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Abstract 

The synthesis and degradation of proteins to grow and maintain homeostasis of cells are 

some of the most fundamental processes of life. The machinery responsible for these 

processes, the ribosome for protein synthesis and proteasome for protein degradation, 

determines both the amount of proteins present and the lifespan of proteins in the cell and 

in so doing regulates almost all cellular processes including their own. This paradoxical 

scenario where the regulators regulate themselves is a costly one, with protein turnover 

being estimated to account for at least a third of all energy utilised in the cell. The use of 

the stable nitrogen (N) isotope 15N in metabolic labelling can enable quantification of the 

rate at which the protein synthesis and degradation machinery are turned over. To achieve 

this, a combination of metabolic labelling experiments and machinery enrichment 

strategies were applied to Arabidopsis thaliana suspension cell cultures to purify the 

cytosolic ribosome and proteasome from other cellular organelles followed by analysis 

using liquid chromatography coupled to tandem mass spectrometry.  

There have been a variety of studies that have analyzed the composition and structure of 

the cytosolic ribosome and the proteasome in different organisms including plants, but 

our understanding of the dynamics of their synthesis and degradation is still limited. By 

better understanding these machines we can more comprehensively define how the 

steady-state proteome of the cell is maintained and how it changes with environmental 

stresses. 

In initial studies, the different effects of trypsin, Asp-N, Lys-C and Glu-C on digestion of 

ribosomal proteins was assessed. Using trypsin allowed identification of more proteins in 

comparison with other proteases. Applying three differential centrifugation processes 

during ribosomal isolation allowed protein enrichment studies to identify 160 proteins of 

the ribosome and 26 proteins that were associated with ribosomes and potentially 

involved in ribosomal function.  

To study the degradation rate of proteasomal proteins, a 35:PAG1-GSrhino Arabidopsis 

cell culture was used and the ATP concentration essential to maintain both core and 

regulatory particle during proteasome pull down was determined to be 20 mM. Using this 

approach 32 proteasomal proteins were identified by mass spectrometry including 16 

proteasomal proteins in the 19S regulatory particle and 16 proteasomal proteins in the 

20S core particle.   
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The rate at which each of the 80S cytosolic ribosome proteins was degraded under 

standard conditions was determined using a custom data processing pipeline which 

determined the ratio of labelled to unlabelled protein over a time course. The degradation 

rate (KD ; proportion of a protein degraded per day) of several ribosomal proteins in both 

small and large subunit, were shown to be significantly different to the degradation rate 

of the remainder of the proteins in these two subunits. Ribosomal protein S23A had the 

lowest degradation rate and is located in the small subunit (KD was 0.12 d-1), conversely, 

receptor for activated C kinase 1C and acidic ribosomal protein P0D had the highest 

degradation rate (KD) of 0.65 and 1.39 d-1 respectively. 

Applying 15N labelling to the 35:PAG1-GSrhino Arabidopsis thaliana cell culture 

identified the turnover rate of 13 proteasomal proteins that were located in both particles; 

however, there were no subunits with significant differences in degradation rate compared 

to the others. 

To determine if the application of environmental stresses affected the synthesis and 

degradation rate of ribosomal proteins, both H2O2 and menadione treatment was applied 

to the Arabidopsis cell culture. Most of the ribosomal proteins under treatment conditions 

turned over more slowly in comparison with untreated samples. Additionally, radioactive 

14C-leucine labelling to identify protein synthesis rate in both controls and treated samples 

showed that incorporation of 14C-leucine into new cellular proteins was lower in treated 

cells which indicates the slowing of ribosomal function. The effect of the treatments on 

ribosomal protein abundances was determined by selected reaction monitoring assays of 

ribosomal peptides, and this showed ribosomal protein abundance decreased after 

treatment in comparison with the untreated sample. Within the set of ribosomal proteins, 

RACK1B and RPP2B were found to have differential changes (P ≤ 0.05) in their 

degradation rate compared to other proteins in their subunits following H2O2 and 

menadione treatment, respectively. Finally, based on the ribosomal protein turnover 

results in Arabidopsis thaliana cell culture; the effect of loss of either RACK1 (B and C) 

or RPP0D/RPL10-like genes was investigated on Arabidopsis plant growth and stress 

response. This found that mutation of either of these two genes did not show any 

significant effect on overall plant development and growth stage in comparison with wild-

type. However, root length in the RPP0D/RPL10-like knock out plants were significantly 

shorter in comparison with wild-type, but RACK1 (B and C) was not. While salt treatment 

effected root length in all genotypes, there was no significant interaction with genotype 

showing there was no enhanced sensitivity of ribosomal mutants to saline conditions. 
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Overall, using 15N stable isotope labelling in Arabidopsis thaliana showed a slow 

degradation rate of most ribosomal (r) and proteasomal proteins but identified RACK1 

and RPP0-like r-proteins with high degradation rates even under control conditions. 

Knockout of the RPP0-like rapidly degrading r-protein affected root growth. The 

degradation rates of most r-proteins were even slower following oxidative stress. 

Combining ribosome quantification and cellular protein synthesis rates showed 

ribosomes remained functional during oxidative stress.
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General introduction 

1.1 The mechanism of protein synthesis and degradation 

Proteins constantly undergo breakage and reformation as cells grow and age, and the 

breakdown or degradation of these proteins provides the amino acids that act as a starting 

point for the formation of newly synthesized proteins (Li, 2010; Nelson et al., 2014). The 

regulation of protein dynamics is thus crucial to determine how protein abundances 

change in different biological systems (Doherty and Beynon, 2006). Balancing protein 

synthesis and folding against protein degradation has a major role in controlling protein 

homeostasis and cellular proliferation, and any shift from this proteostasis affects the cell 

lifespan and its functionality (Ben-Zvi et al., 2009). 

Protein dynamics have a significant role in the regulation of the intracellular protein level 

particularly in response to environmental stress in plants (Li, 2010; Ishihara et al., 2015; 

Fan et al., 2016). Any abnormality in protein turnover may indicate dysfunctions in the 

synthesis and degradation process and consequently the accumulation of damaged and 

misfolded proteins (Kim, Wang et al. 2012). Measuring the turnover rate of proteins is 

thus essential to determine the optimal time required for proteins to be active and to 

perform their normal function (Sauer et al., 2014). 

Researchers have shown that the rate of protein synthesis is affected by transcription 

whereas the rate of protein degradation is affected by post-translational processes and 

mechanisms of metabolism (Beynon and Pratt, 2005; Doherty and Beynon, 2006). The 

rate of protein synthesis and degradation for an individual protein depends on a range of 

other factors. For example, the rate depends on the physiological function of a protein 

(Nelson et al., 2013), the tissue it is present in (Price et al., 2010; Kim et al., 2012), its 

post-transitional modification (Poppek et al., 2006), subcellular localization, host-

pathogen interactions and other environmental factors influencing the organism (Guan et 

al., 2011). The amount of a protein that undergoes synthesis and degradation (turnover) 

in the cell can be independent, leading to three different scenarios ( Figure 1.1).  

The first case is a steady-state, in which the concentration of the protein remains constant 

in the cell because there is a balance between the rate of the proteins that are synthesised 

during transcription and degraded by protein metabolism. The second scenario is that the 

amount of protein degraded in the cell is higher than the amount of protein synthesized, 

this can be the result of an increased rate of protein degradation with no change in 

synthesis or no change in cellular protein degradation and a decrease in the rate of protein 
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synthesis. Over time this will lead to the loss of this protein from the proteome. In the 

third scenario, the amount of protein synthesised is higher than the amount degraded; this 

can be because of an increase in the rate of protein synthesis in comparison with the rate 

of protein degradation or due to no changed in the rate in protein synthesis but a decrease 

in degradation rate. Over time this leads to the accumulation of this protein in the 

proteome. 

 

 

 

Figure 1.1: Protein turnover dynamics. 

Black arrow (first scenario) represents steady-state situation in which there is a 

balance between protein synthesis and degradation and the protein abundance 

remains constant. Blue arrow indicates a lower protein synthesis than degradation 

(second scenario) lead to loss of a protein over time. The red arrow indicates high 

protein synthesis than protein degradation (third scenario) lead to accumulation 

of a protein over time. 

 

 

Hence, the balance between the rate of protein synthesis and degradation has a significant 

role in determining the overall amount of protein in living organisms, and any change in 

this balance can affect protein abundance and thus function and activity. 

The idea of studying protein dynamics in plants began in 1940 when researchers showed 

that protein synthesis occurred in the tobacco plant by employing a stable isotope 15N 
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method (Vickery et al., 1940). More recently, protein turnover studies using mass 

spectrometry expanded in many systems including prokaryotic organisms such as 

Salmonella typhimurium (Wang et al., 2016), and eukaryotes like human cells (Price et 

al., 2012), animals such as mouse (Lam et al., 2014), chicken (Hayter et al., 2005) and 

other plants, for example barley (Nelson et al., 2014) and Arabidopsis thaliana (Li et al., 

2012; Ishihara et al., 2015).   

Plant development and growth can be affected by the change of the rate of protein 

turnover. The degradation rate for a protein can range from a half-life of minutes to 

several months for different types of protein (Ohsumi, 2006). Therefore it is important to 

quantify and identify how proteins work and how their functions are affected by the 

physiological conditions imposed during biological processes (Doherty et al., 2008). 

Most proteins are synthesized by the cytosolic ribosome (Klinge et al., 2012) and 

degraded by the proteasome (Ben-Nissan and Sharon, 2014). The ribosome and the 

proteasome are large protein complexes in the cytosol that perform these functions. There 

have been a variety of studies that have analyzed the composition of the cytosolic 

ribosome (Klinge et al., 2011; Anger et al., 2013) and the proteasome (Budenholzer et al., 

2017). Understanding the regulation of these complexes stands behind major changes in 

the overall turnover rate of proteins in cells. 

1.2 The kinetics of cellular proteins 

Protein turnover can be viewed as a process that governs a continual synchronization 

between protein synthesis and degradation in the cell. Relevant to this is how protein 

stability can be affected either thermodynamically or kinetically (Sanchez-Ruiz, 2010). 

Study of protein kinetics by measuring the rate at which the amount of old protein is 

degraded (KD) and replaced by new protein (KS) has several benefits. First, it is crucial to 

understand the abundance and stability of the protein in the cell. Secondly, it helps us to 

predict the biological function of the specific protein. Thirdly, it can help to outline the 

assembly pathway of protein complexes. Finally, finding both (KD) and (KS) values of 

proteins is essential to calculate the energy cost and the amount of ATP that is required 

for turnover of a specific protein (Lahtvee et al., 2014). 

Kinetic measurements of protein turnover require certainty about whether a study-state 

or a non-study state condition predominates in the tissue being studied. Under steady-

state conditions, which represents a limited and special instance of a biological system 

(Li, 2010), there is a balance between the rate of protein synthesis and the rate of protein 
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degradation (Doherty and Whitfield, 2011). Study-state provides a constant protein 

concentration and any changes in the protein abundance are related to cell growth which 

can easily be accounted for in measuring protein turnover  (Hinkson and Elias, 2011). On 

the other hand, a non-steady state condition when cells are undergoing differentiation of 

development; the rates of protein synthesis and degradation differ and the proteome is 

changing; therefore any variation in specific protein abundances must be considered and 

measured in some way during turnover studies (Hinkson and Elias, 2011). 

Cellular protein present on a given day decreases due to two processes; the first one is 

due to intracellular degradation; for instance, protein degradation via the 26S proteasome 

in the nucleus and cytoplasm (Collins and Goldberg, 2017). Secondly, because of dilution 

when cells undergo growth, new protein is synthesized, diluting the proteins previously 

present. During protein turnover study and labelling process, both of these mechanisms 

combine to decrease the relative amount of the natural abundance (NA) protein in 

comparison with heavy labelled (H) protein in protein dynamics studies (Eden et al., 

2011).  

Kinetic study of protein turnover has shown that protein synthesis rate (KS) follows zero 

order kinetics, particularly under a steady state condition, through the increase of its 

starting pool (KS) per day (Li et al., 2017), which means that proteins are synthesized 

independently of their abundance. However, the protein degradation rate (KD) depends 

on the protein concentration that proportionally decreases per day, so it follows first-order 

kinetics which prompts measuring of the half-life of degrading proteins (t ½ = ln 2/ KD) 

(Li, 2010; Li et al., 2017).  

Researchers have shown that protein stabilities differ in term of different tissue as well as 

according to subcellular localization. For instance, in the mouse, it has been found that 

the turnover rate of proteins differed among blood, liver and brain tissue (Price et al., 

2010). Cellular localizations also effect turnover rates in Arabidopsis thaliana and barley 

(Nelson et al., 2014; Li et al., 2017). However, some proteins turnover so slowly that they 

can remain functional for several years such as crystalline, collagen and elastin proteins 

in humans (Masters et al., 1977; Shapiro et al., 1991; Verzijl et al., 2000). 

In the past, degradation of proteins has been measured by blocking the synthesis of protein 

by using antibiotic protein biosynthesis inhibitors such as cycloheximide and then 

quantifying decreases in cellular protein abundance (Clotworthy and Traynor, 2006; 

Vogtle et al., 2009; Armbruster et al., 2010). However, the gross impact of these 

treatments limit the value of this method (Clotworthy and Traynor, 2006) and encouraged 
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researchers to use other technologies to measure protein dynamics that do not lower 

cellular protein content through the combination of stable isotope labelling and peptide 

mass spectrometry. Through such methods, we can measure the degradation rate (KD), 

synthesis rate (KS), and half-life (t ½) of thousands of proteins in different organisms 

without changing cellular protein homeostasis. 

1.3 The protein synthesis process 

Protein synthesis is considered to be one of the most highly regulated biological processes 

within the cell, and it is crucial for normal cellular function. Cells make their proteins 

through a complex mechanism that involves DNA (deoxyribonucleic acid), RNA 

(ribonucleic acid) and a range of enzymes. 

Protein synthesis in a cell is performed by the ribosome in a process called translation 

(Figure 1.2). It involves four main stages; initiation, elongation, termination and 

recycling, and several protein synthesis factors are involved during each process (Wang 

and Proud, 2006). The mechanism of elongation in both prokaryotes and eukaryotes are 

quite similar, and the same factors are used during this process. In contrast, initiation, 

termination and recycling mechanism and the factors that are involved in this process are 

relatively different (Rodnina and Wintermeyer, 2009). 

Protein synthesis is mainly regulated by translation initiation with the aid of several 

processes including the formation of 48S complex and the binding of the initiation 48S 

complex to the 60S large subunit (Jackson et al., 2010).   

In the initiation step, mRNA attaches to the small ribosome subunit and the first amino 

acid methionine is brought in by tRNA. To get translation started the anti-codon on tRNA 

matches up to the start codon (AUG) on an mRNA at the 5’ end cap. tRNA with incorrect 

anti-codons are rejected and replaced by new tRNA; this process is mediated by several 

initiation factors. At the start codon, the large ribosomal subunit joins the complex, and 

all the initiation factors are released (Rodnina and Wintermeyer, 2009).  

In eukaryotes, there are several initiation factors involved in mRNA recruitment including 

(eIF4, eIF3, PABP) and those factors (eIF2 and eIF5) that transfer Met-tRNA to the small 

subunit (the 40S). However, these factors are not present in the initiation of translation 

step in prokaryotes (Studer and Joseph, 2006; Marzi et al., 2007; Thompson et al., 2016). 

The next tRNA molecule then moves in and matches with the mRNA codon while the 

amino acids form a peptide bond and link together. The previous tRNA can detach and 
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mRNA shifts through, and the next tRNA molecule can come in, and the polypeptide 

grows in a process called elongation until a stop codon is reached (Rodnina and 

Wintermeyer, 2009). 

During elongation, like in the initiation step, several elongation factors are involved, the 

eukaryotes factors are different in mechanism and function in comparison with 

prokaryotes, the eukaryotes factors are eEF1A and eEF1B and homologous are EF-Tu 

and EF-Ts in prokaryotes, respectively (Rodnina and Wintermeyer, 2009).  

Termination occurs when one of the three stop codons UAA, UAG or UGA enters the 

ribosomal A site and protein synthesis is finished (Fan-Minogue et al., 2008). These 

codons are recognized by a protein called a release factor which catalyses the cleavage of 

the bond between the polypeptide and the tRNA (Rodnina and Wintermeyer, 2009). The 

numbers and function of these release factors in prokaryotes and eukaryotes are different. 

In prokaryotes three release factors are involving in the mechanism of translation 

termination (RF1, RF2 and RF3), in contrast, two unrelated release factors are involving 

in eukaryotes translation termination (eRF1 and eRF3) (Fan-Minogue et al., 2008; 

Laurberg et al., 2008). 

Finally, the polypeptide is released from the ribosome, and the ribosome is disassociated 

into subunits and ready for a new round of translation (Wilson, 2014).  
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Figure 1.2: Mechanism of protein synthesis in the eukaryotic cell. 

The double helix DNA is used as a template for synthesising protein. 

Transcription occurs in the nucleus by which a double strand of DNA nucleotides 

is unzipped to produce a single strand of RNA nucleotides through the action of 

RNA polymerase. Protein synthesis takes place in the cytoplasm, through the 

translation process catalysed by the ribosome. A sequence of amino acids (a 

polypeptide protein chain) is thus produced following the sequence of RNA 

nucleotides in an mRNA. 

 

 

1.3.1 Regulation of protein synthesis 

The mechanistic target of rapamycin (mTOR) signalling pathway which is conserved 

functionally and structurally among humans, mammals, yeast and plants (Robaglia et al., 

2012) has a crucial role in cell physiology and is the primary regulator of protein 

synthesis. It is involved in mRNA translation through its role in regulation and controlling 

translation initiation and the translation elongation factor (eEF2)  (Wang and Proud, 2006; 

Lipton and Sahin, 2014). This factor is responsible for joining Met-tRNA to the small 

ribosomal subunit (the 40S) (Dever et al., 2016).  
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mTOR promotes protein synthesis through phosphorylation of ribosomal protein S6 

kinase (p70-s6k), and then p70-s6k phosphorylates the small subunit ribosomal protein 

S6 which promotes protein synthesis (Cai et al., 2016). 

Moreover, p70-s6k inactivates eukaryotic elongation factor-2 kinase (eEF2K) by 

phosphorylating it; which is a negative regulator of eukaryotic elongation factor 2 (eEF2) 

and thus crucial for control of the elongation step of translation and consequently 

polypeptide strand synthesis within the ribosome (Wang et al., 2001). Phosphorylation of 

p70S6K via mTOR also results in activation of eukaryotic translation initiation factor 

4B (eIF4B) and again enhances polypeptide synthesis in the ribosome (Holz et al., 2005). 

Finally, downstream of mTOR pathway is phosphorylation of 4E-BP1 which allows the 

release of eukaryotic initiation factor 4E (eIF4E) and promotes translation (Gingras et al., 

2001). 

There is only one TOR gene that has been identified in humans, Chlamydomonas 

reinhardtii, most animals and plants like Arabidopsis thaliana, in contrast, two genes are 

found in yeast. There is about 75% sequence similarity between Arabidopsis thaliana 

TOR and human TOR (Xiong and Sheen, 2014).   

In plants,  the majority of protein biosynthesis occurs by the cytosolic ribosome, whereas 

a handful of abundant proteins are made by plastid and mitochondrial ribosomes inside 

organelles (Nelson et al., 2014). TOR has an essential role in the growth and development 

of Arabidopsis thaliana through regulating ribosome biogenesis, protein translation and 

ribosomal RNA expression but only for cytosolic protein process (Ren et al., 2011). 

1.3.2 Cytosolic ribosome: composition and function 

Ribosomes are the protein-making machines that read the mRNA code and add the correct 

amino acid using tRNA to build proteins in the cell. Reduction in ribosomal accuracy and 

efficiency have been shown to reduce the rate of protein synthesis (Conn and Qian, 2013; 

Borkowski et al., 2016).  Ribosomes consist of several RNAs and many different proteins, 

therefore, they are called ribonucleoprotein complexes. Cytosolic ribosomes can be found 

on the rough endoplasmic reticulum (ER) or float freely in the cytosol. Both translate 

genetic information encoded by mRNA into proteins (Ben-Shem et al., 2011; Hummel et 

al., 2012). The structure and composition of ribosomes in both eukaryotic and prokaryotic 

cells have been studied extensively. Results have shown that the 80S eukaryotic cytosolic 

ribosomes are larger and more complex with a molecular weight of about 3.3-4.3 MDa, 

https://en.wikipedia.org/wiki/Ribonucleoprotein
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while the 70S prokaryotic, mitochondria and plastid ribosomes have molecular weights 

of about 2.4 MDa (Rabl et al., 2011; Carroll, 2013). 

Cytosolic ribosomes consist of two major subunits in all three kingdoms of life (Archaea, 

Bacteria and Eukarya). The eukaryotic ribosome subunits are larger and more 

complicated than the bacterial ribosome; and their molecular weight is about 4.3 MDa 

and 2.6 MDa, respectively (Rabl et al., 2011). The archaea ribosomal subunits are similar 

to the bacterial ribosome in their size and structure and are composed of the 30S and 50S 

subunits that join to make a 70S ribosome, but their primary sequences of both rRNA and 

ribosomal proteins are nearer to eukaryotic ribosomes. Moreover, archaea have three 

RNA polymerase, unlike bacteria which has only one RNA polymerase (Rodnina and 

Wintermeyer, 2009; Yip et al., 2013). 

The small ribosomal subunit has two primary functions, first, during the initiation 

translation in which the small subunit interacts with mRNA sequence,  second, reading 

and decoding the mRNAs through correct base pairing between codons and 

aminoacylated tRNAs. The large ribosomal subunit is responsible for peptide bond 

formation. It has a corridor that contains three sites. The A-site; is the entry site for new 

tRNA charged with amino acid or aminoacyl-tRNA; the P-site is occupied by peptidyl-

tRNA that carries the growing polypeptide chain, and the E-site is the exit site for the 

tRNA after it has done delivering the amino acid to form a polypeptide chain through 

peptidyl transferase (Doudna and Rath, 2002; Wilson, 2014; Konikkat and Woolford, 

2017). 

The 40S subunit in eukaryotes contains an 18S rRNA, and the large 60S subunit contains 

5S, 5.8S and 23S  rRNA subunits. These four rRNAs attached to about 80 different 

ribosomal proteins in eukaryotes (Figure 1.3); except for the case of the plant cytosolic 

ribosome that has an extra r-protein family known as the acidic stalk protein P3 (Carroll, 

2013). Prokaryotes have 70S ribosomes, consisting of a small  (30S) and a large (50S) 

subunit. Prokaryotes small subunit has a 16S rRNA, and the large subunit is composed 

of  5S rRNA and 23S rRNA, and these 3 rRNAs bind to nearly  55 proteins. Figure 1.3 

shows the distribution of ribosomal proteins in both small and large subunits among all 

three domains of life (Giavalisco et al., 2005; Schuwirth et al., 2005; Hummel et al., 2012; 

Konikkat and Woolford, 2017). The larger size of eukaryotes ribosome is due to the 

presence of extra-ribosomal protein which amounts to about 25 additional proteins in their 

ribosomal composition and the additional ribosomal RNA (rRNA). The ribosomal 

composition in both eukaryotes and prokaryotes are shown in (Table 1.1) (Doudna and 

https://en.wikipedia.org/wiki/Polypeptide
https://en.wikipedia.org/wiki/18S_ribosomal_RNA
https://en.wikipedia.org/wiki/Svedberg
https://en.wikipedia.org/wiki/30S
https://en.wikipedia.org/wiki/50S
https://en.wikipedia.org/wiki/16S_ribosomal_RNA
https://en.wikipedia.org/wiki/5S_ribosomal_RNA
https://en.wikipedia.org/wiki/Protein
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Rath, 2002; Wilson and Nierhaus, 2003; Ben-Shem et al., 2010; Yusupova and Yusupov, 

2014; Konikkat and Woolford, 2017). 

The protein composition of cytosolic ribosomes among eukaryotes species such as 

human, rat, yeast and Arabidopsis thaliana have been studied, and these results have 

shown that the plant 80S cytosolic ribosome shares a high level of conservation with 

animals regarding protein composition, overall structure and percent similarity of protein 

sequences (Manuell et al., 2005).  

