B). This efficient 

assembly of labelled subunits might explain why the smaller subcomplexes are less 

defined in CA1 and CA2. Comparison of the radiolabeled import gels with 

Coomassie-stained gels showed that the 200- to 300-kDa complexes (Figure 4B *) seen 

in the import experiments were not exactly the same size, when compared to the 

abundant 200-kDa subcomplex comprising CA2, CAL-1 and 20.9 kDa subunits that had 

been observed to accumulate in Figure 1; however, they were similar in size to the 

multiple subcomplexes containing γ-CAs found by CI disassembly (Klodmann et al., 

2010). The γ-CAL and 20.9-kDa proteins differed with respect to the subcomplexes into 

which they progressed, compared to the γ-CA proteins. Overall, these results 

demonstrated that the CA-domain subunits were not simply added as accessory 

components to fully or near-fully assembled CI, but to different degrees they were 

present in the full range of subcomplexes that are known to include components of the 

membrane arm of CI (Klodmann et al., 2010; Meyer et al., 2011). Import of the epsilon 

subunit of ATP synthase which fails to assemble into a protein complex was used as a 

radiolabelled control import for comparison of labelling on gel images. 
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CA2 is imported and assembled into a transient 200-kDa subcomplex in ca2 mutant 

Arabidopsis mitochondria 

To further understand the nature of the γ-CA-domain subcomplexes in imports, 

time-series imports were compared between mitochondria isolated from wild-type and 

ca2 knockout plants. Analysis in the mutant had the potential advantage that 

[35S]Met-labeled precursors did not have to compete with unlabeled ones, and initial 

assembly processes and assembly factors might be more abundant in ca2 knockouts 

where the abundance of fully-assembled CI is reduced (Perales et al., 2005). A time 

series of 5, 10, 20, 30, and 60 min of CA2 precursor import was conducted and the 

samples separated by SDS-PAGE and BN-PAGE. More CA2 precursor was imported and 

PK-protected in mitochondria isolated from Arabidopsis ca2 knockouts than in the 

equivalent wild-type mitochondria (Figure 5A). On BN gels it was clear that CA2 

precursors were rapidly assembled into a discrete 200-kDa subcomplex in mitochondria 

from the ca2 knockout (Figure 5B). In comparison, mitochondria from wild type 

showed assembly of CA2 into the same 200- to 300-kDa range of complexes observed 

during imports into cell culture mitochondria (Figure 4B v Figure 5B). While the 

[35S]Met incorporation into CI steadily increased in the ca2 knockout during the import 

time course, the abundance of the 200-kDa band peaked at 20 min and declined 

thereafter, indicating that it was further assembled into intact CI and was thus a 

productive intermediate of assembly (Figure 5B). CI+CIII2 could not be visualized until 

20 min and then it exhibited the same steadily increasing pattern of [35S]Met 

incorporation seen for CI. A similar but weaker pattern was observed in wild-type 

mitochondria for progressive labeling from subcomplexes to CI and CI+CIII2 (Figure 5B).  

 

Conservation and losses of 20.9, γ-CA and γ-CAL proteins among eukaryotic lineages. 

While γ-CAs were initially considered plant-specific subunits of CI (Heazlewood et al., 

2003; Perales et al., 2004; Perales et al., 2005), more recent work has demonstrated 

the widespread occurrence of γ-CA homologs throughout eukaryotes, with the notable 

exception of opisthokonts (animals + fungi) (Gawryluk and Gray, 2010). Extending this 
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analysis, we have found that in organisms in which deep genome and/or transcriptome 

sequencing has been performed, multiple γ-CA genes are often found (Table 1 and 

Dataset S4). Where the predicted protein sequences are deemed to be complete at the 

N-terminus, many of these γ-CAs have a predicted mitochondrial localization (Table 1). 

A bioinformatic survey to assess the phylogenetic distribution of the 20.9-kDa protein 

sequence shows a similarly wide occurrence of the corresponding gene across the 

various eukaryotic supergroups (Table 1). However, in contrast to what is seen with 

animals, the 20.9-kDa subunit is very widely present in fungi (where it has a known role 

in CI assembly (Schulte et al., 1994)). Outside of opisthokonts, γ-CAs and the 20.9-kDa 

subunit exhibit a strikingly similar pattern of co-occurrence (Table 1). Aside from 

Arabidopsis, direct evidence for the presence of both γ-CAs and the 20.9-kDa subunit 

in mitochondrial CI is available for the green alga, Chlamydomonas reinhardtii (Cardol 

et al., 2004), as well as A. castellanii (Gawryluk et al., 2012). Various of these 

components have also been identified in proteomic screens of purified mitochondria 

from additional non-photosynthetic protists, including Tetrahymena thermophila 

(Smith et al., 2007), Dictyostelium discoideum (Czarna et al., 2010) and Trypanosoma 

brucei (Panigrahi et al., 2009; Acestor et al., 2011) (Table 1). Evidently, the subunits of 

the subcomplex described here in Arabidopsis are widely conserved and coincident in 

CI across eukaryotes. 

 

Discussion 

CI matrix-arm and mitochondrion-encoded subunits have different turnover rates 

The assembly of the largely nucleus-encoded matrix arms and the set of 

mitochondrion-encoded proteins that are mainly in the membrane arm of CI occur via 

independent processes in other organisms (Tuschen et al., 1990; Kuffner et al., 1998; 

Schulte, 2001; Videira and Duarte, 2002; Ugalde et al., 2004; Lazarou et al., 2007; Vogel 

et al., 2007; Mimaki et al., 2012); thus, it is conceivable that these subcomplexes might 

turn over at different rates in plants. Our data show that the matrix arm (including 

members of both the N-module [51 kDa and 75 kDa] and the Q-module [39 kDa] as 
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defined for the mammalian complex (Hunte et al., 2010)) have a higher turnover rate 

than either the mitochondrion-encoded subunits or the γ-CA-domain components of 

the membrane arm. Elevated protein turnover can arise from high synthesis or high 

degradation rates or a combination of both processes (Li et al., 2012). As matrix-arm 

subunits form the major ROS production sites in respiratory chain, these components 

may be damaged more readily and require replacement more frequently. 

ROS-mediated protein oxidation can sensitize proteins to proteolytic attack (Grune et 

al., 1997; Bender et al., 2010). It is possible the ROS released from CI could lead to 

increased oxidation of subunits in the vicinity, or that ROS damage in the matrix is 

generally greater in magnitude than in the membrane (Bender et al., 2010). The 

matrix-arm subunits are also likely to be more accessible to matrix proteases than the 

mainly membrane subunits.  It is also possible that the natural breakdown of intact CI 

simply begins with the degradation of matrix-arm subunits, irrespective of damage or 

accessibility. Whichever the reason, the higher turnover rate of matrix-arm subunits 

than of both mitochondrion-encoded and the specific γ-CA-domain subunits 

demonstrates that different functional modules of CI have distinct protein half-lives in 

plant cells. 

 

Supercomplex formation does not significantly stabilise Arabidopsis complex I  

It has previously been proposed that formation of supercomplex I+III2 might stabilize 

complex I in Arabidopsis (Dudkina et al., 2005). Lowering protein turnover by 

supercomplex formation could provide a functional significance to these 

super-assemblies in the electron transport chain, beyond their role in electron 

transport catalysis. This proposal is supported by evidence from mouse that knockout 

of complex III (Acin-Perez et al., 2004) or complex IV (Diaz et al., 2006) subunits 

decrease the content of complex I, suggesting supercomplex formation stabilizes 

Complex I. It has also been proposed in human mitochondria that supercomplex 

formation is required for assembly of Complex I as well as for its stabilization 

(Calvaruso et al., 2012). In addition, structural stabilization of labile membrane protein 
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complexes is proposed as a major function of supercomplex formation in Paracoccus 

denitrificans (Stroh et al., 2004). Our data, however, do not show any impact of 

supercomplex formation on protein turnover rate in Arabidopsis cells (Figure 3). Hence 

we are not able to confirm a role for supercomplex formation in enhanced stabilisation 

of complex I. Rather, it appears that plant complex I is in equilibrium between the 

Complex I and the  supercomplex I+III2 states. Higher order complexes and 

respirasomes could not be detected in our analysis of Arabidopsis membranes, so we 

are not able to determine if these might have enhanced stability, but this technique 

could be used in systems where larger supercomplexes are evident and provide in vivo 

evidence of relative stability. 

 

A specific subcomplex of unknown function proteins has a productive role in CI 

assembly 

A range of knock-out mutants for CI subunits leading to the accumulation of certain 

intermediates has previously been exploited to proposed that CA2 is incorporated at 

the early stage of CI assembly (Meyer et al., 2011), and γ-CA-containing subcomplexes 

have been detected in BN-PAGE gels of wild-type mitochondria (Klodmann et al., 2011). 

Using a 15N labeling approach, we have shown the higher 15N incorporation rate of 

subunits contained in subcomplexes than in CI and CI+CIII2, revealing that these 

structures were not created in vitro by solubilisation or electrophoresis artefacts, but 

rather are in vivo intermediates of disassembly or assembly of CI.  