Mammalian ribosomal proteins are typically encoded by single genes whereas  

Arabidopsis thaliana ribosomal protein are encoded by multiple (two to six) genes, which 

means there are 251 ribosomal protein genes including 21 pseudogenes encoding 81 

cytosolic ribosomal protein families in Arabidopsis thaliana (Hummel et al., 2012). 

 

 

Figure 1.3: Distribution of ribosomal proteins in three domains of life. 

The ribosomal protein number in archaeal are intermediate between eukaryotic 

and bacterial ribosomes. Some of these archaeal proteins are present in both the 

eukaryotic and the bacterial ribosome. 

SSU: small subunit, LSU: large subunit, Total: the sum of ribosomal proteins of 

both LSU and SSU. 
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1.3.2.1 Ribosome assembly 

Ribosome biogenesis and assembly is a highly-complicated process inside cells. It is 

conserved across cells of living organisms through the involvement of more than 170 

non-ribosomal (protein assembly) factors, 70 nuclear RNAs and three RNA polymerases 

(Hein et al., 2013).  

The process of ribosome biogenesis consists of several steps including synthesising of 

ribosomal proteins in the cytoplasm and importing them to the nucleus, rDNA 

transcription and creating the 47S (pre-RNA) precursor of the 28S, 5.8S, and 18S rRNAs. 

This is followed by the processing of 47S pre-RNA to ribosomal RNA in the nucleolus. 

Finally, assembly of both ribosomal RNA and ribosomal proteins occurs to make the 

ribosome complex (Xue and Barna, 2012). 

47S ribosomal genes (rDNA) are transcribed to 47S (pre-RNA) by RNA polymerase I 

(Pol I), and it undergoes synthesis and processing to generate three of the four rRNA 

including 28S, 5.8S, and 18S rRNAs. The fourth rRNA (5S rRNA) which occurs in the 

nucleoplasm is the only one that is transcribed by RNA polymerase III (Pol III).  

On the other hand, RNA polymerase II (Pol II) transcribes all the mRNA for ribosomal 

proteins that are then translated in the cytoplasm (Xue and Barna, 2012; Hein et al., 2013). 

It is estimated that about 50% of RNA polymerase II  is devoted to transcription of 

ribosomal mRNAs (Warner, 1999).  

Translated ribosomal proteins are imported from the cytoplasm to the nucleolus for 

assembly with the rRNAs. Most of the process of mature ribosomal subunit biogenesis 

occurs in the nucleus (Kohler and Hurt, 2007; Hein et al., 2013). Formation of each pre-

40S small subunit occurs through the assembly of 18S rRNA with 32 ribosomal proteins 

and each pre-60S large subunit via a combination of 28S, 5.8S and 5S rRNA with an 

additional 47 ribosomal proteins. Finally, both pre-ribosomal subunits are exported from 

the nucleus to the cytoplasm where they are combined to make the 80S ribosome 

complex. Any problem in the ribosome biogenesis or accumulation of damaged ribosomal 

RNA (rRNA) or ribosomal protein may affect the function and activity of the ribosome.  

Researchers have shown that unnecessary or damaged ribosomes are often degraded 

through directed autophagy (ribophagy), or they can be repaired through ribosomal 

protein exchange (Mathis et al., 2016). Mathis and co-workers reported the longevity and 

maintenance of ribosome assembly in mouse livers may be affected by fast exchange of 

several ribosomal proteins (L19, L24, L34, L10 and L36 A) which are located at the 
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interface between the 60S and 40S subunits and which are structurally essential to 

maintain the connection between the two ribosomal subunits. Furthermore, they showed 

that every day around 10% of ribosomes are repaired through either new ribosomal 

assembly and protein exchange or via the ribophagy pathway (Mathis et al., 2016). 

Damaged ribosomes in bacteria have been shown to be renewed through the exchange of 

several r-proteins such as S1, S2, L1, L7/12, L9, L10, L11 and L33 (Pulk et al., 2010; 

Ossareh-Nazari et al., 2014). 

1.3.2.2 Nomenclature and structure of ribosomal proteins 

Ribosomal proteins are defined as those proteins present in the ribosome. Through 

combination with rRNA, they make the 40S and 60S ribosomal subunits in eukaryotes 

and 30S and 50S subunits in prokaryotes (Foster and Champney, 2008; Konikkat and 

Woolford, 2017).  

The nomenclature and experimental method of ribosomal protein identification began in 

the 1960s. Several issues in naming arose because different laboratories worked with 

E.coli ribosomal proteins and each laboratory proposed their own names for those 

ribosomal proteins. This was resolved in 1971 when a standardised name and 

experimental method were applied (Wittmann et al., 1971; Ban et al., 2014). Full 

sequences of ribosomal protein were first reported in E. coli after that similar sequences 

were found in other eubacterial species. Because of the high conservation of ribosomal 

protein sequence and function equivalence, the naming system of ribosomal protein in E. 

coli has been adopted and used for all these species including archaeal and eukaryotic 

homologs.  

Ban and his colleagues designed a new system for the nomenclature of ribosomal proteins 

among all three domains of life. According to their nomenclature, the proteins shared 

between all three domains use the prefix” u”  for universal followed by the ribosomal 

protein name in E.coli (e.g. ribosomal protein L1 present in all three domains was 

renamed uL1). Those proteins in eukaryotes and that have no homologue in prokaryotes, 

Ban and his colleagues used the yeast name (Mager et al., 1997) with the prefix ”e” for 

eukaryote (i.e. eS24). Finally, those proteins that are present in prokaryotes and not 

eukaryotes use the prefix “b” for bacteria, followed by the name in E. coli (i.e. bL17) 

(Ban et al., 2014). 

There is strong conservation and sequence similarity among different eukaryotes 

ribosomal protein genes across species as diverse as rat (Rattus norvegicus) (Wool et al., 
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1995), yeast (Saccharomyces cerevisiae) (Mager et al., 1997), human (Homo Sapiens), 

and Arabidopsis (Arabidopsis thaliana). About 15 ribosomal proteins are shared between 

the 30S and 40S small ribosomal subunits, and nearly 20 ribosomal proteins share 

conservation between the 50S and 60S large ribosomal subunits (Table 1.2) (Hummel et 

al., 2015; Nikolay et al., 2015).   

Gene cloning from rat liver extracts is considered to be the first attempt to study 

eukaryotic ribosomal protein sequences. The list of rat liver ribosomal protein sequences 

reported in 1995 has been used as a model (Wool et al., 1995) for the nomenclature of 

ribosomal protein sequences in other eukaryotes including yeast (Mager et al., 1997) and 

the plant, Arabidopsis thaliana (Barakat et al., 2001).  

Barakat and colleagues identified 249 ribosomal protein genes which included 22 

pseudogenes that encode the 80 different ribosomal protein in Arabidopsis thaliana 

(Barakat et al., 2001). Later reports showed that 101 genes encode 32 ribosomal proteins 

in the small subunit and 148 genes encode 48 ribosomal proteins in the large ribosomal 

subunit (Carroll et al., 2008; Hummel et al., 2015). Each cytosolic ribosomal protein is 

thus encoded by two to seven genes in Arabidopsis (Carroll et al., 2008), with an extra 

protein family, only present in plants, which is called the acid-phosphorylated protein 

(P3) in the large subunit (RPP3). RPP3 has two isoforms named RPP3A and RPP3B 

encoded by the At4g25890.1 and At5g57290.1 genes in Arabidopsis, respectively 

(Carroll et al., 2008). 

 

Table 1.2: The number of ribosomal proteins that are conserved among archaea 

(A), eukaryotes (E), and bacteria (B). 

Organisms Large subunit Small subunit Total 

AE 20 12 32 

B A E 20 15 35 

B 13 7 20 

E 7 6 13 

A 1 0 1 

 

Cryo-electron microscopy reconstructions and X-ray crystal structures to study ribosomes 

and ribosomal protein subunits of both prokaryotes and eukaryotic organisms have 

provided a unique opportunity to discover mechanisms of these protein translation and 

their regulations in atomic detail. Moreover, the crystal structure gives more information 

about protein-protein and protein-rRNA interaction. 
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High-resolution atomic crystal structure for prokaryotes ribosome have been studied, 

including the small ribosomal subunit (30S) in Thermus thermophiles (Schluenzen et al., 

2000; Wimberly et al., 2000), the large ribosomal subunit (50S) in Haloarcula 

marismortui and Deinococcus radiodurans (Ban et al., 2000; Harms et al., 2001) and both 

subunits (70S)  in E. coli (Schuwirth et al., 2005) and Thermus thermophilus (Yusupov 

et al., 2001).  

The structures showed the complexity of the ribosome and gave more detail about 

interface interaction between the small and large ribosomal subunit and interaction 

between ribosomal proteins and ribosomal RNA. Also, they provide information about 

the position of several ribosomal proteins. Furthermore, these crystal structures provide 

details about ribosomal assembly and the individual structures of rRNA and ribosomal 

proteins (Wimberly et al., 2000; Yusupov et al., 2001; Schuwirth et al., 2005). 

The first atomic structure for 80S ribosomal protein in eukaryotes was studied in yeast 

(Saccharomyces cerevisiae) (Spahn et al., 2001) by using a cryo-electron 

microscopy(cryo-EM) map. This atomic structure has been compared with the E. coli 70S 

ribosome structure (Gabashvili et al., 2000), showing the structural similarity between 

ribosomes in these two organisms.  Beside yeast (Strunk et al., 2011), the atomic structure 

for other eukaryotes ribosomes and their subunits has been reported for human 

(Chandramouli et al., 2008; Khatter et al., 2015), rat (Budkevich et al., 2014) and the free-

living ciliate, Tetrahymena thermophila (Klinge et al., 2011; Rabl et al., 2011). 

1.4 Protein degradation process 

Protein degradation is the process of breakdown of abnormal, damaged and misfolded 

protein within the cell into small peptides and amino acids (Collins and Goldberg, 2017). 

This process occurs in many different sites in the cell including the nucleus, cytosol, 

endoplasmic reticulum (ER) and a variety of cytosolic organelles. Protein degradation 

rates for different protein types varies with half-lives vary from minutes to months 

(Nsanzabera et al., 2016).  

The process of protein breakdown differs from protein to protein depending on the 

degradation system involved. The majority of the degradation occurs in the cytoplasm 

through the action of the 26S proteasome. Proteins are ubiquitinated via the ubiquitin-

proteasome system (UPS) before they are recognized by the proteasome (Vierstra, 2009).  

Long-lived proteins and large protein complexes or cellular organelles such as 

mitochondria (Li et al., 2014), plastid (Wada et al., 2008) and peroxisomes (Lee et al., 
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2014) are degraded through internal proteases and through the autophagy process. 

Following these methods, the degraded protein components can then be replaced by 

newly synthesized amino acids or reused to make new proteins (Nelson et al., 2014). 

1.4.1 Protein degradation via the ubiquitin-proteasome pathway 

Degradation through the ubiquitin-proteasome pathway (Callis and Vierstra, 2000; 

Nelson et al., 2014) involves protein substrates being labelled by the covalent attachment 

to a polyubiquitin chain in an energy-requiring process to form ubiquitylated proteins. 

These tagged proteins are then digested and degraded to small peptides and amino acids 

through a large proteolytic complex called the 26S proteasome (Goldberg, 2003; Hegde, 

2010). 

1.4.1.1 Protein ubiquitylation and deubiquitylation process 

Ubiquitin is a small regulatory protein of 76 amino acids with an N-terminal lysine (K) 

and C-terminal glycine (G-76) that has been found in almost all tissues of eukaryotic 

organisms (Nsanzabera et al., 2016). The addition of ubiquitin to a substrate or target 

protein is known as ubiquitination or ubiquitylation and is a type of enzymatic post-

transitional modification of cellular proteins. This process is carried out in three main 

steps including activation, conjugation, and ligation through the action of three enzymes 

E1, E2 and E3, respectively (Stone, 2014).  

To forming polyubiquitin chains, the ubiquitin molecule first attaches to three different 

enzymes through thioester bond formation. In the first step of the process, the ubiquitin 

molecule is activated through its attachment to ubiquitin-activating enzymes (E1s) in an 

energy-requiring process. Then the activate ubiquitin transfers to the ubiquitin-

conjugating enzymes (E2s), again, the ubiquitin molecule is delivered from E2 to 

ubiquitin-protein ligases (E3s) (Nsanzabera et al., 2016). The ubiquitylation process then 

continues several times to form a polyubiquitin chain. Finally, the polyubiquitin chain 

molecule detaches from the E3s and binds to the target protein through isopeptide bond 

formation between C-terminal glycine (G) residue of ubiquitin molecule and the N-

terminal lysine (K) residue of the target protein as shown in Figure 1.4 (Adams, 2003; 

Kurepa and Smalle, 2008). 

 

https://en.wikipedia.org/wiki/Regulatory_protein
https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/Eukaryotes
https://en.wikipedia.org/wiki/Ubiquitin-activating_enzyme
https://en.wikipedia.org/wiki/Ubiquitin-conjugating_enzyme
https://en.wikipedia.org/wiki/Ubiquitin-conjugating_enzyme
https://en.wikipedia.org/wiki/Ubiquitin_ligase
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Figure 1.4: Ubiquitylation of target protein through the ubiquitin-

proteasome pathway. 

The ubiquitin-proteasome pathway consists of three main steps. In the first step, 

the ubiquitin molecule is activated through three enzymatic processes. In the 

second stage, the target protein is ubiquitylated, and in the third stage, a 

ubiquitylated protein molecule is targeted by a 26S proteasome molecule for 

unfolding and degrading. E: enzymes, S: substrate, DUB: deubiquitylated 

enzyme, UB: ubiquitin. 

 

 

It has been found that eight different types of polyubiquitin chain form through 

attachment of one ubiquitin molecule via one of its seven lysines (K6, K11, K27, K29, 

K33, K48 and K63) or the N-terminal methionine (Met) to another ubiquitin residue. A 

protein substrate can also be mono ubiquitylated through its binding to a specific ubiquitin 

molecule or poly ubiquitylated through attachment to several ubiquitin molecules (Grice 

and Nathan, 2016). Shabek and co-workers showed that the size of protein substrates 

indicate whether the protein undergoes mono- or poly-ubiquitylation. Furthermore, they 

showed that even mono-ubiquitylated proteins with a length of 150 amino acids residue 

could be degraded via the 26S proteasome without additional ubiquitylation (Shabek et 

al., 2012). 
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Different types of ubiquitin linkage with protein substrate can perform diverse biological 

functions in the cell. Therefore, not all the ubiquitylated proteins are recognized by 26S 

proteasome for degradation, rather, recognition depends on the type of the polyubiquitin 

chain formation through a lysine residue. For example, binding the target protein through 

one of this lysine residue including K-48 (Lu et al., 2015), K-63 (Saeki et al., 2009), and 

K11 (Jin et al., 2008) facilitates the protein substrate bring degraded via the 26S 

proteasome. The biological relevance of other ubiquitin linkages is unclear. However, 

they may be involved in other mechanisms, such as K27 ubiquitination which is required 

for DNA repair (Gatti et al., 2015). 

A ubiquitylated protein substrate, before being targeted for degradation via 26S 

proteasome, is recognized by two different kinds of the ubiquitin receptor. The first one 

is known as the direct (intrinsic) ubiquitin receptor; which involves RPN10 (Girod et al., 

1999; Wen and Klionsky, 2016),  RPN13 (Husnjak et al., 2008) and RPT5 (also known 

as S6) (Lam et al., 2002) of the 19S base subunit of the proteasome. This receptor allows 

ubiquitylated proteins to be directly recognized and binds to these subunits for 

degradation. The second type of ubiquitin receptor is called the indirect (extrinsic) 

ubiquitin receptor or shuttle factors and includes Rad23, Dsk2 (hHR23 and PLIC1 

mammalian homologue  (Saeki et al., 2002; Zhang et al., 2009) and Ddi1 (Nowicka et al., 

2015) which is conserve among all organisms. Each of these shuttle factors has two active 

sites. In one site they contain a ubiquitin-associated domain (UBA) that mediates binding 

to a ubiquitinated protein.  In the other site, they contain a ubiquitin-like (UBL) domain 

that mediates interaction with 19S proteasomal base subunits (Figure 1.5) (Fatimababy et 

al., 2010).  

Finally, a target protein deubiquitinates through one or more ubiquitin-specific proteases 

(UBPs) such as Usp14, Uch37 or Rpn11 followed by unfolding, translocation and 

degradation to small peptides or several amino acids (Kurepa and Smalle, 2008; Finley, 

2009).   
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Figure 1.5:  Recognition by the ubiquitylated protein substrate pathway. 

A target protein can be directly recognized by the 26S proteasome for 

degradation, or indirectly recognized via attachment of the ubiquitylated protein 

to the UBA-UBL shuttle factor followed by recognition by the 26S proteasome. 

 

 

1.4.1.2 Protein recognition and degradation via 26S proteasome 

The 26S proteasome is a protein degradation machine. It is an ATP-dependent, large 

multi-complex protein with a complex cylindrical structure. The 26S proteasome consists 

of two sub-particles, the core particle (CP) or 20S proteasome and the regulatory particle 

(RP) or 19S proteasome also known as PA700. The mass of CP and RP are approximately 

700 kDa and 900 kDa respectively, and together they form the 26S proteasome 2.5 MDa 

(Lasker et al., 2012; Wehmer et al., 2017).  

The ubiquitin-26S proteasome system (UPS) is highly conserved across all eukaryotes 

including rabbit (Etlinger and Goldberg, 1977), yeast (Yang et al., 2004), human (Wang 

et al., 2007) and higher plants (Van Leene et al., 2015). The target protein is recognized 

and deubiquitylated by the 19S RP; followed by unfolded, cleavage and release of the 

protein to small peptide and amino acids by the 20S CP (Lasker et al., 2012). The core 

particle (20 CP) is a barrel-shaped structure that consists of four rings; each ring contains 

seven individual proteins. The inner two rings comprise seven β subunits, and three of 

these β rings contain proteases active sites (β1, β2 and β5) that locate on the interior 

surface of the rings. The outer two rings contain seven α subunits whose function is to 

      

  

  

  

  

  

  

              

  

  

  

  

  

  

  

              

   

  

  

  

  

  

  

              

  

   

     

 
 
 

     

      

                      

          

https://en.wikipedia.org/wiki/Active_site


Chapter 1 

21 

 

maintain a "gate" through which proteins enter the barrel (Sahu et al., 2016). These 

subunits are controlled by binding to "cap" structures or regulatory particles (RP) that 

recognize polyubiquitin tags attached to protein substrates and initiate the degradation 

process (Adams, 2003).  

The regulatory particles (19S RP) consist of two parts, lid and base. The lid consists of 

nine regulatory particle non-ATPases (RPNs) including RPN 3, 5-9, 11 and 12. There are 

extra RPNs present in yeast ( Saccharomyces cerevisiae) but not plants that are known as 

RPN15/ SEM1(Luan et al., 2016). The base is composed of ten subunits, six of them are 

called ATPase subunits (triple-A ATPases family; 1-6 RPTs), and the rest of the subunits 

are known as 1,2, 10 and 13 RP non-ATPases (Ross et al., 2015). The primary function 

of the lid is to separate the ubiquitin chain from protein targets, whereas the function of 

the base is to recognize the ubiquitylated substrate and unfold the substrate to be degraded 

via the 20S core particle through its binding directly to the α ring of the 20S (Book et al., 

2010). Originally it was shown that both lid and base attached to each other via  RPN10 

(Glickman et al., 1998); however a later study has demonstrated that RPN10  indirectly 

joins these two subunits through its interaction with RPN9 (Lander et al., 2012). 

In addition to the 19S regulatory particle, it has been shown that there are several other 

regulatory particles including the ring-shaped heptamer of PA28αβ, PA28ɣ, and PA200 

that attach to the two-outer ring α subunit of the 20S particle. They help to open the gate 

into and out of the catalytic chamber (Shibatani et al., 2006)  

In Arabidopsis thaliana, most of the 20S(CP) and 19S(RP) subunits are encoded by a pair 

of genes consequently these subunits seem to be several times larger than other eukaryote 

models (Kurepa and Smalle, 2008; Vierstra, 2009). 

Besides the primary function of UPS in the protein degradation process, some of the  UPS 

components are also involved in other cellular physiological functions.  For instance, in 

plants some UPS components are involved in  program cell death (PCD) (Lee et al., 2006; 

Stone and Callis, 2007), plant–pathogen defence (Zeng et al., 2006; Delauré et al., 2008), 

cell cycle control (Jurado et al., 2008; Teixeira and Reed, 2013), plant development and 

growth (Schwager et al., 2007),  abscisic acid hormonal signalling (Stone et al., 2006) 

and abiotic stress (Stone, 2014).  

In humans, the UPS plays a crucial role in several cellular processes including regulating 

DNA repair and remaining cellular protein homeostasis (Motegi et al., 2009). Moreover, 

proteasome functionality is crucial for ribosomal DNA activity whereas the inhibition of 
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the (UPS) has a significant effect on the reduction of protein synthesis rate and the 

consequent decrease in the growth of muscle cells (Chandler et al., 2017). Finally, 

proteasome dysfunction can cause the accumulation of damaged and aggregated protein 

followed by toxicity to the cell and death (Dobson, 2004). 

Proteasome malfunction can be determined either through overexpression of substrates 

or by a decrease in its activity. For instance,  during pathological conditions, the inactive 

proteasome can cause human disease such as mitochondrial disease through the blocking 

of UPS function by ROS production (Segref et al., 2014). Furthermore, proteasome 

malfunction in human leads to developmental disorders and neurodegenerative diseases 

including Alzheimer's disease, Parkinson's disease and Huntington's disease (HD) 

(Schmidt and Finley, 2014). Additionally, inhibition of UPS can cause a particular type 

of cancer and autoimmune diseases (Delic et al., 1998; Frankland-Searby and Bhaumik, 

2012).  

1.4.2 Protein degradation via autophagy process 

Although the majority of intracellular proteins degrade through the ubiquitin-proteasome 

system (UPS) via the 26S proteasome machinery, as noted above protein degradation can 

also occur by the autophagy process (Lilienbaum, 2013). Autophagy or “ self-eating” is 

a biological catabolic process that occurs in the cell and is responsible for the proteolytic 

breakdown of cytoplasmic components including aggregated protein as well as long-lived 

and damaged cellular organelles within lysosomes and the vacuole (Kaminskyy and 

Zhivotovsky, 2012).  

The autophagy process has a housekeeping role in the cell that involves many cellular 

processes and promotes cell growth, development, stress response and nutrient recycling 

(Kroemer et al., 2010). Autophagy is an evolutionarily conserved mechanism among 

eukaryotes (Reggiori and Klionsky, 2002) and it operates either in the form of 

macroautophagy or microautophagy.  

Macroautophagy can be characterized by the formation of double-membrane vesicles 

known as autophagosomes through the action of the autophagy-related (ATG) proteins 

which acts as a garbage collection system for the cell. Autophagosomes take cargo and 

transported it into the vacuole (in yeast and plants) or into the lysosome (in mammalian 

cells). This translocation is followed by breaking down of components into small pieces, 

and finally, degraded components are sent back into the cell so that they can be used to 

build new machinery (Yang and Klionsky, 2010).  
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Macroautophagy can be divided into several types, such as ribophagy (ribosomal 

degradation), mitophagy (mitochondria degradation), chlorophagy (chloroplast 

degradation), pexophagy (peroxisome degradation), proteophagy (degradation of the 26S 

proteasome) and reticulophagy (Endoplasmic reticulum degradation) (Ishida et al., 2014). 

In non-selective macroautophagy,  bulk cytosol, including organelles, are randomly 

sequestered into autophagosomes (Cebollero et al., 2012). On the other hand, 

microautophagy refers to when cytoplasmic components are directly delivered to the 

vascular membrane (Bassham et al., 2006). 

In yeast, it has been found that the ribophagy pathway involves the ubiquitination of the 

40S and 60S ribosomal subunits upon nutrient starvation (Kraft et al., 2008). In 

Arabidopsis thaliana, it has been shown that autophagy mediates rRNA turnover under 

normal condition through delivering the rRNA to the vacuole, whereas mutations of 

autophagy result in rRNA accumulation inside the cytoplasm (Floyd et al., 2015). 