 

The CI subcomplexes could conceivably be disassembly intermediates that have a high 

degradation rate. However, the higher 15N incorporation in subcomplexes as compared 

to CI and CI+CIII2 means this explanation only holds if dissociation of the complex is 

biased toward newly assembled CI or CI+CIII2. It is not clear what could cause such a 

bias. Also, our calculations based on Coomassie staining abundance together with the 

proportion of peptide 15N reveals that the amount of 15N-labeled subunits within 

subcomplexes exceeds the total amount of 15N label in both CI and CI+CIII2 combined. 
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Hence the balance of the data, from 15N incorporation alone, is in favour of the 

200-kDa subcomplexes found in wild type being assembly rather than disassembly 

intermediates. 

 

The import experiments using γ-CAs, γ-CALs and 20.9-kDa subunits showed that all of 

these subunits can be imported into cell culture mitochondria and that they form a 

series of subcomplexes ranging in size from 100-300 kDa, although the 200-kDa 

complex found in wild type did not predominate (Figure 1 vs Figure 4&5). Imported 

[35S]Met-labeled precursors must compete with the corresponding subunits present in 

vivo and could lessen the subcomplex signal or even change the original assembly 

process, especially when redundant subunits compete with subunits having high 

sequence similarity. Mitochondria from CI subunit mutants have proved to be a useful 

system for detection of assembly intermediates in mammals (Lazarou et al., 2007; 

Mimaki et al., 2012). We found that more CA2 precursor could be imported into ca2 

mutant Arabidopsis mitochondria and that a strong 200-kDa subcomplex band could be 

detected which weakened after 20 min as the radiolabel was transferred into CI and 

CI+CIII2. Thus γ-CAs and γ-CALs appear to assemble into a productive membrane 

200-kDa subcomplex which serves as the initiator of CI assembly. Our data provide key 

experimental evidence to justify the model recently proposed in plants (Meyer et al., 

2011) that subunits (including at least ND1 and ND7 and matrix subunits 75 kDa and 39 

kDa) are added to a plant-specific 200-kDa subcomplex to form a 650-kDa subcomplex 

that is further assembled into CI.  

 

Conservation of the subunits of 200-kDa subcomplex suggests an ancestral feature of 

CI important for CI assembly 

The patterns of conservation of genes for γ-CAs and the 20.9 subunit and the evidence 

for their conserved presence in CI (Table 1) argue that both protein types are ancestral 

components of CI, present at the earliest stages of eukaryotic cell evolution; notably, 

however, this co-occurrence pattern is not preserved in opisthokonts (fungi + animals) 
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(Table 1). Of particular note is the finding that several protists included within the 

assemblage Holozoa (animals and their specific unicellular relatives; (Lang et al., 2002)) 

are seen to encode either γ-CAs or the 20.9-kDa subunit, although (like fungi) not both 

(Table 1).  Intriguingly, genes for both γ-CAs and the 20.9-kDa subunit can also be 

retrieved from the recently determined genome sequence of the apusomonad 

Thecamonas trehans, arguably the closest neighbour to opisthokonts (Cavalier-Smith 

and Chao, 2010). These observations indicate that progressive loss of components of 

this putative assembly subcomplex began in opisthokonts at the base of this lineage, 

after its divergence from its closest related lineages, Apusozoa and Amoebozoa.  In 

Holozoa, loss of all the subunits known to be in the subcomplex appears to have been 

complete before the emergence of multicellular animals (Metazoa). Outside of 

eukaryotes, γ-CAs are prominent among α-Proteobacteria and the γ-CAs of these 

organisms are the most similar in sequence to the eukaryotic  γ-CAs, although in this 

case they do not appear to be associated with CI (Yip et al., 2011).  Considering the 

α-proteobacterial ancestry of mitochondria (Gray et al., 1999), it is possible (perhaps 

probable) that this bacterial group was the evolutionary source of mitochondrial γ-CAs, 

which were then recruited to serve in CI assembly early in eukaryotic cell evolution. 
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Foreword to Study IV 

 

A key direction for protein turnover research is to use it to assess how much variation 

there is degradation rates for a given protein in different tissues, in organ 

differentiation, during different development stages or in different genetic 

backcgrounds (Hinkson and Elias, 2011). The 15N labeling strategy established in Study I 

cannot be directly applied to protein turnover in various mutants without building-up 

cell cultures for each genotype of interest. For this reason, analysis of whole plants 

shows distinct advantages over continued analysis of homogenous cell cultures. 

However, compared to homogenous cells, extra challenges for analysis of whole plants 

include the lower incorporation rate of 15N into amino acid pools, tissues/organs 

differentiation and different development during labeling that will restrict the 

application of labeling.  

 

In study IV, 15N labeling was used to investigate protein turnover rates in hydroponically 

grown Arabidopsis single leaves at different developmental stages. Challenges for 

protein turnover rate measurement in whole plants using 15N labeling are discussed. 

 

Author contributions: Experiments were designed by Millar, A.H. and I. I conducted the 

experiments including Arabidopsis hydroponically growth, biomass measurements, 15N 

labeling, total protein extraction, 2-D gels and mass spectrometry. I analyzed the data 

and wrote the manuscript together with Millar, A.H.. Nelson, C. revised the manuscript. 
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Abstract 

15N labeling coupled with mass spectrometry to investigate protein turnover rates in 

Arabidopsis suspension cell culture has been previously reported, however, there are a 

range of challenges in extending this strategy to measure protein turnover rates in 

whole Arabidopsis plants. Homogenous cell culture lacks the differentiation of tissues 

and different development stages of whole plants, allowing simple models at growth to 

compare samples. In this study, we sought to apply 15N labeling to hydroponically 

grown Arabidopsis using a modified Hoagland media. Samples were collected by 

pooling young or old leaves at different development stages and their turnover rates 

were analyzed separately. The results showed early stage leaves had a more rapid 15N 

incorporation rate into amino acids than old and fully developed leaves. Some proteins 

in similar function categories change their turnover rates between young and old 

leaves in early growth stage plants, while the same proteins have the same turnover 

rate in young and old leaves of fully developed plants. Protein turnover rates in the 

var2 mutant affected in plastid proteolysis were also measured and compared to wild 

type (WT) Arabidopsis with the aim of elucidating the mechanism of its variegation 

phenotype. Several chloroplast proteins with fast turnover rates, including var2, RCA 

and ATP synthase subunits, were measured. This research provides a foundation for 

future larger scale application of 15N labeling to investigate protein turnover rates in 

whole plants. 

 

 

 

 

 

 

 

 

 



Chapter 5 Measurement of protein turnover rate in Arabidopsis leaves 

 
 

      148 
 

Introduction 

Protein turnover studies have been rapidly increasing over the past decade. Different 

strategies including TAP-tag (Belle et al., 2006), GPS (Global Protein Stability profiling) 

(Yen et al., 2008), ribosome profiling (Ingolia et al., 2009), bleach-chase (Eden et al., 

2011) and metabolic labeling with stable isotopes coupled with mass spectrometry 

(Pratt et al., 2002; Andersen et al., 2005; Rao et al., 2008; Price et al., 2010; 

Schwanhausser et al., 2011; Li et al., 2012) have been used in different organisms to 

investigate hundreds to thousands of protein turnover rates. Compared to other 

strategies, measuring protein turnover rate by metabolic labeling coupled with mass 

spectrometry satisfies almost all the ideal criteria for large scale protein turnover rates 

measurements (Hinkson and Elias, 2011). The application of metabolic labeling to 

multicellular organisms with multiple, heterogeneous tissues, presents some extra 

challenges compared to studies in homogenous cell lines. Firstly, labeling is relatively 

slower for multicellular organisms to reach the level of isotope labeling in amino acids 

precursor pool compared to cell lines, which generally have higher metabolite activity. 

The result is that peptides of the newly synthesized protein are isobaric with these of 

preexisting proteins prior to labeling which complicates analysis and may result in 

underestimating protein turnover rates in general. Secondly, different organs/tissues 

might have different labeling efficiency which can make it more difficult to compare 

protein turnover rates between organs/tissues. Thirdly, different tissues/organs of 

whole animals and plants might develop differently during the labeling period which 

results in different growth dilution effects that further complicate the problem. Finally, 

the turnover rates of development-related proteins might change biologically at 

different developmental stages. To overcome some of these problems, early studies 

focused on just one tissue, for example, pectoralis muscle from chickens fed with 

[2H8]valine (Doherty et al., 2005). A more recent protein turnover investigation focused 

on proteins in mouse brain, but also found proteins in brain had slower turnover rates 

than those in liver and blood (Price et al., 2010). In plants, protein turnover rates were 

reported using 2H2O and 13CO2 labeling in developing Arabidopsis seedlings (Yang et al., 
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2010; Chen et al., 2011) and also 15N labeling in homogenous Arabidopsis suspension 

cell culture (Li et al., 2012). Although 2H2O incorporation rate into plants is high, heavy 

water has been found to be toxic to plants at high levels and alters the transcriptome in 

Arabidopsis, which limits its utility in investigating native protein turnover rates (Yang 

et al., 2010). Complicated devices have to be used for 13CO2 labeling of plant tissues 

(Chen et al., 2011). In contrast, 15N labeling provides a generally non-intrusive and 

simple way to apply an isotopic label and investigate the proteome dynamics without 

changing physiological conditions in plant cells. In this study, we applied a 15N labeling 

strategy in hydroponically grown intact Arabidopsis plants. We compared both the 15N 

incorporation rates and protein turnover rates between old (true leaf 3) and young 

(true leaf 8) leaves, which represent two distinct growth stages, from partially and fully 

developed plant rosettes. In order to provide a comparison to wild type, a chloroplast 

protease mutant var2 was chosen to test the application of 15N labeling for protein 

turnover rates. Through this research, we sought to begin to build a foundation for 15N 

labeling in whole plants and the further application of 15N labeling to measure protein 

turnover rates in whole plants including protein turnover rates in relevant mutants.  