Autophagic dysfunction has been identified in diverse pathological processes in human, 

such as neurodegenerative diseases, liver disease, cardiac disease and infection (Levine 

and Kroemer, 2008). Furthermore, it has been shown that autophagy has a significant role 

against bacterial infection  (reviewed by Siqueira et al., 2018), for example, genetic 

inactivation of the autophagy pathway in each of Caenorhabditis elegans and 

Dictyostelium discoideum resulted in increases intracellular bacterial pathogen 

(Salmonella typhimurium) and consequently decrease their lifespan leading to death (Jia 

et al., 2009). In plants, autophagy has a fundamental role in response to environmental 

stress such as drought and salinity (Liu et al., 2009) as well as plant resistance against 

pathogenic fungal infection (Lai et al., 2011). 

1.5 Quantitative proteomics methods 

The quantitative study of the proteome is well into its second decade as a field of 

biological study. In the first decade, it used both two-dimensional gel electrophoresis 

(SDS-PAGE) and traditional protein staining techniques. However, these methods have 

problems including throughput, sensitivity and reproductively (Thelen and Peck, 2007), 

as well as low resolution and bias against membrane proteins (Ong and Mann, 2005). 

Moreover, there was poor quantitation using two-dimensional electrophoresis for 

biological studies of large and small proteins, and extremely acidic or basic proteins (de 

Oliveira and de Graaff, 2011). 
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An alternative method to two-dimensional gel electrophoresis and protein staining 

techniques is direct use of mass spectrometry (MS) for protein quantitation and 

identification. This technique has been used in a wide range of applications, in complex 

protein mixtures in advanced proteomic studies of protein quantification, automated 

identification, protein-protein interaction, post-translational modification and protein 

turnover (Ong et al., 2002; Oeljeklaus et al., 2009).  

1.6 Stable isotope labelling 

Comparing the intensity of signals from the same peptide peak in the same mass spectra 

can be estimated by using the relative protein abundance of heavy and light peptides 

labelled with isotopes of different mass (Ong and Mann, 2005). Today a considerable 

number of mass spectrometry methods used for quantitative proteomic analysis use stable 

isotopes and they can be divided into in vitro isotope labelling (chemical labelling) and 

in vivo isotope labelling (metabolic labelling) methods (Huttlin et al., 2007; Harsha et al., 

2008). Both of these methods include the modification of amino acids which are 

chemically identical to unlabelled protein and are distinguishable only by m/z (Gouw et 

al., 2010; Lewandowska et al., 2013).  

Chemical labelling occurs after protein extraction, therefore this method is completely 

independent of the source and preparation of the sample (Gouw et al., 2010). Metabolic 

labelling requires the addition of an isotopically enriched element including a heavy 

isotope of a protein containing element (e.g. 13C, 15N, or 18O in salts or amino acids) to 

the growth media in a form that makes it available for incorporation into the entire 

organism, tissue, or cell.  

1.6.1 Chemical labelling 

Stable isotope chemical labelling, this method also called in vitro labelling or post-

extraction labelling, involves peptides in the protein being labelled chemically during or 

after protein digestion (Thelen and Peck, 2007). The most common strategies for 

chemical isotope labelling includes an isobaric tag for relative and absolute quantitation 

(iTRAQ) and isotope-coded affinity tags (ICAT) for proteome analysis and heavy oxygen 

(H2
18O).  Although heavy oxygen is relatively inexpensive, because of its difficulties, it 

is used rarely in comparison with iTRAQ and ICAT labelling (Thelen and Peck, 2007). 
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1.6.1.1 ICAT 

Isotope-coded affinity tags (ICAT) is one of the most common of chemical labelling for 

relative quantitating proteomic analysis in different organisms. This method was 

developed by Gygi and his colleague in 1999 for proteomic expression study in yeast 

(Saccharomyces cerevisiae) (Gygi et al., 1999). It was later used in plants for the first 

time for localization of integral membrane proteins in both the endoplasmic reticulum 

and the Golgi apparatus in Arabidopsis thaliana (Dunkley et al., 2004). It has also been 

applied in identification and quantification of a protein complex from Arabidopsis 

thaliana mitochondrial membranes (Hartman et al., 2007) and quantifications of maize 

leaf chloroplast sheath (BS) and mesophyll (M) proteins (Majeran et al., 2005). 

The ICAT reagent consists of three parts including an acid cleavable biotin group as an 

affinity tag, isotopically coded linker, and two reagents – a heavy reagent (deuterium) and 

light reagent (hydrogen). These reagents are attached to the cysteinyl residue (cysteine 

thiol group) in every peptide (Gygi et al., 1999).  This technique is cheap, and its reagents 

are available, and it is feasible for labelling of hydrophobic proteins. However, this 

method has several drawbacks. First, it can only label those tryptic peptides that contain 

cysteine residues which are only present in some peptides and it is unable to detect 

cysteine-free proteins (Ong et al., 2002). Second, it has low efficiency for acidic protein 

labelling (Mirzaei et al., 2016). Finally, this method is not suitable for identification of 

post-translationally modified (PTM) proteins (Ross et al., 2004). 

1.6.1.2 iTRAQ 

Isotope labelling of isobaric tag for relative and absolute quantitation (iTRAQ) is one of 

the most common techniques that provide more consistent protein quantitation results, 

and it can identify and quantify several different protein samples simultaneously through 

a single mass spectrometry analysis (Aggarwal et al., 2006). 

The iTRAQ method has been used in a variety of different organisms. Early studies 

included the effect of expressing the rhsA element in bacteria (Escherichia coli) 

(Aggarwal et al., 2005) or quantify the changes in human parotid saliva peptidome 

composition in response to diurnal variation (Hardt et al., 2005). This method has also 

been applied to assess proteome changes and response to environmental conditions in 

plants such as cold (Neilson et al., 2011) and salt tolerance (Xu et al., 2015) in rice, salt 

tolerance in Arabidopsis thaliana (Pang et al., 2010), chilling and drought stress in maize 

(Hu et al., 2015; Wang et al., 2016), heat stress in grapevine leaves (Liu et al., 2014) and 
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rice (Zhang et al., 2017) and response in Arabidopsis thaliana to excess zinc (Fukao et 

al., 2011). A recent study has investigated the variation in proteome regulation of 

Flammulina velutipes mycelia in response to short and long cold stress by using this 

technique; they could identify and quantify 63 among 1198 proteins for which the 

expression level changed under low-temperature treatment (Liu et al., 2017). 

1.6.2 Metabolic labelling 

Metabolic strategies are also known as vivo labelling techniques include stable isotope 

labelling with amino acids in cell culture (SILAC) (Lewandowska et al., 2013) and heavy 

nitrogen 15N labelling (Arsova et al., 2012). Although metabolic labelling by SILAC is 

more straightforward for analysis than heavy nitrogen15N isotope, the results have shown 

that SILAC can label only about 70 to 80 % of proteins in plant cell culture, whereas 

heavy nitrogen (15N) isotope labelling can label more than 98% of proteins in cell culture. 

Moreover, in term of cost, nitrogen (15N) isotope labelling is cheaper than SILAC 

labelling (Thelen and Peck, 2007). Metabolic labelling can be more sensitive and accurate 

in quantitation and identification of protein abundance than chemical labelling, but it 

needs more advanced software to analyse and explain data.  

1.6.2.1 SILAC 

Stable Isotope Labelling by Amino acids in Cell culture (SILAC) is a powerful technique 

for proteomic study in vivo system in different organisms including mammal and yeast 

with some work also reported in plants. This method is used to study proteins in cell 

culture and multicellular systems. It includes the incorporation of heavy amino acids such 

as arginine, lysine, and leucine into proteins; allowing all the peptides containing these 

amino acids to be labelled after their digestion with trypsin (Kruger et al., 2008).  

SILAC labelling has been used for quantitative proteomic analysis and study protein 

turnover in different organism including bacteria such as Salmonella Typhimurium (Wang 

et al., 2016), mice (Ong et al., 2002; Cambridge et al., 2011), human (Doherty et al., 

2008), chicken (Doherty et al., 2004) yeast cells (Pratt et al., 2002), Caenorhabditis 

elegans (Fredens et al., 2011) and fruit flies (Sury et al., 2010).  

So far, in plants, only a few studies reported using SILAC methods for quantification 

studies. This method was applied for proteomic study in Arabidopsis thaliana and 

reported to show about 80-95% of the proteins labelled by using heavy arginine under 

specific circumstances and feeding regimes (Gruhler et al., 2005; Lewandowska et al., 

2013). However, due to autotropic nature in plants and much poorer labelling 
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performance in other plant studies, this method is less common for quantitative study in 

comparison with other organisms. 

1.6.2.2 15N- labelling 

Heavey nitrogen (15N) labelling has been used in proteomic studies amongst many 

different organisms including bacteria,  yeast, animal, and plants. Commonly this is 

achieved by feeding N in the form of potassium nitrate (K15NO3) and ammonium nitrate 

(15NH4
15NO3 ) salt (Kierszniowska et al., 2009).  In the 15N labelling processes, unlike 

SILAC, labelling does not depend on specific amino acids being present in the peptides 

for labelling to occur. Based on the number of nitrogens in the amino acids and the peptide 

length, the heavy nitrogen atom can incorporate into all amino acids that an organism can 

make and that are present in peptides, making any peptide able to be studied with this 

approach (Zhang et al., 2011). Although in 15N labelling most of the amino acids in a 

single peptide are labelled in comparison with the SILAC method, the calculation and 

explanation of the 15N labelling results are more difficult and require more sophisticated 

software to differentiate the labelled from unlabelled peptide (Guan et al., 2012). 

Metabolic labelling with the heavy 15N isotope has become a widely used tool in 

quantitative proteomic experiments in both prokaryotic such as Deinococcus radiodurans 

(Conrads et al., 2001) and Escherichia coli (Sykes et al., 2010) and eukaryotic species 

including plants like barley (Nelson et al., 2014) and Arabidopsis thaliana (Nelson et al., 

2013; Li et al., 2017), green alga like Ostreococcus tauri (Martin et al., 2012)  and rats 

(Huttlin et al., 2007).  

As autotrophic organisms, plants can be quickly metabolically labelled either in cell 

culture media (Lanquar et al., 2007),  hydroponically grown (Bindschedler et al., 2008), 

grown in solid media (Hebeler et al., 2008), grown in soil (Schaff et al., 2008) and grown 

in sand (Lemaitre et al., 2008; Schaff et al., 2008).  

One study has shown that there is no phenotypic difference between labelled and 

unlabelled plants (Bindschedler et al., 2008). Furthermore, this method does not has any 

side effect on the plant development and protein expression (Hebeler et al., 2008). There 

are many kinds of research in Arabidopsis thaliana using 15N labelling methods (Nelson 

et al., 2007; Bindschedler et al., 2008; Li et al., 2012). In full metabolic labelling, the 

amount of heavy nitrogen that is used for labelling is about 98% and all the new 

synthesised amino acid contents in the protein peptides are labelled (Nelson et al., 2013; 
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Li et al., 2017). However, in partial labelling a lower amount of heavy nitrogen is used 

during the labelling process and partial labelling of peptides occurs (Lyon et al., 2014). 

1.6.2.3 13C-labelling 

13C- intracellular isotopic labelling is another type of metabolic labelling. This method is 

has been used in plant studies through various experimental designs. For example,  pulse-

labelling experiments (Kagawa et al., 2006), closed plant growth chamber (bio box) 

experiments (Huege et al., 2007; Romisch-Margl et al., 2007) and in automated growth 

enclosure experiments (Chen et al., 2011).  

13C labelling has been applied in different forms, for instance atmospheric heavy carbon 

dioxide (13CO2) (Chen et al., 2011; Szecowka et al., 2013; Ma et al., 2014; Ishihara et al., 

2015) , 13C6 – glucose (Kruger et al., 2007), 13C5 – glutamine and 13C4 – asparagine (Allen 

and Young, 2013). 13C labelling has been used to investigate the fate and biochemical 

pathway of carbon in plant seeds in Arabidopsis thaliana (Lonien and Schwender, 2009), 

soybean (Allen and Young, 2013) and maize (Alonso et al., 2011) or plant cell culture 

(Masakapalli et al., 2013). 13C has been used to study autotrophic metabolism of 

Arabidopsis thaliana rosettes under low and high light intensities (Ma et al., 2014). A 

recent study has used a 13C pulse-chase experiment to investigate starch breakdown and 

cycling in illuminated Arabidopsis leaves; they could find that the starch accumulation 

level in mutant leaves was higher than the leaves of wild-type (Baslam et al., 2017). 

In protein analysis, 13C- labelling has been used to find the carbon source and its impact 

on protein level in plants like soybean (Allen and Young, 2013). Ishihara and co-workers 

have applied 13CO2 labelling for studying protein turnover rate of free amino acids in 

Arabidopsis thaliana (Ishihara et al., 2015). These researchers have shown that 

atmospheric 13CO2 can rapidly label most of the amino acids in plant cells via 

photosynthetic products becoming the carbon skeletons of new amino acids (Ishihara et 

al., 2015).  
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1.7 Effect of oxidative stress on protein function 

Studies have shown that oxidative stress induces the formation of reactive oxygen species 

(ROS), which are partially reduced forms of oxygen. ROS production includes free 

radical and non-radical intermediate inside the cell and may cause oxidative damage 

(Wang et al., 2004).  

A free radical is a chemical element that bears one or more unpair electrons, such as 

superoxide (O2·̅ ), hydroxyl radical (OH·̅ ) and nitric oxide (NO·). Non-radical ROS 

include hydrogen peroxide (H2O2) (Burton and Jauniaux, 2011). In biological systems 

superoxide (O2·̅ ) is the most common radical that contributes to cellular damage and cell 

death (Burton and Jauniaux, 2011). 

ROS production is the result of an imbalance between oxidation and reduction (redox) 

reactions in the cell (Potters et al., 2010). Variation in redox reactions has been reported 

either by an alteration in the environmental conditions or due to genetic determinants 

(Kocsy et al., 2013). There are several organelle sources that are responsible for the 

production of ROS in plants and algae cells. Among them, the chloroplast is the primary 

source of production of ROS during the photosynthesis process (Perez-Perez et al., 2012). 

The endoplasmic reticulum (ER) is another source of ROS that can be responsible for the 

production of about 25% of the O2·̅  in the cell (Burton and Jauniaux, 2011). Other sources 

of ROS in plants are mitochondria, cytochrome P450, nicotinoamide adenine dinucleotide 

(NADPH) oxidase and xanthine oxidase (Burton and Jauniaux, 2011) (Figure 1.6). 

Plants defend against the damage by ROS through the action of two antioxidant reactions. 

The first is called the enzymatic defenses,  which include superoxide dismutase that 

converts superoxide (O2·̅ ) to hydrogen peroxide (H2O2), and catalase that breaks down 

hydrogen peroxide (H2O2) to water. The second are non-enzymatic defences; and consist 

of vitamin C (ascorbate) and vitamin E (alpha tocopherol) (Burton and Jauniaux, 2011).  

ROS that escapes these systems can oxidise proteins directly or indirectly through 

chemical modification of amino acid residues. The most common types of modification 

that target the amino acids include carboxylation, disulfide bond formation and 

glutathionylation. Furthermore, the amino acid residues Trp, His, Tyr, Met and Cys are 

susceptible to be oxidised by ROS (Moller et al., 2007). Excess production of ROS that 

is not controlled by antioxidant defense mechanisms can cause considerable damage to 

cellular organelles (Gill and Tuteja, 2010).  
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Autophagy has a significant role in recycling and degradation of damaged organelles that 

have been produced through the action of excess ROS (Perez-Perez et al., 2012). Besides 

oxidative stress, other types of abiotic stress cause protein misfolding and malfunctioning 

in plants, such as salinity,drought, chemical toxicity and extreme temperature 

(Wang et al., 2004), which also lead to  proteins accumulating that need to be degraded.  

 

  

 

Figure 1.6: Mechanism of  ROS production in cellular organelles. 

ROS generation occurs in various subcellular compartments such as the 

chloroplast, mitochondrion and the cytosol. The accumulation of different ROS 

in cellular organelles is mediated by NADPH oxidases, metabolic pathways and 

external sources. Mitochondrial ROS is generated during the oxidative 

phosphorylation process at the ETC located in the inner mitochondrial 

membrane. Photosystem I and II in the thylakoid membrane in chloroplast also 

contribute to the formation of ROS. In peroxisome, xanthine oxidase and 

glycolate oxidase each produce superoxide or H2O2. ETC: electron transport 

chain. 



Chapter 1 

31 

 

1.8 Aims and Approaches 

1.8.1 The aim of this study 

Most proteins are synthesised by cytosolic ribosomes and degraded by the proteasome. 

The ribosome and the proteasome are large protein complexes in the cytosol that perform 

these functions. While there have been a variety of studies that analysed the composition 

of the cytosolic ribosomes and the proteasome in plants, we still know very little about 

the turnover of these complexes. By better understanding the synthesis and degradation 

of these machines we can determine what defines the steady-state proteome of the cell 

and how it changes with environmental stress. Although there has been some turnover 

data on several subunits of the ribosome and proteasome from previous plant studies 

(Nelson et al., 2014; Li et al., 2017), the coverage is low and the detail is limited. 

This thesis aims to study the turnover of the ribosome and the proteasome in detail using 

new techniques to understand their assembly and renewal in plant cells. It aims to explore 

the role of duplicate genes for ribosome and proteasome components, how these 

complexes respond to environmental stress and how rapidly their subunits are turned over 

during the life of plant cells. These finding can be used to better understand how these 

complexes are maintained at the protein level and can be related to patterns of expression 

data for the genes encoding these subunits. 
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1.8.2 Approaches 

To address these aims, a cell culture of the model plant Arabidopsis thaliana was used 

which provides a useful system for investigating protein turnover rates and for purifying 

ribosomes and proteosomes. Cytosolic ribosome was isolated from seven days old 

Arabidopsis thaliana cell culture (Chapter 2), and 26S proteasome was purified through 

the TAP-tag method from 11 days old transgenic Arabidopsis thaliana cell culture 

(Chapter 4). To study the turnover rate of these proteins, the cell culture was metabolically 

labelled using the stable isotope 15N. The labelling was performed for one day, three days 

and five days. The purified proteins were quantified and digested with trypsin, and their 

identities were revealed using a combination of the tandem mass spectrometer (MS/MS) 

and the Mascot search algorithm. Turnover rate of ribosomes was also investigated under 

oxidative stress by using both H2O2 and menadione treatments (Chapter 3). Ribosomal 

proteins with unexpected turnover characteristics were analysed in knockout mutants to 

study their role in plant growth and development (Chapter 5). 
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Ribosomal protein turnover rate of Arabidopsis thaliana cell 

culture under normal conditions 

2.1 Abstract 

Proteins in a cell are in a dynamic state, so the regulation of protein synthesis and 

degradation (turnover) is essential to maintain regular cellular function and development, 

particularly in response to environmental stress. Therefore, knowing the rate of protein 

turnover is important to the understanding of the relationship between protein lifetime 

and functionality. 

Most proteins are synthesized by cytosolic ribosomes and degraded by the proteasome. 

There have been a variety of studies that have analyzed the composition of the cytosolic 

ribosomes in different organisms including plants. By better understanding these 

machines we will understand what defines the steady-state proteome of the cell and how 

it changes with environmental stresses. 

Experimentation began with the enrichment of cytosolic ribosomes and optimisation of 

their detection by bottom-up mass spectrometry.  Four different proteolytic enzymes were 

trialed including Trypsin, Lys-C, Asp-N, and Glu-C. Among these enzymes, trypsin out 

performed the others for sequence coverage and overall identification rates of ribosomal 

proteins. This workflow was then applied to unenriched, partially enriched and fully 

enriched ribosomal samples derived from Arabidopsis thaliana cell cultures. Proteins 

which co-enriched with core ribosomal subunits were examined to determine whether 

previous studies held evidence for their inclusion in a proposed protein 

‘translatome’consisting of proteins not core to the ribosome but potentially involved in 

the regulation of translation and post-translational modification.  

The application of stable isotope metabolic 15N labelling combined with mass 

spectrometry was used to quantify the rates at which the protein was synthesized (KS) and 

degraded (KD). To achieve this aim, an Arabidopsis thaliana cell culture was used as a 

model cell to study ribosomal protein turnover rate by changing the cell culture media 

from 14N media to 15N media. This method allowed the separation of protein synthesized 

after the addition of the 15N label from the older 14N population in combination with liquid 

chromatography coupled to tandem mass spectrometry.   

The degradation rate (KD) of 55 ribosomal protein out of complete set of 81, including 26 

proteins in the small subunit and 29 proteins in the large subunit were measured. 
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Furthermore, most of those identified proteins were encoded by more than one gene; some 

of which showed non-uniform degradation rates. Small ribosomal protein 23A (RPS23A) 

has the lowest degradation rate at KD of 0.12 d-1, conversely, ribosomal protein P0D 

(RPP0D) has the highest degradation rate of KD of 1.39 d-1; their half-lives (t ½) were 

5.63 and 0.50 days respectively. 

Keywords: Enzyme optimization, differential centrifugation, 15N labelling, ribosome 

purification, turnover. 
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2.2 Introduction 

The ribosome is a large molecular machine which is responsible for peptide bond 

formation resulting in protein synthesis through the use of information encoded by 

messenger RNA (mRNA) in one of the most fundamental processes of life (Thompson et 

al., 2016). 

It has been found that most ribosomes are attached to RER (Rough Endoplasmic 

Reticulum) with the remainder found associated with organelles or free in the cytoplasm 

(Ben-Shem et al., 2010). 

In yeast (S. cerevisiae), the processes of ribosomal synthesis are considered an energy-

intensive process. It has been shown that more than 50% of transcriptional activity is 

dedicated to this process (Warner, 1999). Insufficient energy availability in the yeast cell 

results in the inhibition of ribosome biosynthesis (Yamasaki and Anderson, 2008).  

Researchers have shown that there are similarities as well as differences in ribosomal 

structure between 80S eukaryotic and 70S prokaryotic ribosomes in both composition and 

structure. Both ribosomes consist of two subunits, a large and small, and each of these 

subunits contains ribosomal RNAs (rRNAs) and ribosomal proteins (Figure 2.1). 

Differences exist in their size; the eukaryotic ribosome is larger and more complicated in 

comparison to the prokaryotic due to the presence of additional ribosomal proteins and 

RNAs (Ben-Shem et al., 2010). 

Besides the primary function of ribosomes in catalyzing protein synthesis, some 

ribosomal proteins are also involved in other biological functions in the cell. For example, 

ribosomal protein S3 is involved in DNA repair in Drosophila (Yacoub et al., 1996) and 

induction of apoptosis in mice (Jang et al., 2004). Ribosomal protein S6 in mouse’s liver 

is involved in cell cycle progression; and deletion of the genes that encode this protein 

can affect cell proliferation (Volarević et al., 2000). In human, a study has shown that the 

ribosomal protein S24 has a significant role in colon cancer, and its knockdown inhibits 

the proliferation and growth of colon carcinoma cells (Wang et al., 2015).  

In plants, mutation of some ribosomal proteins may affect cellular function. For instance, 

RPL12 and RPL19 in Arabidopsis thaliana play a role in defense against bacterial 

pathogens (Nagaraj et al., 2015), while RPL10 is involved in developmental response 

during ultraviolet B (UV-B) stress (Falcone Ferreyra et al., 2010). In bacteria, ribosomal 

protein L34 is crucial for a combination of both small 30S and large 50S ribosomal 



Chapter 2 

51 

 

subunit, and the lack of this protein may cause a defect in the formation of the 70S 

ribosome (Akanuma et al., 2014). 

 

Figure 2.1: Crystal structure of a mature cytosolic human ribosome (PDB: 

4V6X). 

The 40S Small ribosomal proteins are shown in green, 60S large ribosomal 

proteins in blue and ribosomal RNA in red. 

 

 

2.3 Arabidopsis thaliana cytosolic ribosomes and nomenclature 

The composition, structure and organization of ribosomal proteins and their distribution 

between small and large subunits have been studied in different organisms including: 

bacteria  (E-coli) (Schuwirth et al., 2005) yeast (S. cerevisiae) (Jenner et al., 2012), rat 

(Rattus norvegicus), Tetrahymena thermophile (Klinge et al., 2011), humans (Homo 

sapiens) (Khatter et al., 2015) and Arabidopsis (Arabidopsis thaliana) (Hummel et al., 

2015). 

The cytosolic ribosome in Arabidopsis thaliana consists of 81 different ribosomal 

proteins and four ribosomal RNAs. On a gene level, there is high conservation of 

ribosomal proteins between Arabidopsis thaliana and mammals with the exception of the 

acidic phosphoprotein (RPP) family also known as acidic stalk P3 (RPP3) which exists 

in plants but not mammals (Carroll et al., 2008). In addition to the cytosolic ribosome, 
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plants also contain prokaryotic like ribosomes in plastids and mitochondria (Carroll, 

2013).  

Study of the Arabidopsis thaliana cytosolic ribosome has shown that 81 different 

ribosomal proteins are present including 33 in the small subunit and 48 in the large subunit 

across all five chromosomes (Barakat et al., 2001). These ribosomal proteins are encoded 

by more than 240 genes. 102 genes encode the 33 ribosomal protein of the small subunit 

and 146 genes encode the 48 ribosomal proteins of the large subunit (Hummel et al., 

2015). Although more than one gene encodes each ribosomal protein, most encode 

proteins with greater than 95% amino acid identity.  

To account for conflicting nomenclature,  Appendix 2  was created which links both old 

and new ribosomal protein names as well as identifying orthologous proteins in humans, 

yeast, bacteria and Arabidopsis thaliana.  

Because the current project is investigating Arabidopsis thaliana, it has been expanded 

by adding Arabidopsis thaliana Genome Identifiers (AGIs), molecular weight, amino 

acid number and isoelectric point (pI) for each protein. 
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2.4 Aims and strategy 

The experimentation performed here had two principal aims: 

• To increase knowledge of which proteins interact with the core ribosomal subunits with 

the goal of defining a protein ‘translatome’  

• Given that the ribosome is one of the most costly cellular structures to synthesise and 

maintain; to determine at what rates individual components of the ribosome are 

synthesized and degraded.  

To address the first aim of defining a cytosolic protein translatome a differential 

enrichment strategy coupled with proteomic detection through mass spectrometry was 

chosen, specifically: 

❖ Cytosolic ribosomes were sequentially enriched using differential centrifugation 

and the increase in abundance of ribosomal and non-ribosomal proteins between 

each enrichment stage was used as evidence for each protein’s involvement in 

translations. 

To gain insight into protein turnover rates of cytosolic ribosomal proteins in  Arabidopsis 

thaliana cell culture an in vivo metabolic labelling strategy was chosen, specifically: 

❖ 15N Labelling of Arabidopsis thaliana cell culture by transferring seven days old 

of the cell culture from 14N to 15N median using heavy nitrogen (K15NO3 and 

15NH4
15NO3). 

❖ Isolation of sufficient amounts of the cytosolic ribosome in seven days old 

Arabidopsis thaliana cell culture using discontinuous sucrose gradient and 

differential density centrifugation. 

❖ LC-MS analysis and data analysis followed by calculation of the protein 

degradation rate (KD). 
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2.5 Results 

2.5.1 Enzyme digestion optimization and ribosomal protein enrichment 

study 

Several kinds of proteolytic enzymes can be used to hydrolyze and digest proteins into 

short peptides. In this isolation and purification of the 80S cytosolic ribosome in 

Arabidopsis thaliana cell culture, four different proteases including trypsin, Asp-N, Lys-

C and Glu-C during digestion of the isolated protein were tested. This experiment aimed 

to maximise the rate at which characteristic ribosomal peptides were identified in 

samples.  

Glu-C which cleaves peptides at the C-terminus of either aspartic or glutamic acid 

residues (Drapeau et al., 1972) gave the lowest unique protein identification rates with 

only 68 detected by reversed phase LC-MS. However, the use of trypsin which cleaves 

peptides at the C-terminal of arginine and lysine residue (Olsen et al., 2004) resulted in 

about 270 unique protein identifications. This is consistent with the literature which has 

shown that peptide digestion via trypsin produces many peptides of the desired mass to 

be analyzed by mass spectrometry (Olsen et al., 2004).  

Among 248 cytosolic ribosomal protein genes, by using trypsin proteases, more than 150 

AGIs were identified in comparison with Lys-C, Asp-N, and Glu-C which gave smaller 

numbers proteins (Figure 2.2). Furthermore, the z-test analysis was used to determine if 

there is a statistically significant difference in a total number of identified unique peptide 

by using trypsin in comparison with other proteases. It was found that the total number 

of unique peptides that were identified by using each of Lys-C, Asp-N and Glu-C were 

significantly differ ( p ≤ 0.01) from a total number of identified peptide by using trypsin 

as shown in Figure 2.3.  Also, the average number of peptides for each unique protein 

that we found in our dataset was assessed. The results showed that by using the trypsin 

peptidase, a higher number of peptides for each specific protein could be obtained in 

comparison with using other enzymes. For example, the ribosomal protein RACK1 is 

encoded by three genes which have three homologs named RACK1A, RACK1B, and 

RACK1C. After removal of the common peptides for each protein, we could identify 8, 

1, and 3 unique peptides by using trypsin for each of these proteins, respectively, whereas 

for Glu-C protease we found only one peptide for both RACK1B and RACK1C and no 

specific peptides for RACK1A.  
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Therefore, based on these results trypsin was used for digesting purified ribosomal protein 

samples. 

 

 

 

Figure 2.2: Ribosomal AGIs identification by using different proteolytic 

enzymes. 

Among 248 AGIs that encode 80S ribosomal proteins, more were identified when 

trypsin was used as the proteolytic enzyme. Venn diagram represents the 

identification of unique ribosomal proteins by using different digesting enzymes 

including (A) Trypsin, (B) Lys-C (C) Asp-N, and (D) Glu-C.  

The pink circle represents all unique AGIs identified in the ribosome extract, and 

the blue circle represents all AGIs that could theoretically be present in 80S 

cytosolic ribosomes.  
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Figure 2.3: Total number of identified peptides by using different enzymes 

using different proteases. 

Protein samples were digested overnight with different proteases and analysed 

with liquid chromatography-mass spectrometry.  After protein digestion by using 

different proteases, the samples were analysed by mass spectrometry. I found the 

number of unique peptides that came from each digestion that matched to a 

specific protein. The results showed that by using trypsin I could gain more 

peptides that matched to each r-protein that with any of the other enzymes. 

Z-test analysis has been applied to check the statistical difference in the number 

of unique peptides that have been identified in each of Lys-C, Glu-C, and Asp-N 

in comparison with identified peptides by using trypsin protease. **: P ≤ 0.01 and 

***:  P ≤ 0.001. 

 

 

2.5.2 Enrichment proteomics of the 80S cytosolic ribosome 

To check the purification process and to identify proteins associated with the core 

ribosomal particle, ribosomal proteins from 7 days old Arabidopsis thaliana cell culture 

were extracted through three differential centrifugation steps and they were analysed in 

triplicate.  

In the first centrifugation step, the homogenized cell was filtered and centrifuged at 30000 

xg for 30 minutes, the pellet was discarded and the supernatant kept for protein 

quantification and LC-MS/MS analysis. This process aimed to deplete organelle 
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contaminants and cell wall residue while retaining soluble protein and was termed 

‘Normal Centrifugation’. Subsequent ultracentrifugation of the supernatant over a 1.5 M 

sucrose cushion selected the most dense material from the cell which predominantly 

consists of ribosomes. This sample was termed ‘1st Ultra-centrifugation’. A final 

enrichment step removed insoluble material and repeated the density selection step 

resulting in the highest enrichment of ribosomal proteins and was termed ‘2nd Ultra-

centrifugation’.  

The three samples were collected in triplicate and subjected to data-dependent (shotgun) 

analysis by reversed phase LC on an Orbitrap-Fusion mass spectrometer. The numbers of 

identified proteins decreased as the level of enrichment increased (Figure 2.4). However, 

the amount of 80S cytosolic ribosomal protein enrichments increased step by step through 

the purification (Figure 2.5). These results indicate that the relative abundance of known 

ribosome proteins increased relative to other proteins during the enrichment procedure. 

In the ‘normal centrifugation step’ more than 1400 unique proteins including ribosomal 

proteins were identified among three replicates. In the ‘first ultra-centrifugation’ in which 

a 1.5M sucrose cushion was used 1246 proteins were identified which reduced 

approximately three-fold in the third purification step known as ‘second ultra-

centrifugation’ to 440 including ribosomal and non-ribosomal proteins (Figure 2.4) and 

(Supplementary 1). 
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Figure 2.4: Number of identified Arabidopsis proteins following differential 

centrifugation steps for isolation of 80S cytosolic ribosome in Arabidopsis 

thaliana cell culture. 

The number on each bar chart represents the number of common Arabidopsis 

Gene Indices (AGIs) identified across the three replicates. 

After two 1.5 M sucrose gradients (n=3) the number of contaminating proteins 

had decreased. 

 

 

Figure 2.5: Differential centrifugation for isolation of 80S cytosolic ribosome 

in Arabidopsis thaliana cell culture. 

The number of 80S ribosomal AGIs that encode ribosomal proteins increased 

after two 1.5M sucrose gradients (n=3). 
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To further investigate ribosomal protein enrichment in our identified list, we checked the 

number of ribosomal proteins in each purification step. As can be seen in Figure 2.5, 

among the 248 cytosolic ribosomal proteins annotated (Carroll et al., 2008; Hummel et 

al., 2015) we identified most in the third purification step. 

2.5.3 PCA analysis and hierarchical clustering of spectral counts 

during differential centrifugation 

In the next step of enrichment analysis,  MS1 intensity information was extracted from 

the raw data files to make an estimate of relative protein abundance across the three 

isolation steps. In this analysis, peptides which were detected in all nine samples (three 

enrichment steps, three biological replicates) at a false discovery rate of 2 % were 

included. This consisted of a total of 6084 peptides for each of which nine peak area 

values were extracted. Where more than one peptide was available, a protein intensity 

value was then calculated by averaging the peptide values on a protein basis per replicate. 

This analysis resulted in a total of 318 unique proteins. 

PCA analysis was performed on this set. As can be seen in Figure 2.6, principal 

components one and two (PC1 and PC2) explained more than 75% of the variation. The 

results demonstrate that the samples analysed were distinct between enrichment steps but 

consistent within biological replication. 

 

Figure 2.6: Principal component analysis of spectral counts assigned to 318 

AGIs categories by the differential centrifugation process. 

The samples consisted of three different centrifugations, and each of these 

centrifugations consisted of three replicates. The numbers that have shown for 

each centrifugation represent the replicate samples. For each enrichment step, 

there were three replicates, 1,2,3 for first enrichment, 4,5, 6 for the second 

enrichment and 7,8 and 9 for the third enrichment. 
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The per protein intensity values were then used to assess the similarity of the enrichment 

profiles of known ribosomal proteins with other proteins included in this set. Hierarchical 

clustering using Pearson correlation was used to divide the results into six clusters based 

on a minimum similarity of  0.70.   

Each of these clusters was then tested for the enrichment of ribosomal proteins through 

Fischer’s exact test. This test compared the total number of nonribosomal AGIs in the 

TAIR10 (Lamesch et al., 2012) genome release (33563) with the total number of 

ribosomal AGIs (defined in Appendix 2) (248) against the same classification scheme in 

each of the six clusters. 

Cluster 6 was the largest cluster and consisted of 193 AGIs (Figure 2.7, Appendix 1) 

including 135 cytosolic ribosomal proteins. Furthermore, cluster 6 was significantly 

enriched in cytosolic ribosomal proteins (p ≤ 0.00001)  when compared to the whole 

genome, which indicates that other proteins contained in cluster 6 have co-enriched with 

cytosolic ribosomal proteins, suggesting the possibility that these proteins interact with 

the ribosome which is further investigated below. 
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Figure 2.7: Hierarchical clustering analysis of spectral counts of proteins 

identified by differential centrifugation. 

The green colour represents a lower number of spectral counts of identified 

protein, and the red colour indicates higher numbers of spectral counts. The 

numbers from 1-6 indicate the cluster number. The cluster number six is the 

largest cluster and consisted of 193 AGIs, including 135 cytosolic ribosomal 

proteins. 
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Then the subcellular localization and annotated biological function of the 193 proteins in 

cluster 6 were investigated. To do this, the AGI list was searched against the SUBA 

subcellular location database for Arabidopsis proteins (SUBA4) (Hooper et al., 2017); 

http://suba.live/). As shown in Figure 2.8, about 80% of cluster 6 proteins are localized 

to the cytosol.  

Furthermore, from the Map Cave website (http://mapman.gabipd.org/web/guest/map 

cave), functional biological annotation of these 193 AGIs was obtained. Based on this 

functional categorisation, protein synthesis annotation represents more than 70% (141 

AGIs) of all other functional representations; and the rest of AGIs represent different 

functionalities in the cell.  

Among these 141 protein synthesis proteins; 135 of them are located in the cytosol and 

the remaining AGIs (3 for each) are located in plastid and mitochondrion (Figure 2.9). 

These results indicate that this methodology could successfully enrich 80S cytosolic 

ribosome components.  

Not all proteins found in this cluster were annotated ribosomal proteins. The presence of 

58 proteins with similar enrichment profiles to 135 ribosomal proteins; raises the 

possibility that these proteins are associated with the ribosome (Lundgren et al., 2010). 

 

Figure 2.8: Subcellular localization of cluster 6 proteins. 

Using the SUBA4 website (http://suba.live/) we could observe the cellular 

location of cluster 6 proteins. Most of the identified proteins were localized in 

cytosol, followed by mitochondrion and plastid. 

The number of observed proteins for each location in the cell is shown above the 

bar chart.  
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Figure 2.9: Functional distribution of cluster 6 proteins in Arabidopsis 

thaliana cell culture. 

Using Map Cave Website (http://mapman.gabipd.org/web/guest/map cave), we 

could search for protein functional categories for 193 proteins of cluster 6. More 

than 70% of proteins (141 proteins) in this cluster were annotated as participating 

in protein synthesis in the cell. 

 

To determine if these two data sets (135 ribosomal AGIs and 58 non-ribosomal AGIs) 

differ significantly in their enrichment or if they came from the same distribution; the 

Kolmogorov-Smirnov test was applied. To do this, first, the ribosomal (135) AGIs list 

was separated from non-ribosomal (58) AGIs, then the ratio of centrifugation 

(enrichment) step of (enrichment 2/enrichment 1), (enrichment 3/enrichment 2), and 

(enrichment 3/enrichment 1) were calculated.  

The results showed a non-normal distribution between these two sets with the value of 

the D statistic being (0.75, 0.40 and 0.66) for enrichment 2/1, enrichment 3/2 and 

enrichment 3/1 respectively. The corresponding p-value suggests a significant difference 

(p < 0.0001) (Figure 2.10). Figure 2.11 shows the distribution of these enrichments as a 

histogram. 

http://mapman.gabipd.org/
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Figure 2.10: A cumulative relative frequency distribution graph of the ratio 

of spectral counts for ribosomal and non-ribosomal proteins in pairs of 

centrifugation enrichments. 

Statistical significance was estimated by the Kolmogorov-Smirnov test for 193 

genes including 135 ribosomes (blue) and 58 non-ribosome (red). (p < 0.0001). 

 

Figure 2.11: Histogram of the degree of enrichment of spectral counts for 

ribosomal and non-ribosomal proteins based on different centrifugation 

enrichments. 

Red colour indicates the distribution of ribosomal proteins and green colour 

indicates the distribution of non-ribosomal proteins. Enrichment 1: first 

centrifugation, enrichment 2: second centrifugation and enrichment 3: third 

centrifugation. En; enrichment. 

To further analyse the enrichment of non-ribosomal proteins that are associated with the 

ribosome, the fold change and statistical analysis of the 3rd enrichment step (2nd ultra-

centrifugation) to 1st enrichment step (normal centrifugation) was measured.  

Twenty-six proteins were ≥ 10-fold enriched with a p-value ≤ 0.05, some of them were 

previously reported as proteins that related to translation and ribosomal function 

including Class I peptide chain release factor (Petropoulos et al., 2014), TMA7 (Fleischer 

et al., 2006), M-tRNA synthetase (Kwon et al., 2011), Translation initiation factor IF6 

(Guo et al., 2011), PARL1(Petricka and Nelson, 2007), Fructose-bisphosphate aldolase 

1(Ziveri et al., 2017), AAA-ATPases (Bassler et al., 2010) and Cytochrome c (Mei et al., 

2010). 
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To further investigate whether these “translatomes” or “ribosome-associated proteins” are 

really associated with the bulk of ribosomes; MRM could be used to check the abundance 

level of these non-ribosomal proteins in ribosome preparations. Also, genetic analysis by 

gene-deletion for some of these 26 non-ribosomal proteins could be used to see whether 

loss of some of these proteins resulted in an alteration in protein synthesis rate or translation-

related processes in plants. 

2.5.4 Identification of new ribosomal proteins in Arabidopsis thaliana 

ribosome 

In total 248 genes code for 81 proteins in the Arabidopsis thaliana 80S cytosolic ribosome 

(Hummel et al., 2015). Most of these ribosomal proteins have been identified by mass 

spectrometry in previous studies. Using the high accuracy and precision of the  Orbitrap-

LC-MS instrument 15 ribosomal proteins in Arabidopsis thaliana were identified here 

that have not been found before in protein studies. Nine of these proteins are (by 

homology) proposed to be located in the large subunit and the others are proposed to be 

in the small subunit (Chang et al., 2005; Giavalisco et al., 2005; Carroll et al., 2008; 

Hummel et al., 2015), as shown in  Table 2.1 and Supplementary 2A. 

Carroll and co-workers annotated 241 ribosomal protein genes in Arabidopsis thaliana 

(Carroll et al., 2008) and Hummel and co-workers annotated 242 ribosomal protein genes 

(Hummel et al., 2015). However, some of the genes that were present in Carroll’s list but 

absent in Hummel’s list including; At1g25260 (RPP0D), At1g33850 (RPS15G), 

At2g27535 (RPL10aD), At3g49460 (RPP1D), At4g16030 (RPL19D) and At5g15750 

(RPS9D). Also, some of the genes present in Hummel’s list were not present in Carroll’s 

list, such as At1g29970 (RPL18aA), At3g22230 (RPL27), At1g06980 (RPL35aE), 

At1g56045 (RPL41A), At1g79075 (RPL41B), At3g12965 (RPL41F), At4g25740 

(RPS10A) and At3g61111 (RPS27C).  

Based on these previous (Chang et al., 2005; Giavalisco et al., 2005; Carroll et al., 2008; 

Hummel et al., 2015) annotations of cytosolic ribosomal proteins made a new list of 

Arabidopsis thaliana 80S cytosolic ribosome components was made. The list consists of 

248 genes of which 102 are encoded by 33 ribosomal proteins of the 40S small ribosomal 

subunit and 146 genes are encoded by 48 ribosomal proteins of the 60S large subunit 

(Appendix 2). 

In the proteomic studies of Arabidopsis thaliana cytosolic ribosomes performed in this 

thesis, most of the ribosomal protein families and individual ribosomal protein paralogs 
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including 76 out of 81 ribosomal proteins were identified (Figure 2.12) and 

(Supplementary 2B). Of the 248 genes that encode subunits of the 80S cytosolic 

ribosome, more than 70% (184) were found in enrichment lists, including 108 genes that 

encode proteins in the 60S large subunit and 76 genes that encode proteins in the 40S 

small subunit (Figure 2.13) and (Supplementary 2B). Overall, in comparison with 

previous research (Chang et al., 2005; Giavalisco et al., 2005; Carroll et al., 2008; 

Hummel et al., 2015) the data in this thesis found more ribosomal protein families, as 

well as evidence of expression from more genes which encode them. 
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Figure 2.12: Number of ribosomal proteins that have been identified in 

previously published data in comparison with findings in this current study. 

80S cytosolic ribosomal proteins in Arabidopsis thaliana cell culture were 

identified by using Orbitrap mass spectrometry (n = 4). The number above each 

bar chart represents the number of ribosomal proteins in each study. 

 

 

Figure 2.13: Comparison of the number of ribosomal gene products in the 

current study compared to previously published reports. 

The number of observed AGIs for each study is marked above each bar chart. 
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A number of large subunit ribosomal proteins and their paralogues including RPL29 ( 

RPL29A and RPL29B), RPL39 (RPL39A, RPL39B, and RPL39C), RPL40 (RPL40A and 

RPL40B) and RPL41 (RPL41C, RPL41D, RPL41E, and RPL41G) were not found here 

or previous researchers (Chang et al., 2005; Giavalisco et al., 2005; Hummel et al., 2015). 

This is proposed to be due to their short sequences of between 25 and 128 amino acids as 

well as the presence of a large number of amino acids arginine and lysine which makes 

short peptides during protein digestion with trypsin which is not easily detected by mass 

spectrometry (Hummel et al., 2015). 

 

Table 2.1:  Newly identified and re-annotated Arabidopsis thaliana cytosolic 

ribosomal protein genes. The proteins that shown here were not presented in the 

most recent published data (Hummel et al., 2015). 

Family AGIs Protein name 
Number of unique 

peptides 

L18a At1g29965.1 RPL18aD 9 

L24 
At2g36620.1 RPL24A 7 

At2g44860.1 RPL24C 3 

L31 At2g19740.1 RPL31A 2 

L36 At2g37600.1 RPL36A 5 

L37 At1g15250.1 RPL37A 2 

P0 At1g25260.1 RPP0D 10 

P2 
At3g44590.1 RPP2D 3 

At5g40040.1 RPP2E 9 

S15a At4g29430.1 RPS15aE 4 

S15 At5g43640.1 RPS15E 2 

S21 At5g27700.1 RPS21C 2 

S23 At3g09680.1 RPS23A 3 

S27a  
At1g23410.1 RPS27aA 5 

At2g47110.1 RPS27aB 5 
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2.5.5 Calculation of the ribosomal protein turnover rate in Arabidopsis 

thaliana cell culture 

To calculate protein turnover rate of 80S cytosolic ribosomal in Arabidopsis thaliana cell 

culture, first, the growth rate of the cell culture was measured by determining the fresh 

weight (g) of the cell culture from day one to day nine as shown in Figure 2.14. Then 

through the growth rate results, the fold change in protein abundance for each time point 

relative to day 0 was calculated Equation 2.1.  

𝐹𝐶𝑃 =
𝐹𝑊 𝑔  (𝑇𝑛)

𝐹𝑊 𝑔  (𝑇0)
   ………………………………………………… 

Equation 2.1 

Cell cultures were labelled by changing the growth medium from a solution that contained 

inorganic nitrogen 14N to 15N. As proteins degrade over time, newly synthesized proteins 

content increased in the amount of 15N as the amino acid pool is progressively labelled. 

The fraction of the protein that was labelled by 15N was termed LPF (labelled peptide 

fraction) which is a binary differentiation between two populations of peptides by a non-

linear least squares analysis (Li et al., 2017).  

To analyze the turnover rate of ribosomal protein in Arabidopsis thaliana cell culture 

three times points (day 1, 3 and 5) were chosen and for each time point four biological 

replicates were obtained (12-replicates in total). Ribosomal protein from the cytosol was 

enriched as detailed earlier in this chapter, and quantified at each time point, followed by 

protein digestion by trypsin and the peptides analyzed by LC-MS/MS.  

To calculate the degradation rate for each protein, the mass spectrometry raw files were 

converted to mzML files through the open source program proteowizard, after that the 

mzML files were converted to .mfg file via the trans-proteomic pipeline (TPP) tool. 

Finally, the .mgf format files were converted to .csv files through the Mascot algorithm 

(Matrix Science).  

Peptide identification data generated through Mascot was introduced into an in-house 

turnover calculation script. Briefly, this script takes the retention time and m/z ratio from 

the peptide ID, extracts the associated MS1 isotope profile, calculates the expected 

isotope profile from natural isotope abundance information and a range of possible 

profiles at increasing 15N abundance. A Non-Negative Least Squares Regression (NNLS) 

is then used to identify which combination of natural and enriched populations best 

represents the experimentally measured isotope profile of the identified peptide.  
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The result of this; is an LPF measurement which corresponds to the proportion of peptide 

present in 15N enriched populations.  

 

Figure 2.14: Fresh weight growth rate measurement of Arabidopsis thaliana 

cell culture. 

Seven days old Arabidopsis thaliana cell culture was transferred into new media, 

and every day, 5 ml of the fresh cell culture was vacuum filtrated and then the 

fresh weight was measured. n= 4, Error bar: standard error.  