 

Methods 

Arabidopsis hydroponically growth and 15N labeling 

Arabidopsis thaliana accession Columbia-0 wild type and var2-2 mutant plants were 

grown under 16/8-h light/dark period with light intensity of 100–125 μmol m-2 s-1 at 

22 °C. The hydroponic protocol was mostly as described before (Waters et al., 2012) 

http://bio-protocol.org/wenzhang.aspx?id=264. We used a modified Hoagland solution 

consisting of 2 mM CaCl2, 6 mM KNO3, 0.5 mM NH4NO3, 0.5 mM MgSO4, 0.25 mM 

KH2PO4, 0.05 mM KCl and 0.04 mM Fe-EDTA supplemented with micro elements (25 

μM H3BO3, 2 μM MnCl2, 2 μM ZnSO4, 0.5 μM CuSO4, 0.15 μM CoCl2 and 0.25 μM 

(NH4)6Mo7O24) with 2.6 mM MES, pH 5.8-6.0. Seeds were planted on the surface of 

stone wool (Grodan) stuffed in 1.5 ml black tubes with the bottom cut out which each 

sit in a 24 well floater tube rack (I5100-43, Astral Scientific) with 160 ml of growth 

http://bio-protocol.org/wenzhang.aspx?id=264
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media. The seeds were kept in 4 °C for 2-3 days before begin transfered to the growth 

condition. Growth media, which was diluted to half concentration, was used for the 

first week. At that stage, excess seedling were removed with only one plant kept in 

every tube and four plants in each floater tubes rack with normal strength growth 

media. We changed the growth media every 5-7 days. After 21/28 days growth,  the 

old growth media was discarded and the rock wool rinsed four times with media 

without nitrogen (no KNO3 or NH4NO3) to ensure the old solution was washed out. We 

used 160 ml 15N media (6 mM K15NO3, 0.5 mM 15NH4
15NO3) for every four plants and 

let the plants grow for another 5 days before collecting wild type (8 plants) and var 2-2 

(50 plants) individual leaves for total protein extraction.  

 

Leaf total protein isolation and IEF/SDS-PAGE separation 

Fresh leaves (0.1 g FW) were snap frozen in liquid nitrogen and homogenized using a 

mortar and pestle. A total plant protein extraction kit (PE0230-1KT, sigma) was used to 

extract the total proteins following manufacturer’s directions. The final pellet of total 

protein was dissolved in lysis buffer (urea 8 M, Tris base 40 mM, CHAPS 4% [w/v], 10 

μl/ml proteases inhibitor cocktail provided in the kit) and shaked by Thermomixer at 

1400 rpm for 30 min at 22 ℃. The suspension was centrifuged at 16,000 g for 30 min 

and the supernatant was taken for Bradford quantification of protein concentration. 

 

Whole protein samples (700 μg) from leaves were precipitated by addition of 9 times 

their volume of cold acetone and incubation at -20 oC overnight. Precipitated protein 

was pelletted by centrifugation at 20,000 x g for 15 minutes and the pellets were 

allowed to dry at room temperature for 5 minutes. Rehydration solution (urea 8 M, 

CHAPS 2% [w/v], IPG-buffer 2% [v/v], DTT 18 mM, bromophenol blue 0.001% [w/v]) 

was added to samples to a final volume of 450 μL. First dimension isoelectric focusing 

(IEF) and second dimension SDS-PAGE were performed as described before (Li et al., 

2012). Proteins were visualized by colloidal Coomassie Brilliant Blue G250 staining.  
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In-gel protein digestion, MALDI-TOF/TOF analysis and determination of peptide 15N 

incorporation 

84 protein spots from 7 gels of total protein samples from unlabeled-L3-8 leaves, 15N 

labeled-WT3W L3, WT3W L8, WT4W L3, WT4W L8, var2-2 L3 and L8 were cut and 

in-gel digested by trypsin according to the method described before (Li et al., 2012). 

The mass spectrometry and determination of the ratio of natural abundance (NA) 

peptides to the sum of both NA and 15N labeled peptides (H) were largely as described 

previously (Li et al., 2012; Li et al., 2012). In-gel digested peptides were reconstituted 

with 5 μL 5% acetonitrile (ACN v/v), 0.1% trifluoroacetic acid (TFA v/v). A total of 2 μL 

of each sample was spotted onto a MTP 384 MALDI target plate and mixed with 2 μL of 

a matrix solution (90% (v/v) ACN, 10% (v/v) of a saturated α-Cyano-4-hydroxycinnamic 

acid solution, supplemented with 0.01% (v/v) TFA). Dried spots were overlaid with 10 

μL cold washing buffer (10 mM NH4H2PO4, 0.1% TFA) and allowed to stand for 10 

seconds before removal by pipette. Samples peptides were analyzed with an UltraFlex 

III MALDI-TOF/TOF mass spectrometer (Bruker Daltonics).  Spots were irradiated at 

50-85% laser intensity with up to 1200 shots for MS analysis per spot. Ions between 

700-4000 m/z were selected for MS/MS experiments using 3% additional laser power. 

Masses corresponding to trypsin autolysis were excluded from analysis. Tandem mass 

spectrometry data were analyzed using Biotools (Bruker Daltonics) and an in-house 

Arabidopsis database comprising ATH1.pep (release 10) from The Arabidopsis 

Information Resource (TAIR) and the Arabidopsis mitochondrial and plastid protein sets 

(33621 sequences; 13487170 residues), using the Mascot search engine version 2.3 

and utilizing error tolerances of ±1.2 Da for MS and ±0.6 Da for MS/MS; “Max Missed 

Cleavages” set to 1; variable modifications of oxidation (Met) and carbamidomethyl 

(Cys). Only protein matches with ion scores greater than 40 were used for analysis 

(p<0.05). All spots were used for both MS and MS/MS analyses for protein IDs. Only 

the best search results for the same spots across 7 gels were exported to CSV files for 

all the spots. In order to calculate heavy label incorporation and the relative abundance 

of NA and H peptide populations to yield NA/(NA+H), MALDI-TOF/TOF MS data were 
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exported to mzXML files (CompassXport 3.0 (Bruker)), and were subsequently 

converted to text files using the ProteomeCommons.org IO Framework 6.21 

(http://proteomecommons.org/current/531/). Text files were then parsed using a 

script written in Mathematica 7.0 (Wolfram Research) for further analysis. Isotopic 

envelopes were fitted using a two population model consisting of NA and H fractions 

with the open source program Isodist (http://williamson.scripps.edu/isodist/) as 

previously described  (Sperling et al., 2008).  Briefly, 5 iterations were allowed per 

round of fitting in order to calculate the abundance (amplitude) of the NA form of the 

peptide, abundance of 15N-labeled population (H), the 15N-incorporation level, gaussian 

peak width, mass error, and baseline. Results from Isodist were then parsed with 

another Mathematica script and spectra generated by overlaying experimental and 

calculated data with these images then exported as PDF files for manual inspection. 

Only peptides with good signal-to-noise were considered further. 

 

Different leaf fresh weight and whole protein changes during the labeling period 

Leaves 3 and 8 from 12 WT plants were collected at 21 and 26 d, 28 as well as 33 d to 

measure the fresh weight change before and after 5 d labeling growth period. Leaves 3 

and 8 from from 12 var2-2 plants were collected at 28 and 33 d to measure the fresh 

weight change before and after 5 d labeling growth period. In addition, ～0.1 g from 

Leaf 3 and Leaf 8 at different growth stages were used for protein content 

quantification. Snap frozen samples were vortexed with Qiagen tissue lysis beads (5 

mm) and boiled in 1×Sample buffer (2% [w/v] SDS, 62.5 mM Tris-HCl, 10% [v/v] glycerol, 

5% [v/v] mercaptoethanol, Bromophenol blue) for 5 minutes and then centrifuged at 

10, 000 x g for 10 minutes. The supernatant was collected and separated with 1D 

SDS-PAGE on Bio-Rad Criterion precast gels (10–20% [w/v] acrylamide, Tris-HCl, 1 mm, 

18-well comb gels). Gel electrophoresis was performed at 300 V for 15-20 min. 

Proteins were visualized by colloidal Coomassie Brilliant Blue G250 staining. Both the 

entire lane of stained protein and just the main large subunit of RUBISCO band were 

selected and quantified using ImageJ to quantify total protein and chloroplast 

http://proteomecommons.org/current/531/
http://williamson.scripps.edu/isodist/
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abundance changes. Fold change in total protein abundance (FCTP) was determined by 

multiplying fresh weight and fold change protein abundance per fresh weight. The final 

values were determined by average of two replicate experiments.  

 

Calculation of KD and KS 

Most of the proteins detected in this research are chloroplast proteins, so chloroplast 

FCTP (i.e. chloroplast fold change in total protein abundance, which is represented by 

fold change of RUBISCO abundance over labeling period) was used as a proxy for 

individual protein FCP (i.e. individual fold change protein abundance over the labeling 

period). KD and KS for each protein was then calculated by a combination of FCTP and 

the NA/(NA+H) following the method previously described (Li et al., 2012).  

 

Results 

Developmental growth stages determination in hydroponically grown WT and var2-2 

mutant Arabidopsis 

To determine the developmental stages of hydroponically grown Arabidopsis in these 

experiments, a phenotypic analysis based on the length of newly produced true leaves 

and other traits of development was performed as described previously (Boyes et al., 

2001). In general, hydroponically grown WT Arabidopsis showed a similar timeline of 

developmental stages to soil grown Arabidopsis. 21-26 d hydroponically grown WT 

Arabidopsis can be considered to be at the leaf production stage 1.09-1.14 while 28-33 

d hydroponically growth WT Arabidopsis can be considered to to be at the rosette 

growth stage 3.70-3.90 and the flower production stage 6.00-6.10 (Boyes et al., 2001). 

Developmental stages of var2-2 mutant were also evaluated and showed about a week 

delay when compared to WT hydroponically grown Arabidopsis. 28-33 d hydroponically 

grown var2-2 mutant can be considered to be at the leaf production stage 1.09-1.14, 

which is similar to the 21-26 d hydroponically growth WT Arabidopsis (Fig1 A). 
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Steady and non-steady conditions during the labeling period in different Arabidopsis 

leaves 

The 3rd to 8th true leaves (L3-8) of different developmental stages (21/28 d WT and 28 d 

var2-2) of hydroponically grown Arabidopsis were collected before and after 5 days of 
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growth for fresh weight (FW) and total protein abundance measurements (Fig1 A). 

While L3-8 from 28 d WT showed no apparent increase in FW over 5 days, L3-8 from 21 

d WT Arabidopsis and 28 d var2-2 mutant showed a very similar FW fold change to 

each other during 5 days’ of growth (Fig1 B). 0.1 g fresh weight leaves were 

homogenized by snap freezing in liquid nitrogen and grinding and were then solubilized 

in 1×sample buffer and separated by SDS-PAGE. The gel was stained by Coomassie blue 

and quantified by Image J for the calculation of protein abundance ratios (Supp Fig1). 

For 21 d old WT hydroponically grown Arabidopsis, the fold change in FW of L3 was 

1.18±0.08 while fold change in FW of L8 was 4.94±0.80 the initial FW after 5 days 

growth (Fig1 B). The fold change in chloroplast protein abundance, which was 

represented by the fold change in RUBISCO abundance on gels, was 0.91±0.34 for L3 

and 4.5±0.91 for L8 compared to the initial chloroplast protein abundance.  The fold 

change in total protein abundance, which was represented by the abundance of all the 

protein bands on gels, was 0.99±0.15 for L3 and 4.54±0.75 for L8 after 5 days compared 

to the initial total protein abundance (Fig1 C Supp Fig1). For 28 d WT hydroponically 

grown Arabidopsis, fold change in FW of L3 was 1.48±0.11 while fold change in FW of 

L8 was 1.32±0.02 compared to the initial FW after 5 days growth (Fig1 B). The fold 

change in chloroplast protein abundance was 0.80±0.11 for L3 and 0.90±0.02 for L8.  

Fold change in total protein abundance was 1.36±0.16 for L3 and was 1.27±0.12 for L8 

after 5 days growth (Fig1 C Supp Fig1). For 28 d var2-2 hydroponically growth 

Arabidopsis, fold change in FW of L3 was 1.76±0.17 while fold change in FW of L8 was 

4.93±0.55 after 5 days growth (Fig1 B). The fold change in chloroplast protein 

abundance was 1.62±039 for L3 and was 5.18±1.87 for L8. The fold change in total 

protein abundance was 1.62±0.39 for L3 and was 4.83±1.39 for L8 after 5 days (Fig1 C 

Supp Fig1). Overall, total protein of fully developed leaves (28-33 d L3-8 and 21-26 d 

WT L3) are in close to steady conditions where the protein synthesis rate is similar to 

the degradation rate whereas total protein abundance of developing leaves (21-26 d 

WT L8 and 28-33 d var2-2 L3-8) are in non-steady conditions where the protein 

synthesis rate is higher than the degradation rate.  
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Young leaves have a higher 15N incorporation rate into amino acid pools than old 

leaves 

84 spots across 7 gels of total proteins from the unlabeled-L3-8 leaves, 15N 

labeled-WT3W L3, WT3W L8, WT4W L3, WT4W L8, var2-2 L3 and L8 were in-gel 

digested and analyzed by MALDI-TOF/TOF mass spectrometry (Fig2 Supp Fig2). 67 

unique proteins were identified from 84 spots with 45 proteins identified in 14N total 

proteins gel, and these along with 22 other proteins identified in 15N labeled total 

protein gels (Fig2 Supp Table1). Only peptides with an ion score > 40 and with a good 

fit to Isodist predictions were further used for KD calculations. For the peptide 

DNGLLHIHR from RUBISCO the NA peptides have a defined and constant mass while 

the H peptides showed a different mass envelope distribution which demonstrated 

differences in 15N incorporation into amino acid pools in each case (Fig3 A). The labeled 

peptide 15N fraction (LPF) calculated from 91-175 peptides with strong signals were 

averaged from 6 different leaves and used to represent the average 
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15N labeling incorporation into amino acid pool in each case. Within a plant, younger 

leaves showed a more rapid 15N incorporation rate into amino acids than older leaves 

(Fig3 B). WT leaves from early developmental stage plants (21-26 d) showed a more 

rapid 15N incorporation rate into amino acids than both leaves from fully developed WT 

plants (28-33 d) and also similar developmental stage leaves from var2-2 (28-33 d) 

(Fig3 B). A larger fraction of the peptides are in the labeled form(i.e. lower NA/(NA+H)) 

in L8 compared to L3 in all three 15N labeling experiments. As would be expected, 

proteins of L3 and L8 leaves from early developmental stage plants (21-26 d) had lower 

NA/(NA+H) which demonstrates higher turnover rates than proteins in both later 

developmental stage plants (28-33 d) and in leaves of similar developmental stage 

(28-33 d) var2-2 mutants (Fig3 A).  

 

Protein turnover rates have a general increase in young leaves 

Dilution due to growth and degradation of NA protein both contribute to the decrease 

of the NA population. The fold change in protein abundance (FCP) before and after 15N 

labeling was considered previously in the calculation of KD and KS in plant cells (Li et al., 

2012). In this study, fold change in total protein abundance (FCTP) was used as an 

approximation of FCP and followed the same calculation as described previously. 

Within a plant, younger leaves showed a higher averaged degradation and synthesis 

rate of proteins than the proteins from older leaves: KD-WT3W L3 0.12 d-1 vs WT3W L8 

0.15 d-1, Ks-WT3W L3 0.10 d-1 vs WT3W L8 0.25 d-1; KD-WT4W L3 0.10 d-1 vs WT4W L8 

0.18 d-1, KS- WT4W L3 0.06 d-1 vs WT4W L8 0.16 d-1 (Supp Table3, Supp Fig3). 

Surprisingly, we always obtained a negative KD value for var2-2 in our calculations 

which might in part be due the slow 15N incorporation into the amino acid pool in 

these cells, which would affect the accuracy of the calculations provided by Isodist. The 

slow 15N incorporation into the amino acid pool used for translation will result in an 

overestimation of the NA population and an underestimation of the 15N population 

which results in lower and even negative KD values. Another potential source of bias 

would be an overestimation of FCTP (i.e. the dilution effect from plant growth) in the 
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calculation. This is based on the assumption that all the increased proteins are 15N 

proteins. This is distinct from the delay between the outset of 15N labeling time and 

time in the growth calculation which can also result in underestimation of KD. 
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Growing plants have more protein turnover rate changes between their leaves than 

do leaf comparsion of fully developed plants 

Given the complexity of the comparisons of KD values, we instead compared the 

relative change within a plant between young and old leaves. KD values were 

normalized by the average KD within that leaf at each developmental stage (defined as 

NKD) and proteins common to both young and old leaves were clustered together (Fig4, 

Supp Table3 ). For var2-2, each protein KD was also normalized by the averaged KD, but 

the reciprocal was used for consistency. The L3-NKD/L8-NKD value was used to evaluate 

the rank change of a given protein between young and old leaves (Supp Table3). In 

general, proteins in fully developed WT plants (28-33 d) showed similar turnover rates 
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between young and old leaves. In earlier developmental stage WT (21-26 d) and var2-2 