 

 

This technique measured protein turnover including synthesis (KS/A) (Equation 2.2) and 

degradation (KD) rates (Equation 2.3) for Arabidopsis thaliana cell culture proteins after 

the labelling process by using a combination of FCP and the LPF through calculations 

described previously in study of protein turnover in Arabidopsis thaliana leaves (Li et al., 

2017). “A” is the abundance of a specific protein at the beginning of protein labelling 

(T0).  

KS
A
=  

FCP − 𝑒−𝐾𝐷 .𝑡

1 − 𝑒−𝐾𝐷 .𝑡
 . 𝐾𝐷 …………………………………… Equation 2.2 

 

KD = −
ln [FCP.  (1 − LPF)]

t
 …………………………………… Equation 2.3 
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The turnover rate for 89 ribosomal AGIs was calculated with the criteria that they were 

found in three or more biological replicates and are supported by at least five 

independently quantified peptides (Supplementary 3).  

The measured degradation rate of these proteins over day 1, day 3 and 5 was shown to 

vary considerably (Figure 2.15A). According to Equation 2.3, FCP is one variable in the 

KD equation that affects this value.  

The FCP value comes from measuring the fresh weight of Arabidopsis thaliana cell 

culture (Equation 2.1) over the time course of treatment; however, due to variation in the 

protein content for each cell culture sample, this FCP value may change which adversely 

affects the calculation of degradation rate in each replicate. Therefore, to gain a more 

accurate degradation rate in each replicates a median polish strategy was used (Equation 

2.4) for experimental normalization and to calculate FCP (Li et al., 2017).  

𝐹𝐶𝑃 =  
𝑒 −𝐾𝐷 .  𝑡

1 − 𝐿𝑃𝐹
 …………………………………………… Equation 2.4 

KD value in Equation 2.4 is the median KD value across all 12 samples, and the LPF value 

is the median LPF for each replicate, t is the time point of 15N labelling; either day 1, 3 or 

5. Although the correlation between measured FCP and calculated FCP is very high (R = 

0.96), calculated FCP from the median polish approach gives an accurate estimate of 

growth of the cell culture in each labelled replicate.  

To calculate KD, the FCP value from median polish was entered in (Equation 2.3) to get 

a revised value of KD  (Figure 2.15B). 
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The peptide-protein population that is labelled at different time points can also be shown 

by measuring the average 15N enrichment at each time point for all identified peptides 

through the course of the experiment. As can be seen in Figure 2.16, the median 

enrichment value of labelled peptides increased from about 25% after day 1 to around 

85% by day 5.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15: Box plot represents the average degradation rate of ribosomal 

proteins in Arabidopsis thaliana cell culture on day 1, 3 and 5 through the 

course of the experiment. 

(A) Measured KD for each time point using measured FCP values. (B) Calculated 

KD from median polish strategy. Without applying the median polish (A) the median 

value of KD are not consistent over time course of the treatment, however, due to 

nature of protein degradation it was assumed that there is no change in median KD 

value for different samples over time course, therefore, the median polish strategy 

was applied (B) to get accurate degradation values.  n= 4. 
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Figure 2.16: Box plot represents the average enrichment of ribosomal 

protein peptides that were labelled by 15N after day 1, 3 and 5. 

For each time point, the average enrichment of all peptides measured from 0 

(natural abundance) to 1 (all 15N) in the four biological replicates is presented. 

The number of proteins included for each time point is shown above the box plot. 

n=4 

 

2.5.6 Ribosomal protein turnover rate (KD) measurement under 

normal conditions 

Of the 81 proteins in cytosolic ribosome of Arabidopsis thaliana (Hummel et al., 2015), 

the degradation rate (KD) of 54 proteins encoded by 89 genes were calculated. This set 

included 25 proteins in the small subunit and 29 proteins in the large subunit which are 

encoded by 40 and 49 genes, respectively.  

Degradation rate data showed that the ribosome proteins were not uniformly synthesised 

and degraded. Individual subunits show a range of turnover rates. In the 60S ribosomal 

subunit, the ribosomal protein RPP0D (60S acidic ribosomal protein family/ ribosomal 

protein L10 family); is the most unstable with a KD of 1.39 d-1 (half-life = 0.5 d ), while 
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the ribosomal protein RPP2E (60S acidic ribosomal protein family) is the most stable 

with a KD of 0.13 d-1 (half-life = 5.2 d ) (Figure 2.17). 

Also, the degradation rates of subunits of the 40S ribosomal subunit (Figure 2.18) range 

between 0.65 d-1 for ribosomal protein RACK1C (half-life = 1.1 d ) to 0.12 d-1 for 

RPS23A (half-life = 5.6 d ) (Supplementary 3). 

In human HeLa cell, it has found that the ribosomal protein subunits are synthesized at 

different rates. High turnover subunits were presented in 60S subunit range from 0.11 d-

1 for RPL23a ( half-life = 6.3 d ) to 0.74 d-1 for RPL4 ( half-life = 0.94 d ) (Doherty et al., 

2008), consistent with our result, the highest turnover protein located in Arabidopsis 

thaliana ,  RPP0D (At1g25260), was also in the 60S subunit. 
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Figure 2.17: Degradation rate (KD) of 60S ribosomal subunit proteins. 

The KD value of each protein was found in ≥ 3 biological replicates and quantified 

by ≥5 peptide spectra. 

Error bars: represents standard error. 
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Figure 2.18: Degradation rate (KD) of 40S ribosomal subunit proteins. 

The KD value of each protein was found in ≥ 3 biological replicates and quantified 

by ≥5 peptide spectra. 

Error bars: represents standard error. 
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Figure 2.19 and Figure 2.20 show representative spectra from 1, 3, and 5 days for both 

the slowest and fastest turnover rate proteins in the dataset. Figure 2.19 shows the 

EEVESLFNAYEDSDFSR peptide from the RPP0D protein (AT1G25260.1) which is 

one of the fastest turnover proteins in our data set. Figure 2.20 shows the spectra of the 

VSGVSLLALFK peptide from the lowest turnover rate ribosomal protein; RPS23A 

encoded by AT3G09680.1.   

In Table 2.2, the ten fastest and slowest 80S cytosolic ribosomal proteins are shown with 

their KD values which ranged between (0.278-1.398 d-1) for the fastest proteins and 

(0.123-0.160 d-1) for the slowest proteins. 

An example calculation of both KD and KS/A using LPF and FCP over the 15N labelling 

time course for both slow RPS23A and fast RPP0D ribosomal protein turnover under 

normal condition is shown in Table 2.3. 

Variation in degradation rates between ribosomal proteins may be related to secondary 

functions of ribosomal proteins in the cell. For instance, despite the role of RACK1 

protein for efficient translation of mRNA during translation initiation process within the 

small ribosomal subunit (Thompson et al., 2016),  it acts as a scaffold protein between 

ribosomal machine and many signaling pathways in the cell (Islas-Flores et al., 2015). In 

Arabidopsis thaliana, mutation of this protein resulted in a developmental defect (Chen 

et al., 2006) and hypersensitivity to hormonal treatment in comparison with a wild-type 

plant (Guo et al., 2009). 
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Figure 2.19: Histogram of the proportion of peptide with different masses 

used to calculate the labelled protein fraction (LPF) for peptide degradation 

rate measurements for EEVESLFNAYEDSDFSR. 

LPF for a peptide was determined by mathematical fitting to calculate the 

intensity of the unlabeled natural abundance (light green) peptide population and 

the 15N labelled (dark green) peptide from a fastest degrading peptide from 

RPP0D. 
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Figure 2.20: Histogram of the proportion of peptide with different masses 

used to calculate the labelled protein fraction (LPF) for peptide 

degradation rate measurements for VSGVSLLALFK. 

LPF for a peptide was determined by mathematical fitting to calculate the 

intensity of the unlabeled natural abundance (light green) peptide population and 

the 15N labelled (dark green) peptide from the slowest degrading protein RPS23A. 
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Table 2.2: The 10 Fastest and 10 slowest turnover proteins in 80S cytosolic ribosomal 

proteins in Arabidopsis thaliana cell culture under normal conditions. 

 

 AGI SUBA4 annotation KD (d-1) t1/2 (d) 

S
lo

w
es

t 

AT3G09680.1 
Ribosomal protein S12/S23 family 

protein. 
0.117 ± 0.05  5.9 

AT5G40040.1 60S acidic ribosomal protein family. 0.127 ± 0.04 5.5 

AT2G09990.1 Ribosomal protein S5  0.130 ± 0.07 5.3 

AT1G07770.1 Ribosomal protein S15A. 0.136 ± 0.08 5.1 

AT2G36160.1 Ribosomal protein S11 family protein. 0.139 ± 0.05 5.0 

AT3G10090.1 
Nucleic acid-binding, OB-fold-like 

protein. 
0.145 ± 0.01 4.8 

AT2G19750.1 Ribosomal protein S30 family protein. 0.150 ± 0.05 4.6 

AT4G00810.1 60S acidic ribosomal protein family. 0.152 ± 0.11 4.6 

AT3G04920.1 
Ribosomal protein S24e family 

protein. 
0.153 ± 0.06 4.5 

AT1G22780.1 Ribosomal protein S13/S18 family. 0.154 ± 0.04 4.5 

F
a
st

es
t 

AT3G16780.1 
Ribosomal protein L19e family 

protein. 
0.272 ± 0.05 2.5 

AT1G02780.1 
Ribosomal protein L19e family 

protein. 
0.273 ± 0.04 2.5 

AT2G27710.1 60S acidic ribosomal protein family. 0.277 ± 0.04 2.5 

AT2G27530.1 Ribosomal protein L1p/L10e family. 0.300 ± 0.11 2.3 

AT1G41880.1 
Ribosomal protein L35Ae family 

protein. 
0.314 ± 0.11 2.2 

AT5G47700.1 60S acidic ribosomal protein family. 0.335 ± 0.16 2.1 

AT5G52650.1 
RNA binding Plectin/S10 domain 

protein. 
0.479 ± 0.60 1.4 

AT1G48630.1 Receptor for activated C kinase 1B. 0.499 ± 0.12 1.4 

AT3G18130.1 Receptor for activated C kinase 1C. 0.646 ± 0.16 1.1 

AT1G25260.1 Ribosomal protein L10 family protein. 1.392 ± 0.33 0.5 
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2.5.7 Ribosomal protein phosphorylation 

Post-translational modification (PTM) refers to any changes that occur after translation. 

This can occur through the covalent attachment of small molecules to the peptide chain 

and may influence protein structure, function, and activity.  

Several types of PTM have been identified, with perhaps the most commonly studied 

being phosphorylation, glycosylation, methylation, acetylation (Mirzaei et al., 2016). It 

has been reported that there is significant conservation of PTMs on cytosolic ribosomal 

proteins among Arabidopsis, yeast and mammalian cells (Carroll et al., 2008). Ribosomal 

phosphorylation depends on the presence of activating mTOR and participates in the 

regulation of mRNA translation elongation and polypeptide strand formation within the 

ribosome. The 40S subunit RPS6 is a primary substrate of protein kinases and its 

phosphorylation alters protein synthesis, glucose homeostasis and regulates cell size 

(Ruvinsky and Meyuhas, 2006; Fenton and Gout, 2011).  

In Arabidopsis thaliana, phosphorylation of C-terminal serine residues of ribosomal 

protein S6 (RPS6) and the entire acidic P-protein have been identified (Carroll et al., 

2008). In this study,  several phosphorylated proteins were identified that are located in 

the 60S subunit including RPL13a and RPL13 and 40S subunits such as  RPS2, RPS3, 

RPS6, RPS9, RPS27 that all are phosphorylated on serine (Ser) residues under normal 

conditions (Table 2.4). In Arabidopsis thaliana, RPS6 has two homologs RPS6A and 

RPS6B that are encoded by two genes namely At4g31700 and At5g10360, respectively 

(Hummel et al., 2015) with about 70% similarity to human RPS6 (Figure 2.21), both are 

phosphorylated at Ser240 (Figure 2.22). In our turnover results, the KD value for RPS6 in 

Arabidopsis thaliana cell culture was 0.184 d-1, indicating it was a stable ribosomal 

protein. 
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Figure 2.21: Sequence alignment of ribosomal protein (RPS6) between 

Homo sapiens (human) which is encoded by one gene and Arabidopsis 

thaliana that is encoded by two genes. 

The alignment was created by using the biological sequence alignment editor 

(BioEdit) supreme. The yellow colour indicates the serine phosphorylation site in 

Arabidopsis thaliana, and the grey shadow indicates the amino acid difference 

between human and Arabidopsis thaliana sequence. 

 

 

Figure 2.22: Examples of MS/MS spectra used to identify phosphorylation 

of a serine in 40S ribosomal protein S6. 
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2.5.8 Functional diversity of paralogue genes and their relation to 

turnover rates 

The presence of  248 genes encoding 81 ribosomal proteins in Arabidopsis thaliana 

(Hummel et al., 2015) raises the question of whether these paralogue genes may be 

redundant or could be involved in specific plant developmental stages.  

For example, RPL10 in Arabidopsis thaliana is encoded by three genes. While under UV-

B stress the abundance of transcripts derived from these genes varied with RPL10A not 

being responsive to UV-B whereas RPL10B and RPL10C are induced (Falcone Ferreyra 

et al., 2010). Furthermore, RPL23aA plays a crucial role in plant growth and development 

while RPL23aB does not suggesting functional specialisation of these homologous genes 

(Degenhardt and Bonham-Smith, 2008). Another study in Arabidopsis thaliana showed 

that protein abundance varied among RPS3a, RPS5, RPL8, and RACK1 protein 

paralogues in response to sucrose treatment (Hummel et al., 2012).  

In the turnover study of the cytosolic ribosome, the degradation rate (KD) of several 

protein paralogues differed from each other. For example, receptor for activated C kinase 

1 (RACK1) protein has three paralogs; RACK1A, RACK1B, and RACK1C which are 

encoded by At1g18080, At1g48630, and At3g18130, respectively. The degradation rate 

of these isoforms was significantly different from each other, such that the turnover rate 

of RACK1C was approximately three times (0.65 d-1) higher than RACK1A (0.21 d-1). 

The three RACK1 genes share a high degree of sequence identity 87-92% (Chen et al., 

2006) and it is strongly conserved through evolution among mammals, plants and higher 

eukaryotes. It is located at the back of the head region of the 40S small subunit near to 

the entry channel of the mRNA (Ben-Shem et al., 2011). It is possible that RACK1 A, B, 

and C compete to be assembled into a functional ribosome, perhaps with RACK1A 

having priority over RACK1B and C, thus they are degraded once synthesized. Figure 

2.23 shows histograms of the degradation of all three RACK1 paralogues at three-time 

points. 

Studies have shown that RACK1A, B, and C knockouts have different apparent 

phenotypes under normal conditions. For example, rack1a plants or double mutants with 

rack1b or rack1c in Arabidopsis thaliana significantly affected plant growth and 

development, whereas the single mutants rack1b or rack1c and the double mutant 

rack1a/rack1b do not show any phenotypic differences (Guo and Chen, 2008; Shi et al., 

2011).  
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By using transcriptomic data analysis software (https://genevestigator.com/gv/), the 

expression level of these three RACK1 isoforms across different developmental stages 

was checked. Absolute expression of RACK1A transcript is the highest followed by 

RACK1B then RACK1C, but they are all rated as highly expressed genes. Furthermore, 

during silique maturation and senescence, the expression of RACK1B and RACK1C is 

decreased in comparison with other developmental stages. Drought seems to suppress the 

expression of RACK1B and RACK1C more than RACK1A; this suggests that RACK1B 

and RACK1C may not be as functionally significant as RACK1A. Through these results, 

it can be suggested that variation in the degradation rate of a different isoform of a protein 

may relate to their biological function in the cell. 

 

 

https://genevestigator.com/gv/
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2.5.9 Variation of protein turnover for subunits of protein complexes 

In the next step of turnover data analysis, the stability of the large (60S) and small (40S) 

protein subunits was examined based on the degradation rate of 49 proteins in the large 

subunit and 40 proteins in the small subunit. 

Some turnover data has shown variation in the turnover rate of subunits of functionally 

related protein complexes. For example, in a study of the degradation rate of 

mitochondrial proteins in Arabidopsis thaliana it was shown that there was variation in 

the degradation rate of protein complexes of the mitochondrial electron transport chain; 

complex II and complex V had lower turnover rates in comparison with complexes I, III 

and IV (Nelson et al., 2013). 

In a study of mammalian cells, it was found that ribosomal protein subunits possess 

different turnover rates (Cambridge et al., 2011). Human 60S subunits turned over faster 

than 40S, whereas in mice; the 40S subunits turned over faster than the 60S subunit. 

Furthermore, in Arabidopsis thaliana, the mitochondrial ribosomal large subunit is more 

stable than the small subunit (Li et al., 2017). 

In our turnover list, statistical analysis (one way-ANOVA) showed that there was no 

significant difference in degradation rate between 60S ribosomal subunits and 40S 

subunits with average KD of 0.245 and 0.219 d-1, respectively (Figure 2.24). This trend is 

consistent with other work from barley leaves (Nelson et al., 2014) in which the 

chloroplast 50S and 30S ribosomal subunit and cytosolic 60S and 40S ribosomal subunits 

turned over at a similar rate. Moreover, in yeast (S. cerevisiae) it was found that ribosomal 

subunits in both cytosol and mitochondria showed homogeneous turnover rates (Martin-

Perez and Villén, 2017). 
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Figure 2.24: Box plots of KD values for cytosolic ribosomal proteins of the 

large and small subunits in normal conditions. 

The red box represents the degradation rate of 49 proteins in the 60S large 

ribosomal subunit and the green box represents the degradation rate of 40 proteins 

in 40S small ribosomal subunit. 
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2.6 Discussion 

2.6.1 Cytosolic ribosome protein turnover in Arabidopsis thaliana 

Proteins in a cell are in a dynamic state of synthesis and degradation. Therefore the 

investigation of protein turnover as undertaken here can give information about protein 

fate over time. The regulation of protein synthesis and degradation is also essential to 

control protein homeostasis and to maintain healthy cellular function and development, 

particularly in response to environmental stress. Furthermore, study of protein turnover 

is crucial to understanding how protein abundance changes in response to different 

biological process (Fan et al., 2016). Any abnormality in protein turnover may indicate 

dysfunctions in proteins and consequently the accumulation of damaged and misfolded 

proteins (Kim et al., 2012). Therefore, studying protein turnover helps determine the 

connection between protein functionality and lifetime. 

The cytosolic ribosome synthesises most of the diversity of cellular proteins. Plastid and 

mitochondrial ribosomes synthesise relatively few but some highly abundant proteins 

(Nelson et al., 2014). All synthesis occurs through a process in which the small ribosomal 

subunit attaches to mRNA in a translation initiation event. Next, tRNA binds through its 

anticodon region to the mRNA coding region holding its specific amino acid. Finally, the 

large subunit of ribosome binds to the small subunit and catalyses peptide bond formation 

through its catalytic site known as peptidyl transferase center (PTC)  (Doudna and Rath, 

2002). 

Unwanted aggregates and damaged protein are removed and recycled through the 26S 

proteasome via the ubiquitin protease pathway (UPS). Protein substrates are ubiquitylated 

via ubiquitin conjugation followed by activation and binding to the proteasome for 

degradation through a series of enzymatic processes (Grice and Nathan, 2016). 

Alternatively, proteins can be degraded by incorporation into double-membrane vesicles 

followed by fusion with the vacuole through a mechanism termed autophagy. Examples 

include the degradation of proteasomes (proteophagy) Figure 2.25 (Hoeller and Dikic, 

2016). Other types of autophagy include peroxisomal degradation though pexophagy in 

Arabidopsis thaliana in which the peroxisomes are delivered to the vacuole (Lee et al., 

2014), chlorophagy which recycles chloroplasts as whole organelles and or as Rubisco-

containing bodies (RCB) (Ishida et al., 2014), mitophagy including degradation of 

mitochondria-resident proteins and mitochondrial vesicles (Li et al., 2014) as well as 
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breakdown of endoplasmic reticulum (ER) and ribosomes through reticulophagy and 

ribophagy processes (Cebollero et al., 2012). 

 

 

Figure 2.25: Mechanism of protein degradation. 

(A) Target protein is ubiquitylated and degraded via the ubiquitin-proteasome 

pathway. (B) Complex or organellar proteins are eliminated and degraded by 

autophagy. 
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2.6.2 15N metabolic labelling to measure ribosomal protein synthesis 

and degradation kinetics 

Maintenance of protein homeostasis depends on ribosome activity. Loss of this activity 

leads to loss of proteostasis (Xue and Barna, 2012; Conn and Qian, 2013). To maintain 

high quality, functional ribosomes, the exchange of damaged proteins is required (Mathis 

et al., 2016). 

Here the protein turnover rate in the 80S cytosolic ribosome in Arabidopsis thaliana cell 

culture was analysed by using  a stable isotope 15N labelling strategy which has been 

developed in plants (Nelson et al., 2014; Li et al., 2017) and also used in other organisms 

(McClatchy et al., 2007; Sauer et al., 2014). 

In a study of protein degradation rates according to functional category among 

mitochondrial proteins in Arabidopsis thaliana it was shown that the protein stability 

varied among the members of protein complexes (Li et al., 2017). They showed that the 

category ‘protein synthesis’ has the lowest degradation rate when compared to other 

functional categories (Li et al., 2017).  

In terms of free amino acid turnover studies, Ishihara and colleagues have used 13C-pulse 

labelling to quantify turnover of 16 amino acids in Arabidopsis thaliana leaves (Ishihara 

et al., 2015). The results have shown that alanine had the highest degree of 13CO2 

enrichment in comparison with the others. Furthermore, they assessed the synthesis rate 

of  the rubisco subunits RBCL and RBCS for 24 hours in both light and dark condition 

and demonstrated that the synthesis rate of these subunits are higher (1.2% and 0.80 % h-

1) during the light period in comparison with night (0.37% and 0.36 % h-1) respectively 

(Ishihara et al., 2015). 

In this study, seven days old Arabidopsis thaliana cell culture was transferred into a new 

media that contained heavy nitrogen. Incorporation of 15NH4
15NO3 and K15NO3 salts into 

newly synthesised protein allowed estimates of the degradation and synthesis rates of 

individual ribosomal proteins.  

The combination of stable isotope labelling with mass spectrometry and an in house data 

analysis pipeline enabled the distinguishment of labelled and unlabeled protein, followed 

by measuring the turnover rate of individual ribosomal proteins in both the ribosomal 

small and large subunit.  
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2.6.3 80S ribosomal protein turnover is not uniform 

Protein turnover is crucial in maintaining cellular function and homeostasis, mainly in 

response to environmental stress (Araujo et al., 2011). Through the study of turnover rate, 

we can gain knowledge about (1) the biological function of the specific protein in the cell 

(Christiano et al., 2014), (2) evaluate the energy cost in the cell (Li et al., 2017), (3) 

identify the assembly pathway of the proteins within a complex protein (Cambridge et 

al., 2011), and (4) determine the longevity or half-life of protein in a cell (Li et al., 2017). 

Among the cellular proteins, it has been found that ribosomal proteins were more stable 

compared with other proteins. For example, in barley leaves and yeast (S. cerevisiae and 

S. pombe) cells, among several functional categories, it has shown that ribosomal proteins 

turned over slowly in comparison with organellar proteins (Christiano et al., 2014; Nelson 

et al., 2014).  

In this study, 15N labelling has been used to identify turnover rate for individual proteins 

of the cytosolic ribosome to predict which proteins are subject to rapid turnover. It was 

found that the ribosomal proteins under normal conditions possessed non-uniform 

degradation rate. The variation in this degradation rate may be due to two factors: first, 

some ribosomal proteins have extra-ribosomal functions besides synthesizing new 

proteins. For example, in yeast (S. cerevisiae), it was found that RPL16 is crucial for 

stabilization of pre-60S particle assembly and biogenesis of the large subunit; however, 

depletion of this protein resulted in a rapid turnover of early and intermediate pre-60S 

particles (Espinar-Marchena et al., 2016). Furthermore, in Arabidopsis thaliana, the 

acidic ribosomal P-protein (RPP3) which is specific to plants plays an essential role in 

the ribosomal response to high and low-temperature stress (Kang et al., 2016). Also, 

ribosomal protein S24 has a significant role as a biomarker in determining human colon 

cancer (Wang et al., 2015).  