(28-33 d), RUBICSO subunits including the large subunit (ATCG00490.1), small chain 

(AT5G38410.1) and small chain 1A (AT1G67090.1) all showed higher relative turnover 

rates for proteins in younger leaves (L3-NKD/L8-NKD≤0.7). PS II subunit PSBO1 

(AT5G66570.1) also showed increased relative turnover in young leaf (L3-NKD/L8-NKD

≤0.7). Another photosynthesis related protein PGR1 (AT4G03280.1) which is a subunit 

of the cytochrome b6f complex showed a higher turnover rate in young leaves 

(L3-NKD/L8-NKD≤0.7). In later developmental stage WT (28-33 d), none of these 

proteins showed any increased turnover rate in young leaves. The higher relative 

turnover rate in young leaves might demonstrate the faster photosynthesis proteins 

synthesis for chloroplast biogenesis in young leaves. Redox proteins including a 

thioredoxin family protein (AT3G52960.1), cupredoxin superfamily protein 

(AT1G20340.1) and APX1 (AT1G07890.1, ascorbate peroxidase 1) had higher turnover 

rates in mature leaves (L3-NKD/L8-NKD≥1.5). Aging processes and the impact of ROS 

generation in old plants may explain their higher turnover rates in old leaves. In WT 

(21-26 d), aldolase superfamily protein (AT3G52930.1), copper ion binding protein 

(AT2G37660.1), ATADK1 (AT3G09820.1, adenosine kinase 1), FTSH2 (AT2G30950.1) 

and RNA-binding family protein (AT2G37220.1) have relatively higher turnover rates in 

old leaves (L3-NKD/L8-NKD≥1.5). In var2-2 (28-33 d), two homologous triosephosphate 

isomerase (plastid-AT3G55440.1 and cytosol-AT2G21170.1, 61% similarity) and PRK 

(AT1G32060.1, phosphoribulokinase) also have relatively higher turnover rates in old 

leaves (L3-NKD/L8-NKD≥1.5). This evidence that similar biological function proteins 

subsets show turnover rate changes between young and old leaves suggests that some 

proteins’ turnover rates change in different developmental stages, allowing 

degradation to function in regulating biology.  

 

High and low turnover chloroplast proteins 

In total, 28 unique proteins had calculated NKD in at least 4 gels and these data were 

clustered together. Several relatively high and low turnover rate proteins were 
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identified across different development WT and var2-2 mutant plants (Fig5 Supp Table 

4). Proteins including NAD(P)-binding Rossmann-fold family protein (AT2G37660.1), 

BGLU38 (AT5G26000.1, thioglucoside glucohydrolase 1) and RPL12 (AT3G27830.1, 

ribosomal protein L12-A) were found to have the lowest turnover rates across WT and 

var2-2 leaves. The chloroplast FtsH proteases FTSH2 (AT2G30950.1), which is the 

protein mutated in var2, possessed the highest turnover rate among the 28 proteins in 

this research. This is consistent with an early finding that proteolytic proteins often 

have high turnover rates (Schwanhausser et al., 2011). RCA (AT2G39730.1, rubisco 

activase) was previously found to be thermolabile in Arabidopsis and enhanced 

thermostability can improve photosynthesis and growth rates under heat stress (Kurek 

et al., 2007). We found RCA has a high turnover rate in both WT and var2-2. 

Interestingly, chloroplast ATP synthase subunits including the delta subunit 

(AT4G09650.1) and epsilon subunit (ATCG00470.1) were both found to be relatively 

highly turning over proteins (Fig4 A, Fig5). Other relative high turnover rate proteins 

included APX1 (AT1G07890.1, ascorbate peroxidase 1), FBA1 (AT2G21330.1, 

fructose-bisphosphate aldolase 1) and FBA2 (AT4G38970.1, fructose-bisphosphate 

aldolase). 

 

Protein turnover rates change in var2-2 compared to wild type Arabidopsis 

To compare protein turnover rate changes between WT and var2-2 Arabidopsis, NKD 

values of L3 and L8 were averaged and clustered together (Fig5 Supp Table 4). Then 26 

d and 28 d NKD values in WT were further averaged and compared to var2-2 NKD
-1 for 

identifying proteins with increased turnover rate (WT-NKD/var-NKD-
1 ≤ 0.7) and 

decreased turnover rate (WT-NKD/var-NKD
-1≥1.5) (Supp Table 4). Proteins including 

RPL12 (AT3G27830.1, ribosomal protein L12-A), GDCH (AT2G35370.1, glycine 

decarboxylase complex H), RUBISCO small chain (AT5G38410.1) and small chain 1A 

(AT1G67090.1), Cupredoxin superfamily protein (AT1G20340.1) and APX1 

(AT1G07890.1, ascorbate peroxidase 1), two homologous triosephosphate isomerase 

(plastid-AT3G55440.1 and cytosol-AT2G21170.1, 61% similarity), RCA (AT2G39730.1, 
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RUBISCO ACTIVASE) and ATP synthase epsilon subunit (ATCG00470.1) showed increase 

turnover rates in var2-2. Only the Lactate/malate dehydrogenase family protein 

(AT1G04410.1) show decreased turnover rate in the var2-2 mutant.  

 

 

 

Discussion 

Differences in protein turnover rate between old vs young leaves  

Early studies using 15N labeling demonstrated that roots, stems and leaves in plants had 

different 15N assimilation rates (Vickery et al., 1940; Diaz et al., 2008; 

Masclaux-Daubresse et al., 2010). In this study, young leaves were found to have a 

higher 15N incorporation rate into amino acids than old leaves based on the young leaf  
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higher LPF (Fig3 B). This incorporation rate difference might be caused by the different 

developmental stages and physiological conditions prevalent in young and old leaves. 

Nitrogen recycling and remobilization have been found to be differentially controlled 

by leaf senescence and developmental stages in Arabidopsis under low nitrogen 

physiological conditions (Diaz et al., 2008). Key enzymes in nitrogen management were 

found to have different localization and activity between young and senescing leaves 

(Masclaux-Daubresse et al., 2010). The senescence processes in old leaves might have 

caused more recycling and remobilization of existing 14N nitrogen and resulted in the 

slow 15N incorporation. Differences in the localization and activity of nitrogen 

assimilation-related enzymes might also contribute to the higher nitrogen assimilation 

rate in young leaves. 

 

At the protein level, a greater proportion of 15N proteins are produced in the young 

leaves during the labeling period (Fig3 A). FCTP, accounting for the different growth 

rate in different leaves, was considered in the calculation of KD and KS. Young leaves 

show both higher KD and higher KS than the old leaves, which demonstrates more 

active protein degradation and synthesis than in old leaves. Some proteins showed 

increased/decreased turnover rates between young and old leaves, which might be 

related to their developmental control. Large-scale protein turnover studies in the 

future might help clarify the relationships between protein functional categories and 

turnover rates changes in different leaves.  

  

Protein turnover rate in var2-2 mutant 

VAR2 (FtsH2) is a major component of the chloroplast protease network, it is an 

ATP-dependent metalloprotease located in thylakoid membranes and is needed for 

the degradation of key chloroplast proteins. A translation initiation factor fu-gaeri1 

(fug1) was capable of suppressing the variegated phenotype in var2. Unbalanced 

synthesis and degradation of chloroplast proteins in var2 is thought to be a cause of its 

leaf variegation phenotype (Miura et al., 2007). In the data presented here, several 
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chloroplast proteins were found to have increased normalized degradation rates (NKD) 

while a chloroplast lactate/malate dehydrogenase family protein was found to have 

decreased normalized degradation rate compared to WT Arabidopsis. More recently, 

excision of the N-terminal methionine of chloroplast D1 and D2 protein was found to 

be necessary for VAR2 to recognize them (Adam et al., 2011). VAR2 was found to work 

cooperatively with chloroplast protease Deg and function in the downstream 

degradation of the D1 protein (Kato et al., 2012). The chloroplast protease Clp was 

up-regulated and recruited from stroma to the thylakoid membrane in var2 (Kato et al., 

2012). These evidences suggest that VAR2 does not work alone but works coordinately 

with other peptidases and proteases together in a wider protease network. Other 

proteases may be up-regulated and recruited to complement of VAR2 functions in the 

var2 mutant.  It is still unclear whether the proteins with increased turnover rates in 

this research are potential targets of proteases that are up-regulated and recruited in 

var2 mutant, but they form a subset to target for further studies.  

 

Challenges for applying 15N labeling to measure protein turnover rates in whole 

plants 

The first challenge for applying 15N labeling in whole plants is the relative slower 

labeling rate of the amino acid pool used in translation compared to cell culture. The 

assimilation of 15N in whole plants involves the absorption of inorganic nitrogen by 

roots, transportation of inorganic nitrogen to specific tissues, and in the case of nitrate, 

it must also be reduced to nitrite and then to ammonia (Masclaux-Daubresse et al., 

2010). Ammonia is the form of nitrogen assimilated into glutamine and the assimilated 

amine groups are then transferred to other amino acids which are used to build 

proteins (Masclaux-Daubresse et al., 2010). The storage of inorganic nitrogen in 

transportation processes may cause an additional lag for 15N absorption (Fig 6). 

Although nitrogen starvation before feeding 15N nitrogen could be used to increase the 

15N assimilation rate into amino acids and reduce this lag effect, nitrogen deficiency 

might also stress the plant and result in the measurement of protein turnover rates 
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under stressed conditions (Merigout et al., 2008). Besides nitrogen transportation 

 

 

processes, the 14N amino acids are also produced by degradation of existing 14N 

proteins to amino acids which enter the amino acid pool and lower the 15N 

incorporation ratio. An average amino acid 15N fraction can be predicted by Isodist 

fitting a mass spectrum distribution of labelled protein (Sperling et al., 2008). Based on 

this LPF value, young leaves (L3) tend to have more rapid 15N amino acid incorporation 

than old leaves (L8) even in the same plant, while leaves from early growth stages tend 

to have more rapid 15N amino acids incorporation than leaves from fully developed 

plants (Fig3 B). Although 15N amino acids incorporation could be measured by GC/MS 

directly, this approach would measure the total amino acids pool rather than the actual 

amino acids pool used in translation as discussed previously (Li et al., 2012) (chapter 2).  
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The second challenge is that it is difficult to measure the actual fold change in total 

protein abundance (FCTP) over the labeling periods (Fig 6). Leaves from fully developed 

plants have no apparent FW and total protein abundance change and thus could be 

considered to be under roughly steady conditions. On the other hand, young leaves (L8) 

from the earlier growth stage plants have around a 5 fold increase in FW and total 

protein content and should be considered to be under non-steady conditions, while old 

leaves (L3) from the same plants tend to be in roughly steady conditions (Fig1 ABC). 

The calculation of KD and KS is based on the assumption that the fold change in protein 

abundance (FCP) is solely from the newly synthesized 15N proteins. We can directly 

measure the fold change in total protein abundance (FCTP) during a labeling period for 

different leaves. However, the slow and diverse 15N incorporation rates in different 

leaves makes this measured FCTP an overestimate that differs in degree for various 

leaves. The overestimation of FCTP will have more effect on the calculations for old 

leaves and for the var2-2 mutant which both have slower 15N labeling incorporation in 

amino acids. One way to resolve this problem is to undertake multiple time point 

labeling experiments in roughly steady conditions (FCTP≈1) and calculated the lag 

effect from slow 15N amino acid incorporation by regression (Price et al., 2010; Guan et 

al., 2011). But this strategy is based on the assumption that the turnover rate of a 

protein is a constant which might not be the case for some proteins (Fig 4).  This will 

increase the workload several times which would be a potential limiting factor for the 

application of this approach to measure protein turnover rates in different plant tissues, 

conditions and mutants. Instead of resolving these issues with more measurements, a 

normalized KD value (NKD) for individual protein was used here to investigate the 

possible differences in turnover rate of proteins among leaves in different labeling 

experiments (Fig4 and 5).  Followup experiments are needed to define if this 

approach provides biologically valid conclusions. 

 

The third challenge in the application of 15N labeling for measuring protein turnover in 

intact plants is that turnover rates of some proteins might change at different 
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development stages. This might be a development control mechanism for plants but  

it also greatly complicates the analysis (Fig 6). Treating a plant as a single entity and 

acquiring an averaged protein turnover rate for individual proteins, like in homogenous 

cell lines, would mask this biology. The turnover rates of some proteins appear to 

change between young and old leaves in plants at the early growth stage while the 

turnover rates tend to be constant in a roughly steady condition when the leaves are 

fully developed (Fig4 A B C).  

 

An additional problem for investigating whole plant proteins turnover is that most of 

the abundant proteins are chloroplast proteins including RUBISCO which accounts for 

20-50% of the total soluble leaf proteins in most plants (Feller et al., 2008). Fractions of 

total proteins or organelle extraction techniques will need to be employed to 

investigate lower abundant proteins such as those from the nucleus, cytosol, 

mitochondria and peroxisome. 
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Abbreviation 

WT3W L3 (15N labeling from 3W for 5 days, Leaf 3) 

WT3W L8 (15N labeling from 3W for 5 days, Leaf 8) 

WT4W L3 (15N labeling from 4W for 5 days, Leaf 3) 

WT4W L8 (15N labeling from 4W for 5 days, Leaf 8) 

var2-2 L3 (15N labeling from 4W for 5 days, Leaf 3) 

var2-2 L8 (15N labeling from 4W for 5days, Leaf 8)  
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The aims of the studies presented in this thesis were to establish protein turnover rate 

measurements using 15N labeling coupled with mass spectrometry in Arabidopsis cell 

culture, study respiratory chain Complex I and Complex V-assembly pathways by 

comparing protein turnover rates between productive assembly intermediates and the 

final assembled complexes, and then expand the application of this 15N labeling 

strategy to measure protein turnover rates in whole Arabidopsis plant tissues (Figure 

6.1). This has raised five key issues that connect this work to the general advancement 

of protein turnover study. 

1. Is there an ideal measurement strategy? 

2. Are plant cells really steady state systems? 

3. Are proteins degraded at rates that fit into functional categories? 

4. How can protein turnover be used to make discoveries in protein assembly? 

5. How can protein turnover measurement approaches be extended to study 

different plant tissues? 

6.1 Protein turnover rate measurement strategies 

The strategies that are capable of global and unambiguous quantification of protein 

turnover rates can be divided into five categories as described in Chapter I and Table 1. 

Several criteria including: assaying of endogenous proteins, simultaneous 

measurement of synthesis and degradation rates, cell perturbation, single-cell and 

organelle resolution, and application to in vivo systems can be used to rate the 

different strategies that are currently available (Hinkson and Elias, 2011).  

 

All five strategies listed in Table 6.1 except the ‘bleach-chase’ strategy have been used 

for proteome-wide protein turnover rate measurements. Metabolic labeling and an MS 

strategy has wider applications across different organisms than the other strategies, in 

part because of the rapid development of mass spectrometry techniques in the last 

decade. This approach also satisfies almost all the ideal criteria for protein turnover 

measurements except that it is unable to measure protein turnover rates at a single cell 
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resolution. However, this deficit can be addressed by pooling the same cell types and 

measuring average protein turnover rates. Metabolite labeling and MS also has the 

advantage that it can target the proteins studied by coupling the analysis with 

detection of proteins using antibodies raised to specific proteins or post-translational 

modifications of proteins (e.g. phosphorylation, oxidation, or glycosylation) or to 

native complexes (e.g. two-dimensional blue native PAGE/SDS-PAGE) or hydrophobic 

proteins in diagonal gels (e.g. benzyldimethyl-n hexadecylammonium/SDS-PAGE or 

Tricine/Tris SDS-PAGE) (Study I) (Li et al., 2012). 

 

Metabolic precursors including SILAC, 2H2O, 18O, 15N or 13C can be used to label whole 

plants and de novo synthesis can be tracked by the increase in the mass spectrometry 

signal intensity of the resulting protein products (Kierszniowska et al., 2009; Yang et al., 

2010). Deuterium oxide has been used to study labeling at the protein and amino acid 

levels (Xiao et al., 2008; Yang et al., 2010). The advantage of deuterium labeling is that 

it rapidly enters cellular compartments and equilibrates with the water environment. 

Minimal level of deuterium oxide, which is considered to have no obvious physiological 

impacts in mammals, has been used in mice for the investigation of protein turnover 

rates in the mitochondrial proteome (Kim et al., 2012). However, 2H2O is not 

biologically benign and multicellular organisms are limited in the percentage of 

deuterium oxide they tolerate (Kushner et al., 1999; Xiao et al., 2008; Yang et al., 2010). 

In contrast, 15N labelling provides a non-intrusive way that does not change the 

physiological conditions of the plant cells and also has other advantages for protein 

turnover rates measurement as described in Study I (Li et al., 2012). 

 

6.2 Steady vs non-steady state 

The majority of protein turnover research is primarily focused on steady state systems 

in cell lines undergoing asynchronous log-phase growth. Under the steady state 

assumption, degradation and synthesis are balanced, cellular protein concentrations 
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are constant and any net changes in protein abundance are from growth (Hinkson and 

Elias, 2011). One way to achieve steady conditions is by a tight growth control system 

like the yeast chemostat culture system that has a constant dilution rate (Pratt et al., 

2002). The decreasing proportion of NA proteins in a labeling experiment has two 

sources; endogenous degradation and dilution because of new protein synthesis due to 

growth. Under the steady state assumption, all proteins have the same growth dilution 

which can be subtracted by calculation. Dilution due to growth was found to contribute 

more to the decrease of NA proportion than degradation in slow turnover proteins 

(Eden et al., 2011). It is still unclear whether protein turnover rates measured when 

assuming steady conditions are comparable with those measured during quiescence. 