Second, some of these proteins are functionless or are produced in excess, so once 

synthesised, are degraded. Sung and co-workers have explained the second factor, they 

claimed that; the cell cannot produce an exact number of ribosomal proteins, so it makes 

more ribosomal proteins than it needs, and those proteins not used are degraded (Sung et 

al., 2016). Both of these factors might contribute to the turnover rates identified in this 

chapter.  
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2.7 Materials and methods 

2.7.1 Arabidopsis thaliana cell culture 

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

medium  1x Murashige and Skoog (MS) Modified Basal Salt Mixture (phyto technology 

M524) without vitamins, 3% w/v sucrose (Ajax chemical A530), 0.5 mg/L 

naphthaleneacetic acid (Sigma Aldrich 15165-79-4), 0.05 mg/L kinetin (Sigma Aldrich 

K0753), pH 5.8 at 22oC with orbital shaking at 100-120 rpm under constant light (100 

µmolm-2s-1). Cultures were maintained in 250 ml Erlenmeyer flasks by the inoculation of 

20 ml of 7 days old cells into 100 ml fresh growth medium. 

2.7.2 15N labelling of Arabidopsis thaliana cell culture 

Seven day old Arabidopsis thaliana cell culture was transferred from non-labeled media 

(14N) to media without nitrogen, and the cells washed three times to eliminate all 14N in 

the media. Then, washed cells were transferred to heavy media (15N) containing two 

nitrogen sources for optimal growth (Li et al., 2012) including 1.65 g/L 15NH4
15NO3 

(Sigma Aldrich 299278) and 1.9 g/L K15NO3 (98% 15N Sigma) (Sigma Aldrich 335134).  

To study protein turnover rate, the labelled Arabidopsis thaliana cell culture was 

collected by vacuum filtration after the first day, third day and fifth day of transformation 

into new media, then stored in a -80oC freezer until use. 

2.7.3 80S cytosolic ribosome purification in Arabidopsis thaliana cell 

culture 

2.7.3.1 Ribosome purification process 

To isolate 80S cytosolic ribosomes from Arabidopsis cell culture, about 10 g of the 7 days 

old Arabidopsis thaliana cells were frozen in liquid nitrogen and ground in a pre-cooled 

mortar with a pestle to break the cell wall. Next, the powder was transferred into 

extraction buffer containing 0.45 M mannitol (Ajaxs chemical A310), 30 mM HEPES 

(Sigma Aldrich H3375), 100 mM KCl (Sigma Aldrich P9333), 20 mM MgCl2.6H2O 

(Ajax Finechem A296), 0.5% (w/v) polyvinyl pyrrolidone-40 (Sigma Aldrich 9003-39-

8) and 0.5% (w/v) bovine serum albumin (Bovogen biologicals BSAS1.0) with addition 

of 20 mM cysteine-L (Sigma Aldrich A-9165) prior to grinding and pH adjusted to 7.5, 

followed by using an ultra-turax for homogenization of the mixture.  

https://www.sigmaaldrich.com/catalog/search?term=15165-79-4&interface=CAS%20No.&lang=en&region=US&focus=product
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Then, the homogenised solution was filtered through two layers of miracloth (Merk 

Millipore, Darmstadt, Germany). The homogenate was transferred into a pre-cooled, 

sterilized 25 ml of Beckman Coulter centrifuge tubes and centrifuged at 30000 xg for 20 

minutes at 4oC. The supernatant was transferred into 1.5 M sucrose (Ajaxs chemical 

A530) dissolved in a mixture of 2x ribosome resuspension buffer consisting of 30 mM 

HEPES, 100 mM KCl and 20 mM MgCl2.6H2O, pH adjusted to 7.5 and centrifuged at 

60000 rpm for 90 minutes. After the first ultra-centrifugation, the pellet was resuspended 

in 2 ml of a solution that consisted of 5 mM DTT (Sigma Aldrich D0632) and 1.5 M 

sucrose. Again, the resuspended sample was mixed with 2x ribosome extraction buffer 

followed by second ultra-centrifugation at 60000 rpm for 2.5 hours. Finally, the ribosome 

pellet was resuspended in 1x ribosome extraction solution and stored in -80 oC for later 

use. 

2.7.3.2 Quantification of ribosomal proteins 

To quantify protein content in the purified sample, the Amido black method was used, by 

dissolving 26 mg of Amido black in 100 ml of [1:10] acetic acid (Ajaxs Finechem 2789): 

methanol (Ajaxs chemical A318) solution. Also, a standard solution of bovine serum 

albumin (BSA) from 2 mg/ml of stock and protein sample was prepared. To begin with 

the quantification, 300 µl of Amido black solution was added to each protein sample and 

centrifuged for 4 minutes at 20800 xg at 20oC. The pellet was resuspended in 1ml of acetic 

acid: methanol (1:10) and centrifuged as before, and the supernatant removed with a 

vacuum line the pellet resuspended in 1 ml of 0.1 N NaOH (Ajaxs chemical A482). 

Finally, to measure the protein content in the sample, a UV mini-1240 UV-VIS 

Spectrophotometer (Shimadzu Scientific Instruments, Sydney, Australia) was used, and 

the absorbance of each sample read at 615 nm. 

2.7.3.3 Precipitation, denaturation and digestion 

Based on the quantification result, 50 µg of purified ribosome was precipitated by using 

1ml cold acetone (Sigma Aldrich 666-52-4) and incubated for 1 hour in -80 oC. Following 

centrifugation for 20 minutes at 20800 xg at 4ᵒC. The supernatant was gently discarded 

and the pellet denatured, reduced and alkylated by using 1.5 M urea (Ajaxs chemical 

A817), 10 mM DTT (Sigma Aldrich D0632) and 25 mM iodoacetamide. Then 

denaturated protein was digested by using trypsin (Invitrogen MSI0015) and incubated 

overnight at 37ᵒC then the reaction terminated by acidification of the mixture through the 

addition of 1% formic acid (BDH 101154E). 
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2.7.3.4 Cleanup of the digested proteins 

Digested protein was purified and concentrated before mass spectrometry analysis by 

using micro spin column silica C18 in a reverse phase column (50-450 µl loading, 30-300 

µl capacity). Before adding the protein, 500 µl of 100% of methanol (Ajaxs chemical 

A318) was added to the column to rinse the column wall and wet resin as an activation 

solution, then centrifuged at 500 xg for 2 minutes. The column was then equilibrated with 

500 µl of a mixture of 5%  ACN (RCI Labscan C2502) and 0.1%  FA and centrifuged at 

500 xg for 2 minutes. Next, the protein sample was mixed with 500 µl of (5% ACN, 0.1%  

FA) and loaded into the wetted column, centrifuged at 500 xg for 2 minutes. Then, 500 

µl of (70% ACN, 0.1% FA) was added to the column, centrifuged at 500 xg for 2 minutes, 

and the extracted peptide was dried by vacuum centrifugation at 30°C overnight. Finally, 

for each 1µg protein in the dried sample was resuspended in 1 µl of a mixture (5% ACN 

and 0.1% FA). 

2.7.3.5 LC-MS/MS and Data analysis 

Mass spectrometry analysis was performed with a Thermo Scientific Orbitrap Fusion 

mass spectrometer. The raw data files (. raw) files were converted to .mzML files by using 

open source MS convert software. Then the .mzML files were converted to .mgf files via 

the Convert mZ[X]ML tool in the trans-proteomic pipeline v. 4.8 (TPP).  The Mascot 

search algorithm (Matrix Science) was used to search tandem mass spectra against 

proteins from the TAIR10 release of Arabidopsis thaliana (https://www.arabidopsis.org/) 

database to convert the . mgf files to both .dat and .csv files. 

Search parameters were: variable modifications: carbamidomethyl (C) and oxidation (M), 

monoisotopic, trypsin selected as digesting enzyme, and maximum missed cleavages set 

to one. Moreover, the peptide charges were chosen as (+2, +3 and +4), 13C error set to 

one and peptide tolerance selected as ± 50 ppm. Finally, MS/MS ion searches were 

activated, and MS/MS tolerance selected as ± 0.6 Da. Mascot results were exported as a 

.dat file, and then converted to pep.xml using the PepXML tool in TPP for determination 

of peptide and protein probabilities. Pep.XML files were then further converted to 

interact.pep.XML by using the peptide prophet tool in TPP. 

To get the protein turnover data, the in-house protein turnover pipeline was used, then the 

output files interact.pep.xml and the mzML files were uploaded via peptide list and 

spectrum list, respectively. 15 seconds was chosen as retention time tolerance, m/z 

tolerance was 10 ppm, and 95% selected as maximum label enrichment. For 15N labelled 

https://www.arabidopsis.org/
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protein studies nitrogen (N) was chosen as the labelled element and 15 as the isotope 

number. For each sample that was analyzed by this pipeline, a .tsv file was generated for 

further conversion. 

2.7.4 Bioinformatics analysis 

To check the functional association among these proteins, the STRING database version 

10.5 was used (https://string-db.org/) (Szklarczyk et al., 2015) for finding the interaction 

scores for every single protein with other proteins in a list.  

In the beginning, the background database of STRING was downloaded ( https://string-

db.org/cgi/download.pl?sessionId=eCCzqEYkOdUt ). This database consisted of a single 

row for each interaction pair; e.g. AGI1 interacts with AGI2 on one row then AGI1 

interacts with AGI3 on the next row. Each row contained scores for various categories of 

interactions including neighborhood, fusion, cooccurrence, coexpression, experimental, 

database, textmining and combined score. 

To arrive at the numbers used in the analysis, a set of authenticated ribosomal proteins 

were identified within the final centrifugation set. These ribosomes were proteins which 

were identified and annotated as Arabidopsis thaliana cytosolic ribosome by both  Carroll 

(Carroll et al., 2008) and Hummel (Hummel et al., 2015). For each of the proteins that 

were identified in the final enrichment step, interactions with the authenticated ribosomal 

set for each of the available scoring categories were averaged together giving a functional 

association score. 

2.7.5 Statistical analysis 

The analysis of data including one-way and two-way variance analysis (ANOVA) and 

Kolmogorov-Smirnov test for comparison of samples was computed by XLSTAT 

(version 2018.5), less than 0.05 was considered as significant.  

The ANOVA parameters were adjusted as following: 0.0001 was chosen as tolerance, 

confidence interval (95%). For model selection, we chose the best model with criterion 

(adjusted R2), and number 2 was selected as a minimum and maximum variables. 

For the Kolmogorov-Smirnov (K-S) test, the criteria were selected as follows: Alternative 

hypothesis  F1(x) ≠  F2(x), 5%  was chosen as significant level, hypothesised difference 

(D)  = 0 and asymptotic p-value was selected. Finally, the cumulative histogram was 

selected as the output chart. 

https://string-db.org/
https://string-db.org/cgi/download.pl?sessionId=eCCzqEYkOdUt
https://string-db.org/cgi/download.pl?sessionId=eCCzqEYkOdUt
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Two-sample z-test was applied to compare the number of unique peptides that were 

identified by using trypsin and each of Lys-c, Glu-C, and Asp-N. The parameters were 

chosen as follows: In data format, one column per sample was selected and z-test was 

chosen as the test option. Next, 5%  was chosen as the significance level and Asymptotic 

p-value was selected. From missing data option, do not accept missing data was selected, 

and the other parameters were left as default. 
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Characterization of Arabidopsis thaliana cytosolic ribosome 

turnover under oxidative stress 

3.1 Abstract 

Reactive oxygen species (ROS) is a chemical compound that is present either in the form 

of a radical molecule such as singlet oxygen or hydroxy radical, or non-radical molecule 

such as hydrogen peroxide. It has been found that ROS derivatives such as H2O2 and O2
-  

can act as signaling molecules; however, the excess presence of these chemicals leads to 

DNA/protein damage and even cell death. In this chapter, Arabidopsis thaliana cell 

culture was used to study the effects of ROS stress on cytosolic ribosome homeostasis.   

Arabidopsis thaliana cell culture was treated by chemicals that can induce ROS stress. It 

was found that 1µM of H2O2 or 5µM menadione added to cell culture media led to cell 

growth retardation. 15N labelling was utilised to evaluate the effect of oxidative stress on 

the turnover of ribosomal proteins during these stress treatments. To study the effect of 

stress on ribosomal functionality, an in vitro protein synthesis assay method employing 

14C-leucine was applied to cell culture grown under control and stress conditions. It was 

discovered that the protein synthesis rate decreased under oxidative stress which indicates 

that ribosome function was reduced or inhibited after H2O2 and menadione treatment. The 

ribosomal protein abundance was also investigated under stress conditions by targeted 

proteomics of ribosomal protein abundances (MRM). This analysis showed that oxidative 

stress led to decreased ribosomal protein abundance in comparison with untreated 

samples. When the functionality assay data was normalized by ribosomal protein 

abundance, it was found that ribosomal functionality on protein translation did not 

change; demonstrating that ribosomes were still operating under the stress conditions 

applied.  

The degradation rate of 62 common ribosomal proteins was compared between the 

control and treated samples. The results showed that ribosomal proteins stability varied 

between control and treatment samples. Turnover rate decrease for most of the ribosomal 

proteins, but with a few exceptions, implying that ribosomal proteins were generally 

maintained at slower turnover rates in response to ROS stresses.  

 

Keywords: Oxidative stress, MRM, protein content measuring, 15N-labeling, 14C-leucine 

assay, ribosome purification, turnover study. 
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3.2 Introduction 

Reactive oxygen species (ROS) include free radical and non-radical intermediates which 

are synthesized through excitation of (O2) to produce single oxygen (1O2) or through 

transfer of electrons to (O2) to produce superoxide ( O2
¯·), hydroxyl radical (OH¯·) and 

hydrogen peroxide (H2O2) (Gill and Tuteja, 2010). Many studies have been done to 

understand about how ROS affect plant growth and development (Kranner et al., 2010; 

Karkonen and Kuchitsu, 2015). But plants vary in their response, for instance, rising 

temperature and humidity caused an increased concentration of  O2
¯· and H2O2 in 

Arabidopsis thaliana, but not in Portulaca oleracea (Yang et al., 2012).  

Starvation of resources can lead to oxidative stress in plants. Insufficient amount of sugar 

in plants causes oxidative stress and production of free radicals, leading to rapid break 

down of cellular protein consequently (Morkunas et al., 2012). Nitrogen starvation also 

leads to the production of  ROS and consequently affects specific aspects of plant growth. 

For example, in Arabidopsis thaliana insufficient nitrogen results in an increase in the 

concentration of H2O2 in a specific region of its root (Shin et al., 2005). Salt stress is 

considered another source of ROS accumulation in plant cells through its inhibition of 

the carbon fixation process in chloroplasts and consequently the slow down of plant 

growth and oxidative damage (Parihar et al., 2015). Increasing the concentration of NaCl 

in Arabidopsis thaliana from 50 mM to 150 mM caused inhibition of root growth by 75% 

and changes in morphological and physiological growth, whereas 200 mM NaCl caused 

complete inhibition in root growth and even cell death (Pang et al., 2010).  

Plants can alleviate the negative effects of ROS through scavenging mechanisms (Rogers 

and Munne-Bosch, 2016) and avoidance mechanisms involve leaf movement and curling 

and physiological adaption (Mittler, 2002). For scavenging mechanisms, several 

antioxidant enzymes can work sequentially to control the level of ROS. These enzymes 

include superoxide dismutase (SOD) that converts superoxide (O2
¯·) to hydrogen 

peroxide (H2O2), catalase (CAT) that breaks down hydrogen peroxide (H2O2) to water, 

and ascorbate peroxidase (APX) (Sharma et al., 2012) and monodehydroascorbate 

reductase (MDHAR) that catalyse the reduction of monohydroascorbate  to ascorbate  

(ascorbic acid). The produced ascorbate participate in the maintains the redox 

homeostasis by scavenging ROS (Park et al., 2016).  

There is evidence that oxidative stress affects protein synthesis rate yeast (S. cerevisiae) 

(Shenton et al., 2006) and loosing in vitro translation activity in bacteria (E. coli) (Willi 

et al., 2018). 
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In this chapter, two chemicals, H2O2, and menadione, were used to cause extracellular 

and intracellular ROS stress to Arabidopsis thaliana suspension cell culture. To 

demonstrate the impact of ROS stress on ribosomes and protein synthesis the effect of the 

two chemicals on cell growth rate was assessed. Secondly, the effect of these stresses on 

ribosomal functionality was assessed by employing radioactive 14C-leucine labelling. 

Thirdly, ribosomal protein abundance was measured by using targeted proteomic 

methods (MRM). Finally, we assessed the effect of oxidative stress on ribosomal protein 

degradation rate. To do this we applied 15N labelling to the Arabidopsis thaliana cell 

culture, followed by cell culture treatment by using 1 µM H2O2 or 5µM menadione, then 

the ratio between light (14N) and heavy (15N) isotopes as well as the degree of enrichment 

was determined by mass spectrometry.  

In summary, the results demonstrated that the ribosome changes in protein abundance and 

turnover under environmental stress conditions. Both MRM analysis and 14C-leucine 

labelling showed that cellular protein abundance and protein synthesis rate were 

decreased by treating cell culture with either 1µM H2O2 or 5µM menadione in comparison 

with untreated cells. Additionally, determination of ribosomal protein turnover rates with 

and without treatment showed that the degradation rate (KD) of most of the ribosomal 

proteins were reduced after these treatments. 
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3.3 Aims and strategy 

The work in this chapter attempts to gain insight into measuring protein abundance and 

turnover rate of cytosolic protein 80S ribosomal in Arabidopsis thaliana cell culture under 

stress conditions. Chemical treatments were applied to cell culture to compare how these 

stresses affect the abundance and the turnover rate of the ribosome subunits as a whole 

and their specific protein subunits.  

Specifically, the work that described in this chapter was designed as following: 

❖ To study the effect of oxidative stress, seven days old Arabidopsis thaliana cell 

culture was transferred to new media and 1µM hydrogen peroxide or 5µM 

menadione were added. Labelled cells were collected after one, three and five 

days’ treatment.  

❖ Ribosome abundance, composition, and function by MRM and 14C-Leucine 

labelling was performed on the treated cells. 

❖ During stress treatments, aliquots of cells were transferred from 14N to 15N media 

(K15NO3 and 15NH4
15NO3) to allow LC-MS/MS analysis and determination of the 

protein degradation rate (KD). 

❖ Cytosolic ribosomes were isolated from Arabidopsis thaliana cell culture using 

discontinuous sucrose gradient and differential density centrifugation as described 

in Chapter 2. 
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3.4 Results 

3.4.1 Optimization of H2O2 and menadione concentration for stress 

treatments 

In this study, H2O2 and menadione were applied to Arabidopsis thaliana cell culture 

(Landsberg erecta) to evaluate the effect of oxidative stress on the turnover rate of 

ribosome subunits and their structure. Different concentrations of H2O2 and menadione 

were used to check the optimal concentrations that induced Arabidopsis thaliana cell 

culture growth changes; causing mild bleaching (Figure 3.1). Five different 

concentrations including 1, 5, 10, 20, 50 µM H2O2 and 5, 10, 15, 20, 25 µM menadione 

were assessed.  

The growth rate of Arabidopsis thaliana cell culture was measured as fresh weight every 

day under both treatments and control. The results showed that 1 µM of H2O2 and 5 µM 

of menadione can significantly ( p ≤ 0.05 ) affect Arabidopsis thaliana cell culture growth 

rates (Figure 3.2). Mass spectrometry analysis was also used to check oxidative 

modification of several amino acid residues within protein or peptides. To do this four 

amino acid modification sites including methionine (M), cysteine (C), lysine (K) and 

tryptophan (W) which are commonly observed oxidation sites (Perdivara et al., 2010; 

Raftery, 2014) were searched by using (Matrix Science) of the Mascot search engine 

version 2.5.1. The results showed that the number of oxidized peptides for cysteine (C) 

and lysine (K) in the cell were significantly (P ≤ 0.05) higher after H2O2 and menadione 

treatment in comparison with control samples (Figure 3.3). 
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Figure 3.1:  The appearance of Arabidopsis thaliana cell culture after 

different H2O2 (upper) and Menadione (lower) concentrations were applied 

across a time course. 

WT (control) cells are in the flask on the right in each row followed by 1, 5, 10, 

20, 50 µM H2O2 (upper) and 5, 10, 15, 20, 25 µM menadione (lower) for each of 

day 1, 3 and 5. 
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Figure 3.2: Fresh weight of Arabidopsis thaliana cell cultures after (A) H2O2 

and (B) menadione treatments. 

The same volume of cell culture in growth media was collected by vacuum 

through 55 mm whatman paper. Fresh weight (g) of cells was measured.  Vertical 

bars represent standard error (SE), the asterisk indicates statistically significant 

differences between treatment and control (*: P≤ 0.05, **: P≤ 0.01) by applying 

t-test, n=3. 

 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

F
W

 (
g

)

0 µM

1µM

5µM

10µM

20µM

50µM

** ** ** ** ** **

A

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

F
W

 (
g

)

0 µM

5µM

10µM

15µM

20µM

25µM

** ** ** ** ** **

B



Chapter 3 

112 

 

 

Figure 3.3: Mass spectrometry determination of oxidation of amino acid 

residues. 

Methionine (M), cysteine (C), lysine (K) and tryptophan (W)  oxidative modifications 

observed in control, H2O2 and menadione treated protein samples.  

 

 

3.4.2 Effect of oxidative stress on cell protein content 

To determine the effect of oxidative stress on protein content, total protein was extracted 

from the 0.1g fresh weight on day 1, day 3 and day 5 and samples were separated by SDS-

PAGE gel electrophoresis, stained, then ImageJ was used for measuring peak area of the 

protein bands. As shown in Figure 3.4, the protein concentration decreased in term of 

treatment in comparison with the control sample, which suggested that protein synthesis 

was inhibited by oxidative treatment, particularly after three days of treatment. 
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Figure 3.4: Protein content quantification of Arabidopsis thaliana cell culture 

after oxidative stress treatments.  

0.1g of cell culture was treated with 1µM H2O2 or 5µM menadione. ImageJ was used 

to measure the protein content in each sample. R: replicate. 

 

The resulting protein content value for each day was combined with a change in fresh 

weight and the protein abundance change from MRM results (3.4.3) used to measure the 

approximate value of fold change in protein abundance over the 5 days of the experiment 

(Figure 3.5). 

 

Figure 3.5: Combined FCP value of for each of control, H2O2 and 

menadione of Arabidopsis thaliana cell culture.  

The resulting change of  FCP value over three-time courses from each of fresh 

weight (g) result, protein content value through SDS-PAGE, and MRM analysis 

result of targeting proteins were combined to check the approximate value of fold 

change in the cellular protein after treatment.  
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3.4.3 Effect of oxidative stress on ribosome composition by targeted 

proteomics of ribosome proteins 

To check the composition and quantity of ribosomal protein in 0.1g of Arabidopsis 

thaliana cell culture during oxidative stress, the multiple reaction monitoring (MRM) 

method was used. MRM is a powerful technique for protein quantification and peptide 

abundance checking by targeted analysis of specific peptide followed by measuring the 

peak area of the fragmented peptide ion transition (Liebler and Zimmerman, 2013).   

After 1, 3 and 5 days keeping cells in continuous light growing conditions; total protein 

was extracted from 0.1 g of cell culture from both control and treated (1µM H2O2 and 

5µM menadione) samples, followed by protein quantification, digestion, and purification.  

Using a ribosomal protein library and the triple quadrupole mass spectrometer allowed 

the abundance of ribosomal proteins to be identified. To quantify and analyze the 

resulting data from the MS instrument, raw MS data obtained from an Agilent 

Technologies 6495 QqQ mass spectrometer were imported into the open source Skyline 

targeted proteomic software (v 4.1), and ribosomal protein peptides with fewer than three 

reliable transitions were eliminated. This approach identified peak areas for 230 peptides 

that belong to 106 unique ribosomal AGIs (Supplementary 4).  

The output was scaled by peptide to give every peptide’s relative abundance and the 

average area of peptides that matched to each AGI was calculated. 