However, under non-steady state conditions when constant protein abundance is not 

guaranteed, individual protein abundance changes have to be considered. The isobaric 

tags for relative and absolute quantitation (iTRAQ) chemical label has been used to 

measure individual protein abundance changes in the multicellular bacterium 

Streptomyces coelicolor (Jayapal et al., 2010). Another protein turnover report, using 

15N labeling in green alga, described an approach to measure the NA population and H 

population separately based on absolute ion intensity (Martin et al., 2012). In study I (Li 

et al., 2012), DIGE was used to measure individual protein abundance changes across 

different time points. These methods demonstrate the feasibility of measuring protein 

turnover rates in more complex non-steady state systems like stress treatments and 

different mutants.  

 

Most protein turnover research which has been reported using metabolic labeling has 

involved multi time point labeling and then deduction of the degradation rate by 

regression based on the assumption that protein turnover rate was a simple first order 

constant (Doherty et al., 2009; Jayapal et al., 2010; Yee et al., 2010; Guan et al., 2011; 

Hinkson and Elias, 2011; Schwanhausser et al., 2011). Only proteins following simple 

first order kinetics (i.e. proteins with a good regression fit controlled by an R value cut 

off) were reported, other proteins were deleted from the list as noise or experimental 
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errors. This strategy helps control the quality of measurement but on the other hand 

also ignores many real biological changes in protein turnover rates during the labeling 

period. A single time point protein turnover rate measurement methodology was 

described in study I that showed some similar biological function proteins had similar 

KD changes across the cell culture cycle (Li et al., 2012). Calculating KD as a average 

across timepoints circumvents the need for a simple first order assumption and can 

simplify the multi time point labeling needed for regression into single time point 

labeling which would make measuring protein turnover rates in different treatments 

and mutants a more feasible task.  

 

6.3 Correlation between protein turnover rate and protein 

categories in Arabidopsis 

Protein degradation rates (KD) and synthesis rates (KS) for 84 Arabidopsis proteins 

across 6 functional groups were quantified and over a 65-fold variation in protein 

degradation rates was observed (Study I) (Li et al., 2012). Three functional groups 

including RNA/DNA binding and metabolism, protein synthesis and degradation and 

stress and signaling protein subsets were found to be enriched for members with high 

KD, whereas antioxidant and defense, mitochondrial energy metabolism and primary 

metabolism subsets were found to be enriched with members with low KD. In general, 

mitochondrial proteins have low KD, whereas cytosol and nuclear proteins were more 

unstable and have higher KD values which might demonstrate the diverse degradation 

pathways of organellar and cytosolic proteins. Transcripts encoding mitochondrial 

proteins were also previously reported to have longer mRNA half-lives in the same cell 

culture line (Narsai et al., 2007). This is consistent with recent research that found 

mitochondrial components including TCA cycle, glycolysis, cellular respiration and 

energy production groups have both stable mRNA and stable proteins (Schwanhausser 

et al., 2011). Stable mRNA and proteins in mitochondria can allow the steady supply of 
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energy while more dynamic cytosolic and nuclear proteomes can ensure a quick 

response to environmental stimuli.  

 

6.4 The role of protein turnover in gene expression 

control 

Gene expression is a multistep process that involves the transcription, translation, and 

turnover of mRNAs and proteins. Some proteins have to be processed by 

post-translational modifications (e.g. methylation, phosphorylation, acetylation etc.) to 

become biologically functional (Figure 6.2). It is of great interest to understand the 

contributions of mRNA transcription/synthesis, protein translation/ synthesis, mRNA 

and protein degradation to the control of gene expression. In a recent study in 

mammalian cells that measured the mRNA and protein turnover in parallel, protein 

translation/protein synthesis level was found to have the highest contribution to 

protein level followed by mRNA transcription/synthesis, whereas mRNA and protein 

degradation have the lowest contributions (Schwanhausser et al., 2011). In this 

research, most low correlations between transcript and protein abundance could be 

explained at the translational control/protein synthesis level. In this repect, 

ribosome-profiling which measures the translational capacity for a given mRNA directly 

could provide the most straightforward information for explaining the poor correlation 

between transcript and protein abundance. However, it is still unclear what the 

contributions of different levels of control for a specific gene or responses to specific 

environmental stimuli would be, which is of great importance for many gene 

expression studies. The gene expression pattern for an individual gene containing both 

mRNA and protein turnover information in both normal and stressed conditions might 

be accessible in the near future by the further development of research on both mRNA 

and protein turnover.  
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6.5 Protein turnover and complexes assembly 

One interesting direction for protein turnover research is studying how macro 

molecular protein complexes are assembled and degraded. Do different subunits that 

are kept in stoichiometry in a complex have similar turnover rates? How are nuclear 

and organelle encoded subunits controlled in stoichiometry and assembled together 

into a single complex? The Arabidopsis mitochondrial OXPHOS complexes, for which 

most components have been identified, provided a useful system to investigate (Millar 

et al., 2011). Gel-based protein turnover rate measurements have the advantage of 

separating a protein into different populations (post-translational modified vs 

unmodified protein, multimeric vs monomeric, complex vs subcomplex) and analyze 

their turnover rates individually. By combining 15N labeling, organelle extraction, 

BN-PAGE and in vitro [35S] Met labeled precursor import, the assembly pathway of 

plant OXPHOS Complex V (study II) (Li et al., 2012) and Complex I (study III) were 

studied. The separation and validation of different assembly intermediates by 

BN-PAGE will make it possible to investigate other biological aspects of complex 

assembly in the future including: the roles of assembly factors, subunits interactions 

and the role of post-translational modifications. 

 

6.5.1 Modular assembly of plant mitochondrial F1FO ATP 

synthase 

A three steps modular assembly model for the plant F1FO ATP synthase was proposed 

which involved the formation of a soluble F1 in the matrix first, and then a labile 

membrane attached F1, and finally a functional non-labile F1FO ATP synthase in study II 

(Li et al., 2012). In vitro [35S]Met-labelled precursor import results supported the 

hypothesis that concerted ATP synthase assembly could also occur in plant 

mitochondria (Li et al., 2012). It is still unclear whether there are any assembly 

intermediates for the FO or other smaller molecular weight assembly intermediates of 
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F1 in plant mitochondria. Earlier research in plants discovered there was no 

coordination of transcription in nuclear and mitochondrial encoded subunits, but 

proposed instead that coordination was found at the level of complex assembly (Giege 

et al., 2005). To keep this stoichiometry, the translation of FO subunits Atp6p and 

ATP8p was found to be F1-dependent in yeast (Rak and Tzagoloff, 2009) and later 

research found Atp6p was degraded more quickly in F1 depleted Hela and yeast cells 

(Rak et al., 2011). All subunits have similar turnover rates to each other in 

mitochondrial F1FO ATP synthase (Study II). Taken together, these observations would 

suggest stoichiometry of different subunits in ATP synthase is controlled by both 

translational control and protein degradation. There are two additional key questions 

on ATP synthase assembly: 

1. Do the assembly intermediates have biological function in vivo? 

2. What is the driven force for ATP synthase assembly? 

 

6.5.1.1 ATP hydrolysis activity of F1 populations  

ATP hydrolytic activity has been found in free F1 populations in both animal and plant 

samples (Wittig et al., 2007; Diaz et al., 2009; Li et al., 2012). If this occurs in vivo, this 

would represent a futile cycle with ATP production by the integral F1FO ATP synthase, 

and could lower the efficiency of respiration. It is still unclear what proportion of 

mitochondrial matrix ATP could be consumed by such free F1 populations in vivo. The 

presence of free F1 in the matrix might be an additional mechanism of oxidative 

phosphorylation uncoupling in plants that deserves further investigation (Li et al., 

2012).  

 

6.5.1.2 Phosphorylation and ATP synthase assembly 

Systematic profiling of phosphorylation sites in yeast, plant and human mitochondria 
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proteins have revealed that ATP synthase subunits are phosphorylated (Struglics et al., 

1998; Reinders et al., 2007; Ito et al., 2009; Zhao et al., 2011). Phosphorylation of a 

serine residue in subunit g (Atp20) regulates dimerization of the yeast mitochondrial 

ATP synthase (Reinders et al., 2007). Phosphorylation of RIP1 and RIP3 has also been 

found to play a role in driving the assembly of RIP1-RIP3 complexes in mammal cell 

lines (Cho et al., 2009). Moreover, ATP synthase β subunit phosphorylation in rabbit 

was found to affect the interaction between F1 and Fo, formation of F1Fo ATP synthase 

and stability of the complex (Kane et al., 2010). In plants, phosphorylation of F1 and FO 

subunits has also been proposed to control the interaction between F1 and FO (Struglics 

et al., 1998). It is unclear whether the hydrolysis activity of F1 populations could be 

related to ATP synthase subunits phosphorylation and whether the phosphorylation of 

ATP synthase subunits might play a role in ATP synthase assembly processes. 

Investigating the phosphorylation sites in assembly intermediates and in the whole 

complex might help determine if there are different phosphorylation patterns and thus 

analyze their role in assembly. 

 

6.5.2 Plant mitochondrial respiratory Complex I assembly  

By progressively labeling Arabidopsis cell culture with 15N, isolating mitochondria and 

analyzing samples from various time points, a 200-kDa subcomplex containing 

ancestral γ-carbonic anhydrase (γ-CA), γ-carbonic anhydrase-like and 20.9-kDa 

subunits with significantly higher turnover rate than intact CI and CI+CIII2 was observed 

(study III) (Li et al., 2012). The strong transient incorporation of [35S]Met labeled 

precursor into the same 200-kDa subcomplex support this complex being a key initiator 

of CI assembly in plants (study III) (Li et al., 2012). CI matrix-arm and 

membrane-associated/mitochondrion-encoded subunits were found with different 

turnover rates which demonstrate their separate assembly pathways (study III). This 

raises two key questions on plant CI assembly including: 

1. How can we investigate plant CI assembly further? 
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2. Is there a conserved CI assembly pathway in different organisms? 

 

6.5.2.1 Strategies to investigate plant CI assembly 

A range of complex I subunits or assembly factors knockout mutants were used in 

different organisms to investigate the accumulation of potential assembly 

intermediates that help to validate the assembly pathway (Nehls et al., 1992; Yadava et 

al., 2004; Mimaki et al., 2011; Nouws et al., 2012). A similar strategy using Arabidopsis 

complex I subunit knockout mutants discovered four potential assembly intermediates 

including 200, 400, 450 and 650 kDa membrane arm subcomplexes (Meyer et al., 2011). 

Another strategy to look at subcomplexes has been treating the purified CI in vitro by 

low concentrations of SDS, which lead to disassembly products of the CI including 10 

subcomplexes –85-550 kDa in size that may help elucidate the internal architecture of 

complex I (Klodmann et al., 2011). One challenge for these two strategies is that it is 

difficult to distinguish assembly intermediates in vivo from disassembly products in 

vitro. Study III provided direct evidence for the existence of a high turnover 200 kDa in 

wild type Arabidopsis mitochondrial membrane fractions, which was considered to be 

a productive assembly intermediate in vivo. Moreover, this provides a strategy to 

investigate CI or other macro molecule complexes assemblys in plants as well as other 

organisms. Antibody affinity purification of other CI subcomplexes, using antibodies 

raised against early assembly intermediates subunits such as CAs/CAL2/20.9 kDa 

subunits, in combination with this 15N-labeling/mass spectrometry technique may help 

in the discovery of other assembly intermediates and enhance our understanding of 

the elaborate assembly pathway for plant CI assembly.  

 

6.5.2.2 CI assembly in different organisms 

Given the conserved core subunits and divergence of accessory subunits amongst 
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eukaryotes, it is not yet clear whether the conserved and accessory subunits play 

different roles in complex I assembly and whether the assembly of complex I follows a 

general pathway in different organisms. In study III, plant CI matrix arm subunits were 

found to have higher turnover rates than membrane-associated and 

mitochondrion-encoded subunits, which might suggest separate assembly pathways. 

This is in accordance with assembly research in Neurospora crassa, which revealed that 

the matrix and membrane arms assemble independently (Tuschen et al., 1990; Kuffner 

et al., 1998; Schulte, 2001; Videira and Duarte, 2002; Mimaki et al., 2011). Assembly 

studies in rodent and human ND-subunit mutant cell lines found that the peripheral 

arm can be formed in cells lacking mitochondrial DNA, which demonstrated 

mitochondrion-encoded subunits were not required for the formation of the peripheral 

arm (Bourges et al., 2004; Potluri et al., 2004; Mimaki et al., 2011). It is still unclear 

how the matrix arm and membrane arm, once assembled separately, are then 

connected together. Interestingly, the mitochondrion-encoded ND1 subunit, which was 

found to be the highest turnover rate subunit in the 650 kDa subcomplex in study III, 

was discovered to be the first mitochondrion-encoded subunit to interact with the 

peripheral arm in mammal complex I assembly (Mimaki et al., 2011). Further study on 

ND1 mutants in plants may help elucidate its role in peripheral arm and membrane 

arm interaction.  

 

6.6 Application of 15N labeling in hydroponic whole plant 

Arabidopsis cell culture provides a convenient system for protein turnover research but 

it is limited in investigating protein turnover rates in different mutants without the 

development of cell culture systems. There are several challenges to apply 15N labeling 

to measure protein turnover rates in whole Arabidopsis plants compared to 

homogenous cell cultures because of the differentiation of tissues and different 

development stages of whole plants. In study IV, hydroponically grown Arabidopsis 

plants at different development stages were labeled with 15N and both young and old 
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leaves were pooled separately for turnover rates analysis. This provides a foundation 

for methodology for future larger scale protein turnover studies in whole plants and 

identification of different proteases targets in relevant mutants.  
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Future Perspectives 

As a relatively new area in plant research, protein turnover studies can be applied in 

many interesting ways using the techniques I have developed during my thesis work.  

Future studies will characterize protein turnover changes in response to stresses or 

other stimuli, determine protein degradation pathways for a given protein, and the 

role of protein turnover in controlling plant development and other biological 

pathways. Protein turnover rates for a given protein under normal conditions, stress 

treatments and other stimuli provide essential information as a key property of the 

protein. The balance between protein synthesis and degradation under various 

conditions has profound implications for the mode of a protein’s regulation. Protein 

synthesis and degradation balance also provides important information for the pattern 

of gene control (Schwanhausser et al., 2011). It is of great interest that some protein’s 

abundances were found to be controlled by degradation instead of by 

transcription/translation control (Guo and Ecker, 2003; Potuschak et al., 2003). As 

reviewed recently, curated databases of protein half-lives might be integrated with 

other genome-scale data including transcript abundance and PTM to improve 

predictions made using –omics scale data in the coming years (Hinkson and Elias, 2011). 

Although metabolic labeling coupled with mass spectrometry fulfills almost all the 

criteria for protein turnover research, other turnover research strategies also have 

advantages. For example, the RDM strategy that measures the protein synthesis rate by 

measuring translational capability for a given mRNA has the advantage of measuring 

the protein synthesis directly (Ingolia et al., 2009). Bleach-chase experiment offers an 

avenue for revealing the protein dynamics in living cells and cell to cell variability (Eden 

et al., 2011). Protein turnover data from multiple strategies may be compatible to each 

other and can be integrated together. For plant protein turnover research, a proteome 

scale measurement of protein turnover rates using the methodology developed in cell 

culture (study I) or in hydroponically grown whole plants (study IV) might be the first 

step.  
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Validation of the degradation pathway for a given protein is another interesting 

direction for protein turnover research. Ubiquitin-mediated proteolysis regulates all 

aspects of cellular function and the limited number of identified ubiquitin ligase 

-substrate pairs is a major bottleneck for further studies. Several hundred potential 

ubiquitin-mediated proteolysis substrates were identified by combining protein 

turnover research and ligase inhibition methods (Yen and Elledge, 2008). The 

degradation of short lived proteins has been found to be reversibly inhibited by 

peptide aldehyde inhibitors of proteasomes, such as 

carbobenzoxyl-leucinylleucinyl-leucinal (MG132) (Yen and Elledge, 2008). MG132 was 

also used in yeast mutants with enhanced permeability and tobacco suspension cells 

for specific inhibition of proteasome activity (Genschik et al., 1998). 

Phenylmethylsulfonyl fluoride (PMSF), which inhibits multiple vacuolar proteases, does 

not affect the proteasome targets (Lee and Goldberg, 1996). These and other such 

inhibitors could be used to distinguish proteins that are degraded by the proteasome 

and by vacuolar proteases. Besides the use of pharmaceutical intervention, another 

possibility is to compare protein turnover rates in wild type to mutants with loss of 26S 

proteasome function (Kurepa et al., 2009). Additionally, other organelle protease 

mutants could also be studied in order to identify their substrates. The work conducted 

in study IV lays the groundwork for future application of 15N labeling in protein 

turnover studies in intact plants including both wild type and various mutants, which 

holds much promise in answering several important questions of plant biology as well 

as raising several new questions.   

 

One outstanding question on protein turnover rates is how different components of 

protein complexes assemble together and are kept in stoichiometry. Detection and 

validation of assembly intermediates help to understand the assembly pathways of 

protein complexes and the interactions of different subunits. Subunits in assembly 

intermediates usually have higher turnover rates compared to subunits in functional 
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complexes and this can be experimentally measured by 15N labeling and mass 

spectrometry. In conjunction with labeled precursor import in mutants, this is a new 

strategy to study the assembly of protein complexes. The workflows described in study 

II and III can also be used for studying assembly pathways of other protein complexes. 

However, assembly intermediates usually are low abundant and difficult to detect. 

Enrichment techniques such as antibody affinity purification could be used to increase 

the abundance of other assembly intermediates for turnover and other types of 

analyses. 

 

Overall, a new 15N labeling regime coupled with mass spectrometry strategy to 

measure protein turnover rate was established in Arabidopsis cells (Study I), 

application of protein turnover rates measurement in mitochondrial respiratory chain 

complexes in vivo together with precursor import in vitro revealed the assembly 

pathways for both F1FO synthase and CI (Study II and III) and then further application of 

15N labeling to hydroponically grown Arabidopsis give many options for future 

proteome-wide protein turnover research in whole plants and protein stability 

relevant mutants (Study IV). 
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