To check the effect of oxidative stress on ribosomal protein abundance, the change in the 

area of the peak for each protein peptide over the time course of the treatment was 

calculated. As can be seen in the heat map (Figure 3.6 A) and box plot (Figure 3.6 B), 

without stress the median of fold change in the peak area increased over time which 

indicates an increase in both protein abundance over time. However, in term of the treated 

cells, the median fold change declined from day 1 to day 5, which indicates that 

abundance was suppressed by treatment with H2O2 and menadione.  
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Figure 3.6: Changes in ribosomal protein abundance by oxidative stress 

treatments 

A) Heat map of 106 common protein abundances among all three conditions. 

Peak area of the proteins under control conditions was higher than the 

treated condition. Each row denotes one gene, and each column represents 

the average of the scaled peak area of control, H2O2 and Menadione. Tn= 

days, n=3. 

B) Overall fold change measurement in the MRM protein abundance peak 

areas for control and treated samples. Area of the peak for each peptide on 

day 1, day 3 and day 5 for each condition was divided by area of the peak 

of that peptide in day 1 of the control sample. 

 

3.4.4 Effect of oxidative stress on protein synthesis rate using 

radiolabeled (14C)-Leucine feeding 

Since ribosomal protein abundance decreased by H2O2 and menadione treatment in 

comparison with control cells, these treatments might lead to inhibition of new protein 

synthesis.  To check this incorporation of radiolabeled leucine [14C-leu] into new proteins 

was used as a protein synthesis indicator.  

Arabidopsis thaliana cell culture was treated with 1µM H2O2 and 5µM of menadione for 

three-time points (day 1, day 3 and day 5). For each time point, 0.1g of fresh cell culture 

was treated with radioactive [14C-leu] and the protein incorporated was measured (more 

details are explained in the experimental section 3.6.5. 

H2O2 and menadione caused a decrease in the protein synthesis rate particularly after 

three days of treatment while the measurement clearly indicated that the rate of protein 

synthesis in control cell culture (WT) increased over time (Figure 3.7). The 14C-leucine 
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incorporation into protein content in both treated conditions increased slightly over the 5 

days; which indicates that treatment leads to a slowing down of protein synthesis. In 

agreement with our finding, in yeast (S. cerevisiae), it has been shown that H2O2 leads to 

inhibition of translation initiation, followed by a decrease in protein production (Shenton 

et al., 2006). 

 

 

Figure 3.7: 14C-Leu labelling for whole cell measurements of protein 

synthesis rate. 

100mg of treated and untreated fresh cell culture incubate for 45 minutes in 

radioactive 14C-leucine, followed by determination of protein synthesis rate. Each 

data represents the average number of four replicate of cell culture (n=4).  

Vertical bars represent standard error (SE), the asterisk indicates statistically 

significant differences between treatment and control (*: P≤ 0.05, **: P≤ 0.01) 

by applying t-test. 

 

To see whether the ribosome activity drop was a consequence of lower ribosome 

abundance under treatment conditions,  a protein synthesis rate from 14C-leucine was 

normalised to the ribosome protein abundance data from MRM result (section 3.4.3). The 

results showed that although protein abundance decreased after treatment, the ribosomal 

machinery was still functional (Figure 3.8) 
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Figure 3.8: Specific protein synthesis activity on a ribosomal basis. 

Ribosome functionality tested after normalization of the 14C-leucine data to 

MRM and GEL data over the three-day time course (day 1, 3 and 5) for control 

and treatment (H2O2 and menadione) conditions. Each bar represents the average 

of four replicates of cell culture (n=4). Error bars represent standard error (SE).  

 

3.4.5 Ribosomal protein turnover rates determined by 15N labelling 

under control and stress treatments 

Seven-day-old Arabidopsis thaliana suspension cell culture was grown in natural 

abundance (NA) nitrogen media, the cells were then washed three times in media without 

nitrogen, then transferred to heavy nitrogen media (containing 98%15N salts) which 

contained 1µM H2O2 or 5µM menadione (Figure 3.9). The labelled cell culture was 

incubated for 1, 3 and 5-days in continuous light conditions with continuous shaking at 

120rpm. Then samples of the cell culture at each time point was vacuum filtrated and 

frozen at -80oC.  

After treatment of cells as described above, crude ribosomes were isolated from freeze-

thawed samples by generating a cell lysate, two successive sucrose gradients and then 

ultracentrifugation at 60,000 xg . Finally, the isolated ribosomal pellets were quantified, 

digested, purified and analyzed by LC-MS/MS. 
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For each condition, 12 set samples including four replicates for each time point (3-time 

point * 4) were collected. Overall, 36 samples (12 15N labelled with H2O2 + 12 15N 

labelled with menadione + 12 15N labelled control) were analysed. 

 

 

Figure 3.9: Diagram summarizing the workflow for measurement of 

ribosome protein turnover 

Arabidopsis thaliana cell culture was grown in a solution that contained light 

nitrogen (14N) media, and every 7 days the media was changed by transferring 20 

ml of 7-day old cell culture to new media. For protein labeling, the cells were 

transferred from 14N media to heavy nitrogen (15N) containing media, after the 

cell culture was washed three times through a non-nitrogen containing media. 

The labelling process was applied for 1, 3 or 5 days. Finally, the ribosomal 

proteins were isolated and LC-MS/MS analysed for protein identification. 

3.4.6 Developing a protein level filter as a quality control 

To reduce the error in turnover calculations and obtain high-quality data with reasonable 

KD values; a series of filters was applied to the protein list before measuring KD. The 

number of times an AGIs was identified in biological replicates was checked for each 

condition. Figure 3.10 several filters used to determine the number of biological replicates 

in which peptides for a protein were identificed and quantified. In each case, there were 

at least 5 peptides identified per protein.  
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Then the average effect of protein degradation and growth dilution on the labelled protein 

fraction (LPF) after day 1, 3 and 5 of different treatments were also checked for the data 

(biological replicate ≥ 3, number of quantified peptide ≥ 5) . It was found that the 

proportion of labelled fraction protein in treated cell culture was lower than untreated 

cells; particularly after five days of treatment. This indicated the cytosolic protein 

synthesis is decreased or inhibited by H2O2 and menadione or that degradation of 

ribosomes was slowed (Figure 3.11). 

 

 

Figure 3.10: Number of proteins that were identified in increasing numbers 

of biological replicates for each of control, 1µM H2O2 and 5µM Menadione 

treatments. 

The number on each bar graph represents the total non-redundant number of 

AGIs identified and quantified that met the filtration requirements. 
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Figure 3.11: Average 15N enrichment of labeled peptide fraction (LPF)  at 

different time points. 

LPF is shown through the time course of the experiment for control and treated 

samples (Biological replicate ≥ 3, number of quantified peptide ≥ 5). The number 

of observed proteins for each time point is marked above each box. 

 

3.4.7 Effect of measured FCP and calculated FCP on degradation rate 

(KD) value 

Degradation rate (KD ) values measurement depends on the value of two factors: FCP 

(Fold Change in Protein abundance) and LPF (Labelled Protein Fraction). To get a high-

quality measurement of protein degradation rates relies on the precise measurement of 

both FCP and LPF (Li et al., 2017). 

FCP can be determined experimentally by measuring the fresh weight (g) of cell culture 

over time of labelling (Equation 3.1). For a different time of labelling there will be a 

different FCP value that can be measured. Once FCP is known, combining FCP and LPF 

can provide a measurement of KD (Equation 3.2) for each protein (Li et al., 2017).  

Measured FCP: FCP =
Fresh weight (g) Tn(n > 0)

Fresh weight (g) T0
 ………… Equation 3.1 

Measured KD : KD =
−ln [FCP ∗ (1 − LPF)]

T
 ………….  Equation 3.2 
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In this work the degradation rate for 83, 79 and 72 ribosomal proteins in control, H2O2 

and menadione samples, respectively, were calculated using this approach.  Random 

fluctuations in median KD values were observed among different time points when fresh 

weight was used to measured FCP before calculating degradation rates (Figure 3.12A). 

Variation of the ribosomal content on a fresh weight basis or of protein content in different 

biological replicate samples could have caused these variations.  

To determine if specific protein abundance changes could remove this variation, ribosome 

abundance was measured by multiple monitoring reactions (MRM), then through the 

MRM data, the ribosomal FCP on a protein basis was calculated.  Protein content changes 

on a fresh weight basis were then calculated. To do this for each condition total protein 

was extracted followed by SDS-PAGE gel electrophoresis and Image J was used to 

quantify protein content.  

Using these three FCP values; (1) FCP measured through the measuring fresh weight(g), 

(2) FCP found from MRM result, and (3) FCP measured from the peak area of the gel; a 

combined FCP was calculated (Equation 3.3): 

FCP combined = FCP fresh weight(g) * FCP MRM data * FCP peak area (gel) …... Equation 3.3 

By putting the combined FCP value from (Equation 3.3)  in ( Equation 3.2) again we 

measured KD. The result showed that even by using this combined FCP there was still 

significant fluctuations in median KD values among different time points (Figure 3.12B). 

These random fluctuations could be from variations in measurements without any specific 

biological meaning. An alternative is to use a median polish strategy applied for 

experimental normalization (Lim et al., 2007; Li et al., 2017). By using the value of 

measured median KD of all samples and a measured median LPF of the individual sample, 

a calculated FCP can be determined (Equation 3.4). 

FCP =
e −KD .T

1 − LPF
 …………………………….…………….. Equation 3.4 

 

The calculated FCP was applied in Equation 3.2 to find calculated KD (Figure 3.13) for 

all proteins that were quantified in ≥ 3 of 12 biological replicate samples with ≥ 5 peptides 

quantified independently in the samples (Table 3.1).  
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Table 3.1: Measuring of median KD and median LPF for ribosomal proteins from 

different stress treatments (biological replicate ≥3, peptide number ≥ 5), R: replicate. 

T
im
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ts
 

R
ep
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Control H2O2 Menadione 

Median KD 

F
C

P
 

Median KD 

F
C

P
 

Median KD 

F
C

P
 

0.17 0.15 0.14 

LPF LPF LPF 

D
a
y
 1

 

R1 0.24 1.11 0.12 0.98 0.07 0.94 

R2 0.25 1.12 0.11 0.97 0.06 0.92 

R3 0.20 1.06 0.13 1.00 0.11 0.98 

R4 0.22 1.08 0.13 0.99 0.11 0.98 

D
a
y
 3

 

R1 0.65 1.70 0.58 1.55 0.48 1.26 

R2 0.65 1.72 0.59 1.56 0.46 1.23 

R3 0.60 1.51 0.58 1.54 0.52 1.37 

R4 0.61 1.53 0.58 1.54 0.50 1.32 

D
a
y
 5

 

R1 0.88 3.60 0.66 1.43 0.58 1.19 

R2 0.88 3.65 0.66 1.44 0.59 1.20 

R3 0.85 2.79 0.69 1.57 0.67 1.51 

R4 0.85 2.82 0.69 1.58 0.65 1.40 
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Figure 3.12: Box plot of ribosomal protein degradation rate (KD) for control 

and treatments using different methods for measuring a fold change in 

protein (FCP). 

The degradation rate of proteins in each treatment was calculated using FCP 

measured per fresh weight (FW) (A) and a combined FCP measurement per FW 

x protein abundance x ribosomal abundance (B), at different time points. 1µM 

H2O2 and 5µM menadione were used as treatments (n=4 at each time point).  

A number of ribosomal protein  KD values used in the box plot are shown under 

each condition’s name. 
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Figure 3.13: Box plot of ribosomal protein degradation rate (KD) for control 

and treatments based on a median polished calculated fold change in protein 

(FCP). 

The degradation rates of ribosomal proteins under each condition were calculated 

through a median polish strategy to calculate FCP at different time points. 1µM 

H2O2 and 5µM menadione were used as treatments (n=4 at each time point). A 

number of ribosomal proteins that had their KD values measured are shown under 

each condition’s name. 

 

To compare the fluctuation in the KD value formed when measured FCP values (Figure 

3.12) were used rather than calculated FCP values (Figure 3.13), a correlation analysis 

between measured and calculated FCPs was performed before we use one of them in the 

final KD measurement. As shown in Figure 3.14 there is a good correlation (R2=0.99) 

between these two FCPs. The random fluctuations produced from the measured FCP 

value were likely to mask small differences in KD, so calculated FCP and derived KD is 

used for further analysis and comparisons (Supplementary 5). 
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Figure 3.14: Correlation between median calculated FCP and median 

measured FCP. 

Measured FCP values were found from fresh weight of cell culture and were 

based on Equation 3.1,  while calculated FCP used median polish (Equation 3.4). 

R2=0.99 

3.4.8 The impact of oxidative stress on degradation rate (KD) of 

Arabidopsis thaliana 80S cytosolic ribosomal proteins 

KDs for 86, 83 and 73 AGIs in each of the control, H2O2 and menadione treatments, 

respectively, could be quantified. In each case measurements, required data from ≥ 3 of 

the 12 samples and a number of peptides quantified ≥ 5. Most of the AGIs encoded AGIs 

for ribosomal proteins; 83, 79 and 72 ribosomal protein AGIs for control, H2O2 and 

menadione treatments, respectively. Amongst the three conditions 62 AGIs were shared 

which represent 39 different types of ribosomal protein (Figure 3.15). 

 

Figure 3.15: The number of specific AGIs and ribosomal protein types with 

a calculated KD value. 

A number of 80S cytosolic ribosome AGIs (left) and ribosomal proteins (right) 

in Arabidopsis thaliana cell culture in both control and treated samples for which 

a KD value could be measured. 
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The effect of the treatment on the KD values of this 62-common protein was determined 

by comparing rates in different ways. A heat map (Figure 3.16)of the protein degradation 

rates showed visually that most of the stress-treated proteins had lower values than their 

matched control samples. Statistical analysis using the Kruskal-Wallis test showed that 

there was a statistically significant difference in degradation rate (p < 0.0001) between 

treated and untreated samples (Figure 3.17). 

Next, the degradation rates of specific ribosomal proteins were compared to control 

samples using one-way ANOVA between ribosomal proteins in control and H2O2 

treatment, and between control and menadione treatment. Because the KD of some 

proteins in control was not present in either H2O2 or menadione lists,  ANOVA was only 

possible for 69 proteins in control and H2O2 and 66 proteins in control and menadione 

treatments.  

In total, 40 ribosomal proteins after treatments significantly differ in their KD from control 

samples. Amongst these 40 proteins, 29 are common to control, H2O2 and menadione 

samples (Table 3.2).  This indicates that some proteins that significantly differed in H2O2 

treatments were not affected by menadione treatment, and vice versa. 

Ribosomal protein-small subunit 24A (RPS24A) At3g04920.1 had the lowest 

degradation rate in the control sample, and its stability increased after oxidative 

treatments. This protein has previously been observed in human cells where it has a 

potential role in diagnosis or treatment of human colon cancer (Wang et al., 2015), while 

in plants there have not any published data on the functionality of this protein. The 

receptor of activated kinase 1B (RACK1B) At1g48630.1 has the highest KD in the control 

sample and it was also significantly decreased after treatment. RACK1 in Arabidopsis 

thaliana has been shown to be a key regulator of  80S ribosomal protein assembly through 

its physical interaction with eIF6 (Guo et al., 2011) as well as act a negative regulator of 

ABA responses and a mediator of stress responses (Guo et al., 2009). On the other hand, 

the 40S ribosomal subunit protein S14C (AT3G52580.1) was the only protein with a 

degradation rate that significantly increased after stress treatments. Previously, it was 

found that RPS14 serves as a tumor suppressor through inhibition of c-Myc 

transcriptional activity (Zhou et al., 2013), however, in plants, the specific function of 

this protein has not been reported. The higher stability of this protein in untreated cells in 

comparison with the other proteins may be related to a role in the protection of the 

ribosome or a susceptibility of this protein to oxidative stress.  
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Figure 3.16: Degradation rate of ribosomal proteins in Arabidopsis thaliana 

cell culture. 

The heat map shows the average degradation rate of 62 protein between control and treated 

(1μM H2O2 and 5μM menadione) samples. For each condition, the degradation rate of 

day1, day3 and day 5 were averaged for those proteins that are quantified in ≥ 3 biological 

replicate and number of quantified peptide ≥ 5.  
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Figure 3.17: Kruskal-Wallis test to check for significant differences in 

degradation rate between control and treated samples of ribosomes from 

Arabidopsis thaliana cell culture. 

The box plot shows that the average KD value of both treated samples is 

significantly lower than the control sample (**: p < 0.0001). 
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3.4.9 Ribosomal protein abundance and degradation changes under 

extracellular ROS stress  

To determine the driving force for protein abundance changes observed under ROS stress, 

the 41 AGIs (representing 33 ribosomal protein types) for which both protein abundance 

data (from MRMs) and degradation data (for 15N labelling) were avialable, were further 

investigated. The comparisons between protein abundance differences and degradation 

rate are initially shown as a heat map (Figure 3.18).  

To determine if there are statistically significant differences between there measures, the 

Kruskal-Wallis test was applied. The results showed that there is a significant difference 

(p < 0.0001) in both ribosomal protein abundance and degradation rate (KD) between 

treated samples and untreated (Figure 3.19). 

Among the 41 genes for ribosomal proteins, 26 had a high turnover rate (KD) and higher 

protein abundance under control conditions than in stress treatments (Appendix 3). This 

suggests that oxidative stress inhibited protein synthesis and consequently decrease their 

abundance in the cell. In contrast, several ribosomal proteins were more abundant after 

stress treatment (Table 3.3). Low abundance of proteins in some conditions are related to 

their lack of essentiality in the cell under those conditions (Ishihama et al., 2008), 

suggesting that these proteins may not be crucial to the ribosome during normal 

conditions but are required during oxidative stress. 

 

Table 3.3: Effect of the treatment on ribosomal protein abundances and their 

degradation rate (KD). 

The number of ribosomal proteins was more abundant after treatment (p ≤ 0.01), 

however, their degradation rate (KD) decreased in comparison with the control 

sample. 
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Figure 3.18: Correlation between targeted protein abundance and 

degradation rate. 

Each raw denotes one gene, and each column represents control, H2O2, and 

Menadione. The total number of genes = 41, (n=3). The matrix shows the 

relationship between KD (left) and protein abundance (right ). 
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Figure 3.19: the relationship between ribosomal protein KD and abundance: 

Kruskal-Wallis test was performed to assess the effect of oxidative stress on 

protein abundance and turnover rate of 33 common ribosomal proteins encoded 

by 41 AGIs (**: P < 0.0001). 
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3.5 Discussion 

3.5.1 Oxidative stress decreased protein content and protein synthesis 

level in Arabidopsis thaliana cell culture. 

Protein synthesis by the ribosome plays an important role in maintaining cellular 

proteostasis. Reactive oxygen species (ROS) are a byproduct of normal aerobic processes 

such as respiration and photosynthesis. However, oxidative damage through excess ROS 

results in a significant threat to cellular function and protein homeostasis (Willi et al., 

2018). These chemical species can cause damage to cellular membranes and affect the 

function of components in the cell (Nita and Grzybowski, 2016). In this work, the role of 

environmental stresses on ribosome biogenesis and functionality was addressed. To study 

this, two different kinds of extracellular ROS stresses were applied, namely H2O2 and 

menadione. 

The results showed that these stresses significantly affected the Arabidopsis thalaina cell 

culture growth rate (Figure 3.2). The effect of these stresses on total protein in the cell 

was quantified day 1, 3 and 5 after H2O2 and menadione treatment (Figure 3.4). The data 

showed that cellular protein level decreased in response to the stress condition. To ensure 

the effect was linked to oxidative stress we measured the number of the oxidized amino 

acid site within peptides and showed it increased after treatment in comparison with 

control (Figure 3.3).  

To test whether H2O2 and menadione affected ribosomal protein synthesis, radioactive 

14C-leucine labelling was applied to measure protein synthesis rate in both control and 

treated cells over time (Figure 3.7). Under stress condition, the protein synthesis rate 

decreased over time.  

Ribosome abundance changes under ROS stress were examined to find out the cause of 

protein synthesis reduction: namely was ribosome abundance changes or was ribosome 

functionality changes responsible. A targeted proteomic technique (MRM) was applied 

to determine the relative amount of specific peptides within a complex protein sample 

(Wienkoop and Weckwerth, 2006). The abundance of ribosomal proteins was measured 

in both control and treated cells at day 1, day 3 and day 5. This quantitative proteomic 

analysis showed that the abundance of most ribosomal protein decreased after treatment 

in comparison with the control sample (Figure 3.6A). Protein synthesis rates determined 

by 14C -leucine were then normalized to protein abundance data gained from MRM to 

check the specific ribosomal machine activity in stressed cell culture (Figure 3.8). The 
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results indicated that the oxidative stress did not stop ribosomal machine function and 

that similar levels of protein were continually being synthesised per ribosome over the time 

courses of treatment. The impact of H2O2 and menadione treatment on mitochondria in 

Arabidopsis thaliana cell culture showed that several mitochondrial proteins were 

significantly degraded and decreased in their abundance after both treatments (Sweetlove 

et al., 2002). The effect of each of H2O2 and menadione on protein homeostasis was also 

assessed in a proteomic analysis of isolated mitochondria yeast (Saccharomyces 

cerevisiae). They found that the abundance of several targeted mitochondrial proteins was 

significantly decreased after using these treatments (Bender et al., 2010). 

A previous study in Arabidopsis thaliana cell culture found that treatment of the cells 

with 50 µM H2O2  for 5 and 20 minutes resulted in significantly response and change in 

protein abundance of microsomal proteins including proteins responsible for protein 

synthesis (Alqurashi et al., 2017). In hydroponically growth Arabidopsis thaliana it was 

found that addition of 60 µM menadione to the growth medium leads to the generation of 

ROS in roots whereas no differences in were observed in leaves (Lehmann et al., 2009). 

A report in Arabidopsis thaliana cell culture shown that menadione treatment has a severe 

inhibitory impact on several central metabolic pathways including the TCA cycle; as well 

as in changing the abundance of transcripts involved in metabolism and consequently 

prevent ATP generation and synthesis of new proteins (Baxter et al., 2007). Furthermore, 

in yeast (S. cerevisiae), it has shown that treated of the cells with H2O2 causes an 

inhibition of the translation initiation process and a consequently large increase in the 80S 

monosome peak and a decrease in polysome peaks. In addition, they found that H2O2 

treatment causes a slower rate of ribosomal machinery as well as inhibits protein synthesis 

(Shenton et al., 2006). These observations are in a good agreement with our results that 

H2O2 and menadione treatment over time course led to dropping protein content level. 
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3.5.2 Turnover rate of ribosome and specific ribosomal proteins 

changed under stress conditions  

3.5.2.1 Turnover rates of ribosomes 

Ribosomes generally are quite stable and considered to be long-lived proteins in yeast 

(Christiano et al., 2014), animal (Price et al., 2010) and plant (Nelson et al., 2014; Li et 

al., 2017) cells with their degradation rate quite slow in comparison with other organellar 

proteins.  

To gain insight into the ribosomal protein turnover responses to H2O2 and menadione, 

proteins were labelled with heavy nitrogen (15N) by changing the media from 14N to 15N.  

The 80S ribosome was isolated from Arabidopsis thaliana cell suspension cultures pre-

treated with 1µM H2O2 and 5µM menadione for 1,3 and 5 days, digested with trypsin and 

analysed through LC-MS/MS analysis. This experiment attempted to see how stresses 

that effect ribosome numbers and the protein synthesis rate of cells might affect ribosome 

stability, first at the level of the turnover rate of the ribosomal complex as a whole and 

secondly at the level of specific ribosome subunits.  

Results showed that the degradation rate of ribosomal proteins in cell culture under stress 

conditions was in fact significantly slower than the untreated state (Figure 3.17), which 

indicates that the reduced cellular protein synthesis after adding H2O2 and menadione was 

not due to an increased protein degradation rate, but rather due to more complex changes 

in ribosome synthesis and cellular function.  

Without treatment, the fold change in ribosomal protein abundance increased over time, 

whereas after treatment the fold change dropped over time (Figure 3.6B). This 

demonstrates that the stress reduced cell growth and thus decreased the cellular ribosomal 

protein content in comparison with untreated cells. 

To assess whether a relationship between protein degradation rate and protein abundance 

before and after treatment could be detected (Figure 3.18), 41 common proteins for which 

degradation rate (KD) and abundance level measurements were investigated. The data 

showed that both protein abundance and degradation rate were significantly decreased 

after treatment (Figure 3.19). These results indicate that the 80S ribosomal machine was 

depleted after treatment and consequently a decrease in protein abundance in the cell 

occurred.  
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Taken together, these results indicate that oxidative stress has a significant effect on the 

ribosomal protein stability, as well as cellular protein level.  

In a recent study, hydrogen peroxide treatment of the bacterial ribosome from bacretia 

(E. coli ) caused a reduction in the translational activity of the 70S ribosome and damage 

RNA and consequently affect the efficiency of protein synthesis (Willi et al., 2018).  

While the study of ribosomal stability during oxidative stress is rare, effects of stress on 

ribosome stability have been previously studied during carbon starvation in bacretia (E. 

coli ), they found that the 70S ribosomal protein undergoes break down to its 50S and 

30S subunits and its rRNAs are extensively degraded during this stress (Zundel et al., 

2009). This did not appear to be the response observed here to oxidative stress. 

3.5.2.2 Turnover rates of specific ribosomal proteins 

One of the essential goals of study protein turnover is to help the prediction of the 

biological function of specific proteins and their assembly pathways to generate protein 

complexes. Previously, in human cells; turnover rate of several ribosomal proteins in both 

40S and 60S subunits was determined and they found that ribosomal protein subunits do 

not turnover at a uniform rate (Doherty et al., 2008). Moreover, in the whole-cell extracted 

protein of Arabidopsis thaliana (Li et al., 2017) and barley leaves (Nelson et al., 2014) it 

was found that 60S ribosome large subunit proteins had lower degradation rates in 

comparison with 40S ribosome small subunit proteins. However, there is not any evidence 

about how purified ribosomal protein turnover rates might differ from extrapolations 

based on ribosome composition from protein annotation alone.  

In this study, evidence is provided by proteomic measurements of protein turnover rate 

for 83, 79 and 72 cytosolic ribosomal proteins in each of the control, H2O2 and menadione 

condition respectively. Among these, 66 ribosomal proteins were found in common 

between control and treated samples. Statistical analysis by using one way-ANOVA 

showed that 29 proteins were significantly different (p ≤ 0.05) in their turnover rate upon 

stress condition when compared with control samples.  

The fastest turnover protein that was common among all three conditions was RACK1B 

(At1g48630.1) with its degradation rate of 0.392, 0.282 and 0.271 d-1 for each control, 

H2O2 and menadione treatment respectively (Error! Reference source not found.). This p

rotein was annotated as Receptor for Activated C Kinase 1B; and through its combination 

with RACK1A (At1g18080.1), it is involved in several cellular processing including seed 
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germination, root development (Guo and Chen, 2008), rosette leave number and 

hormonal responses (Chen et al., 2006).  

The second and third fastest turnover ribosomal protein that was affect after treatments 

were from the 60S acidic ribosomal protein family (At2g27710.1) with KD of 0.246, 0.207 

and 0.183 d-1 and ribosomal protein L19e family (At1g02780.1) with their KD of 0.215, 

0.169 and 0.165 d-1  for control, H2O2, and menadione treatment respectively.  

The relatively high degradation rate of these proteins; suggested that these proteins may 

be crucial for the structure of the ribosomal machinery function, therefore once they 

synthesised, they are degraded faster than other proteins. However, due to inhibition of 

the translation initiation mechanism as well as protein synthesis by oxidative stress (as 

shown by Shenton and co-workers  (Shenton et al., 2006));  the degradation rate of these 

proteins is reduced in comparison with the control sample. 

Among these 29 proteins, only RPS14C (At3g52580.1) annotated as ribosomal protein 

S11 family protein is degraded more rapidly, increasing from 0.079 d-1 to 0.130 and 0.141 

d-1 after H2O2 and menadione treatments respectively (Error! Reference source not f

ound.). This protein has been shown to play an important role in picking the correct tRNA 

in protein biosynthesis (Kimura et al., 1988). It could be proposed that the cell needs to 

produce this protein in a large amount to protect it against oxidative damage during the 

protein synthesis process. 

Effect of H2O2 and menadione treatment on yeast mitochondrial proteins have been 

studied, finding that among several mitochondrial proteins for which their degradation 

and abundance were significantly decreased after H2O2 and menadione treatments, only 

the protease Pim1/LON protein an Arabidopsis LON homologue was significantly 

induced by these treatments. They suggested that this protein does a central protective 

function under oxidative stress conditions (Bender et al., 2010). By analogy, this supports 

our treatment results that some ribosomal proteins have their response to oxidative stress 

indicating a role in oxidative stress response. 
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3.6 Material and Methods 

3.6.1 Arabidopsis thaliana cell culture 

The Arabidopsis thaliana (cv. Lansberg erecta) suspension cell culture was maintained 

by subculturing 20 ml of 7 days old cell culture to 100 ml of new autoclaved media that 

consisted of 1x Murashige and Skoog (MS) Modified Basal Salt Mixture (phyto 

technology M524) without vitamins. A supplement of 3% w/v sucrose (Ajax chemical 

A530), 0.5 mg/L naphthaleneacetic acid (Sigma Aldrich 15165-79-4), 0.05 mg/L kinetin 

(Sigma Aldrich K0753) was added to the media (pH 5.8). Cell culture was kept at 22oC 

with orbital shaking at 100-120 rpm under constant light (100 µmolm-2s-1). 

3.6.2 15N labelling of cell culture 

To measure turnover rate of proteins, seven-day-old of Arabidopsis thaliana cell culture 

in 14N media was washed three times with no nitrogen (no ammonium nitrate and 

potassium nitrate) media consisting of 1x Murashige and Skoog (MS) Modified Basal 

Salt Mixture -No Nitrogen (Phyto Technology M531).  

The washed cells were transferred to 15N medium containing two nitrogen sources for 

optimal growth (Li et al., 2012) including 1.65 g/L ammonium nitrate (15NH4
15NO3) 

(Sigma Aldrich 299278) and 1.9 g/L potassium nitrate (K15NO3) (Sigma Aldrich 335134)  

(98% 15N Sigma).  

Arabidopsis thaliana cell culture was collected by filtration using filter paper (Whatman 

1004-055) at day1, day 3 and day 5 after labelling and kept in a -80oC freezer for further 

processing. 

3.6.3 Purification of the Arabidopsis thaliana cytosolic ribosome 

3.6.3.1 Isolation of ribosomal protein 

Cytosolic ribosomes were isolated from 7 day-old Arabidopsis thaliana cell culture using 

the method adapted from (Carroll et al., 2008) with minor modification. All steps were 

carried out on ice in a 4oC cold room unless indicated otherwise. 

Approximately 10 g of cell culture was disrupted in liquid nitrogen by using mortar and 

pestle to grind them into a fine powder.  Then the ground cells were suspended in 

ribosome extraction buffer consisting of 0.45 M mannitol (Ajaxs chemical A310), 30 mM 

HEPES (Sigma Aldrich H3375), 100 mM KCl (Sigma Aldrich P9333), 20 mM 

MgCl2.6H2O (Ajax Finechem A296), 0.5% (w/v) polyvinyl pyrrolidone-40 (PVP-40) 

https://www.sigmaaldrich.com/catalog/search?term=15165-79-4&interface=CAS%20No.&lang=en&region=US&focus=product
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(Sigma Aldrich 9003-39-8) and 0.5% (w/v) bovine serum albumin(BSA) (Bovogen 

biologicals BSAS1.0) with addition of 20 mM cysteine-L (Sigma Aldrich A-9165) just 

prior to grinding and pH adjusted to 7.5. 

The solution was homogenized with a Polytron homogenizer (at a setting between 4-6; 

Kinematica, Switzerland), then the homogenate was filtrated through two layers of 

miracloth (Merk Millipore, Darmstadt, Germany) and the filtrated solution underwent 

centrifugation for 30 minutes at 30000 xg. The supernatant was carefully added to a 

solution consisting of 1.5 M sucrose (Ajaxs chemical A530) dissolved in a mixture of 2x 

ribosome resuspension buffer (30 mM HEPES, 100 mM KCl and 20 mM MgCl2.6H2O), 

pH adjusted to 7.5 and centrifuged at 60000 rpm for 90 minutes.  

After centrifugation, the resulting pellet was resuspended in 1x ribosome resuspension 

buffer containing 5 mM DTT (Sigma Aldrich D0632) mixed with 1.5 M sucrose. Then 

the resuspended solution was centrifuged at 60000 rpm for 150 minutes. Finally, the 

purified ribosome pallet was resuspended in 100 µl of 1x ribosome resuspension buffer 

and kept at -80oC for further analysis. 

3.6.3.2 Ribosomal protein quantification 

Protein quantification was performed by using a protein standard solution of bovine 

serum albumin (BSA) 2 mg/ml, then 1µl of the purified ribosome sample was mixed with 

the 9 µl of [1:9] ddH2O: resuspension buffer. 

26 mg of Amido black (Naphthol blue/black) (Sigma Aldrich 1064-48-8) was dissolved 

in 100 ml of a solution of [1:10] acetic acid (Ajaxs Finechem 2789): methanol (Ajaxs 

chemical A318). 300 µl of Amido black solution was added to the protein solution and 

incubated at room temperature for 5 minutes, followed by centrifugation for 4 minutes at 

20800 xg at 20 oC. 

The supernatant was removed with a vacuum line, and the pellet resuspended by using 

1ml of acetic acid: methanol (1:10) and centrifuged for 4 minutes at 20800 xg at 20 oC, 

then the pellet resuspended in 1 ml of 0.1 N NaOH (Ajaxs chemical A482).  

The absorbance at 615 nm was measured and recorded by using a UV mini-1240 UV-

VIS Spectrophotometer (Shimadzu Scientific Instruments, Sydney, Australia), and the 

corresponding protein content estimated from a standard curve generated using BSA 

standards. 
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3.6.3.3 Acetone precipitation  

Based on the protein quantification result, 1 ml of pre-cooled acetone (Sigma Aldrich 

666-52-4) was added to 50 µg of the purified ribosome protein and incubated for 60 

minutes in -80oC freezer. Then, the solution was centrifuged at 20800 xg for 20 minutes 

at 4 ᵒC. The supernatant was discarded, and 250 mM of the iodoacetamide (IAA) added 

to the protein sample and incubated in the dark for 45 minutes followed by addition of 50 

mM NH4HCO3 to the alkylated protein sample. 

3.6.3.4 Protein digestion with trypsin  

To purify the digested protein, a C18 a reverse phase micro spin column (50-450 µl 

loading, 30-300 µl capacity) was used. The column was washed with 500 µl of 100% 

methanol (Ajaxs chemical A318) to activate the resin. Then the wet resin equilibrated two 

times by adding 500 µl of a mixture of 5% ACN (RCI Labscan C2502) and 0.1% FA 

(BDH 101154E) and centrifuged at 500 xg for 2 minutes. The protein sample was loaded 

to the wetted resin and centrifuged at 500 xg for 2 minutes. The the column was washed 

two times by addition of 500 µl of a mixture of 5% ACN and 0.1% FA and centrifuged 

at 500 xg for 2 minutes. Finally, the sample eluted by using 500 µl of a mixture of 70% 

ACN and 0.1% FA and centrifuged at 500 xg for 2 minutes, this step was repeated two 

times. The digested peptide was dried by vacuum centrifugation at 30°C overnight. The 

dried sample was resuspended in a mixture of (5% ACN and 0.1% FA) to a concentration 

of 1µg/ µl. 

3.6.3.5 Sample clean-up and LC-MS/MS  

C18-nano spin columns were used to clean the digested protein. To do this, first, the 

column was washed two times with 600µl of 3% (v/v) acetonitrile. Next, the digested 

protein was cleaned by addition of it to the washed column, followed by two times 

addition of 400 µl of 60% (v/v) acetonitrile. The eluate was collected by 2 minutes of 

centrifugation at 200 xg and then the collected sample was dried by vacuum centrifugation 

overnight. 

The cleaned samples were resuspended in 30 µl of 5% (v/v) acetonitrile and 1% (v/v) 

formic acid, and then filtered by Millipore 0.22-micron filters before being loaded for 

HPLC separation. Peptides were analyzed by a 6550 series quadrupole time-of-flight 

mass (Q-TOF) spectrometer with an HPLC Chip cube source (Agilent Technologies). 

The chip consisted of a 160-ml enrichment column and a 150-mm separation column 
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(Zorbax 300SB-C18, 5-µm pore size) driven by a  1200 series nano/capillary LC system 

(Agilent Technologies). 

In total, 5 µl of resuspended sample was loaded onto a C18 high-capacity nano LC chip 

(Agilent Technologies) using a 1200 series capillary pump (Agilent Technologies). 

Following loading, the chip allowed the peptide to move through the capillary-flow to the 

enrichment (trapping) column at 2 ml/ min in 5% (v/v) acetonitrile and 1% (v/v) formic 

acid; and then the microvalve change the flow path of the sample to the separation 

(analytical) column. Gradients were 5 to 35%, 35 to 95%, and 95 to 5 % (v/v) acetonitrile 

in 0.1% (v/v) formic acid in 35, 2 and 1 minute respectively, and then directly into the 

mass spectrometer. 

The mass spectrometer parameters were set up as follows: The Q-TOF ion polarity was 

run in a positive mode, and the MS/MS acquisition was selected in an auto mode. 

Precursor selection (I) was adjusted as (1) maximum precursor per cycle was seven, (2) 

absolute threshold was 5000 counts and relative percentage threshold was 0.01%, and (3) 

active exclusion set to one spectrum and released after 0.2 minutes. MS scans collected 

from mass-to-charge ratio 250 to 1,700 at eight spectra per second and 125 ms per each 

spectrum. Also, MS/MS spectra were run over a range from 50 to 1700 m/z at three 

spectra per second and 333.3 ms for each spectrum. The precursor-change state was set 

to  2+, 3+ and > 3+, and the precursor was set as sort by abundance only. 

3.6.3.6 Data analysis  

Agilent .d files were converted to (. mzML) files by using MSconvert a package from 

Proteowizard tool, then the (. mzML) files were converted to (. mgf) file via the Convert 

mZ[X]ML tool in the trans-proteomic pipeline v. 4.8 (TPP). Next Mascot search engine 

(Matrix Science) used to convert (. mgf ) files to both (.csv) and (.dat) files. Through the 

MS/MS ; spectra were searched against the Arabidopsis database (TAIR 10); and the 

mascot parameters were set up as follow: (1) Trypsin chose as enzyme, (2) Modification: 

carbamidomethyl (C) and oxidation (M) as a fixed and variable modification, (3) 

maximum missed cleavage and 13C set to 1 for each, (4) peptide tolerance and peptide 

charge set to 50 ppm and (2+,3+ and 4+) respectively, (5) MS/MS tolerance: ± 0.6 Da. 

The Mascot results exported as a (.dat) file, and then this (.dat) file converted to (pep.xml) 

using the PepXML tool in (TPP) for the determination of peptide and protein 

probabilities. Then the Pep.XML files further converted to (interact.pep.XML) by using 

the Analyze peptide tool in (TPP). 
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To get the protein turnover data, we used the in-house R-script protein turnover pipeline. 

Then the output files in the previous conversion including the interact.pep.xml and mzML 

files were uploaded via the peptide list and spectrum list of the pipeline respectively. 15 

seconds were chosen as retention time tolerance, m/z tolerance was 10ppm, and 95% 

selected as maximum label enrichment. Also, for 15N labelled protein study we chose 

nitrogen (N) as a labelled element and 15 as isotope number. For each sample that was 

analyzed by this pipeline we got (. tsv) file for further processing. 

3.6.4 Measurement of specific ribosomal protein abundance by MRM  

3.6.4.1 Sample preparation under different conditions 

Seven days old the cell culture was transferred to new MS media. To check the effect of 

treatment on protein abundance in comparison with control, 1µM of 30% (w/w) H2O2 and 

5 µM of menadione (Sigma Aldrich M5625) were added to the new media. After 1, 3 and 

5 days of the treatment, the cells were collected and kept in a  -80oC freezer for later use. 

3.6.4.2 Total protein extraction 

0.1 g of the frozen cell culture was ground fully in liquid nitrogen and homogenized with 

300 µl (1:3) of extraction buffer that consists of  125 mM Tris-HCl (Astra Scientific 77-

86-1) pH 7.0, 7% SDS, 15mM DTT, 0.5% PVP-40, and EDTA (Roche- 05892791001) 

complete protease inhibitor (1 tablet per 50ml of final volume). After vortex for 10s, 

samples were centrifuged for 5 minutes at 14000 xg, then 200 µl of the supernatant was 

collected and put into a new tube.  

Pre-cooled 800 µl methanol, 200 µl chloroform and 600 µl of water were added to the 

supernatant with vortexing after each addition. Samples were again centrifuged for 5 

minutes at 14000 xg. The upper layer solution was discarded and 800 µl of methanol 

added to the protein sample and it was centrifuged at 14000 xg for 10 minutes. Then 500 

µl of 100% of acetone was added to the resulting pellet and incubated for one hour  at 

20oC. The protein sample was centrifuged for 10 minutes at 14000 xg and the supernatant 

was discarded. Finally, the protein sample was resuspended in a solution that contained 7 

M Urea (Ajaxs chemical A817), 2 M Thiourea, 50 mM NH4HCO3 and 10mM DTT. The 

volume of resuspended solution which was added to the protein sample ranged from 10-

100 µl depended on the pellet size. The resuspended protein was incubated at 30 oC for 

45 minutes at 400 rpm. 
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3.6.4.3 Protein quantification 

Total protein was quantified by using the Bradford assay (Bradford, 1976) with bovine 

serum albumin (BSA) used as a standard. In shortly, 2 µl of 1/20 diluted protein was 

mixed with the 98 µl of Bradford reagent, then incubated at room temperature for 5 

minutes, followed by measuring the absorbance of both BSA standard and protein at 595 

nm. Then the protein concentration was estimated from a standard curve generated using 

BSA standards. Finally, the quantified protein was digested , cleaned up, dried by vacuum 

centrifugation and resuspended (as mentioned in section 3.6.3.4 and 3.6.3.5).  

3.6.4.4 MRM analysis 

The extracted protein from whole Arabidopsis thaliana cell culture was analyzed on an 

Agilent 6495 triple quadrupole (QqQ) mass spectrometry, with acquisition performed 

using a MassHunter Workstation (version B.07.01, build 7.1.7112.0; Agilent 

Technologies). In total, 10 µg protein was injected into an Advanced Bio Peptide Map 

column from Agilent (P.N. 651750-902, dimensions: 2.1 x 250mm, Particle size: 2.7-

micron). The raw MS data was analysed by using the Skyline targeted proteomics 

environment (version 4.1, MacCoss Lab, University of Washington, USA; 

https://skyline.gs.washington.edu) by integrating peak areas for each quantifier ion. To 

check the protein abundance, the exported data were expressed as relative peak areas. 

3.6.5 Radioactive [14C]- leucine labelling 

Radioactive 14C-leu labelling for protein synthesis rates were applied by using a modified 

version of a published method for plant leaves (O'Leary et al., 2017). 100 mg of fresh cell 

culture was measured for radioactive 14C-leu labelling to study protein synthesis rate in 

both controls and treated (1 µM H2O2 and 5 µM menadione) cell culture after 1, 3 and  5 

days.  

1.25 µ1 (4.6 kBq) of 14C-Leu (300 mCi mmol−1; Perkin Elmer) was added to the cell 

culture and incubated for 45 minutes with gentle mixing at 23oC and 900 rpm. Afterwards, 

cells were centrifuged for 5 minutes at 14,000 xg, at 4oC. The radioactive supernatant was 

discarded and the pellet frozen in liquid nitrogen. 

The frozen pellet was ground in a bead mill, and protein was extracted with 200 µl of 0.1 

M NaOH (Ajaxs Chemical A482) and then incubation for 15 minutes at 65°C and 1400 

rpm. This was followed by centrifugation for 15 minutes at 14000 xg and the supernatant 

was collected, and the extraction process was repeated.  
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The protein was precipitated by addition of 200 µl of 16% of TCA (BDH-102865J) and 

incubate at 4oC overnight. After that, each sample was centrifuged at 14000 xg for 15 

minutes. The supernatant was removed, and the protein pellet was washed with 200 µl of 

0.1 M HCl: ethanol (1:11 [v/v]), then centrifuge for 5 minutes at 14000 xg. Finally, the 

pellets were resuspended in 500 µl of 0.1M NaOH containing 0.5% SDS, then mixed with 

4 ml of Ultima Gold (Perkin Elmer) followed by scintillation counting. 

3.6.6 Protein content by the fresh weight determination  

0.1g (FW) of unlabelled the cell culture was measured by using a modified version of a 

published method in Arabidopsis thaliana leaf (Li et al., 2017) to quantify protein content, 

then snap frozen in liquid nitrogen. The frozen pellet was ground in a bead mill (5mm) 

and vortexed for 30 seconds. Then, the pellet was resuspended in 300µl of 1x sample 

buffer (0.5% (v/v) mercaptoethanol, 10%(v/v) glycerol, 62.5mM Tris-HCl, 0.005% 

bromophenol blue and 2% SDS) and heated at 65oC for 5 minutes with gentle mixing at 

900 rpm. After that, the resuspended samples centrifuged at 10,000 xg for 10 minutes 

followed by collecting the supernatant. 

SDS-PAGE was used for separating of protein by loading 5µl of each sample into (18-

well criterion) 4-15% TGX (Tris-Glycine) gel (Bio-Rad 5671084). Electrophoresis was 

performed in 1x running buffer (2.5 mM Tris-HCl, 19.2mM glycine and 0.01% SDS, pH 

8.5) at 200V for 25 minutes. Next, the gel was incubated in fixing solution, a mixture of  

(40% (v/v)  methanol, 10% (v/v) acetic acid (Ajaxs Finechem 2789) for at least one hour 

on a rocker at room temperature to remove SDS, then gels were rinsed three times in 

ddH2O. The protein was visualized by putting the gel in Coomassie brilliant blue G-250 

(Sigma Aldrich 6104-58-1) staining solution [2% (w/v) orthophosphoric acid, 10% (w/v) 

((NH4)2SO4 (Sigma Aldrich 7783-20-2), and 5% (w/v) Coomassie G250] overnight 

followed by destained the gel in water until the background was completely clear. Finally, 

an open source program ImageJ was used for measuring protein content in each sample. 
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3.6.7 Measurement of FCP and finding degradation rate (KD) 

ribosomal proteins  

To find the turnover rate of ribosomal protein under treatment conditions, the variation in 

fresh weight (FW(g)), protein content level and protein change (abundance) needed to be 

taken into account to obtain an accurate value of degradation rate in the cell culture. 

To do this, the fold change in each of fresh weight, protein content level and variation in 

protein abundance for each of control and treated samples from day 1, day 3 and day 5 

were separately measured (Figure 3.20). 

The value of fresh weight was found from measuring the fresh weight of cell culture over 

time as described in section 2.5.5 in Chapter 2. The change in the protein content (FCP) 

was found from the extraction of 0.1 g protein, followed by SDS-PAGE electrophoresis, 

and the resulting gel was used to measure the change in the protein level by using ImageJ 

software. Finally, to check the variation in ribosomal protein abundance after treatment, 

we have used a targeted proteomic technique (MRM) for both treatment and control 

sample over time, as described in section 3.4.3. 

The resulting numbers were combined ( FCPFW(g) * FCP GEL * FCP MRM ) to get one  FCP 

value for each condition over the treatment course. 

To find the degradation rate of a specific ribosomal protein,  the non-ribosomal proteins 

were eliminated in the protein list and then the median KD was found among all ribosomal 

proteins that were quantified in not less than three samples with a peptide number ≥ 5 for 

that protein among samples. 

One way-ANOVA was used to find those proteins for which their KD are statistically (P 

≤ 0.05) significantly different after treatment. 
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Figure 3.20: Work flow representing the way of measuring the combined 

FCP values. 

The FCP value for each condition was found over a time course, then the 

individual FCP combined together, followed by measuring KD. From measured 

KD the median polish strategy was applied to find a calculated FCP, finally, from 

the calculated FCP we found the calculated KD. 

 

3.6.8 Statistical analysis 

The analysis data including one-way and two-way variance analysis (ANOVA) and 

Kruskal-Wallis test for comparison samples were computed by XLSTAT(version  

2018.5). P values less than 0.05 were considered as significant. 

The ANOVA parameters were adjusted as following: 0.0001 was chosen as tolerance, 

confidence interval (95%). For model selection, the best model with criterion (adjusted 

R2) was chosen, and number 2 was selected as a minimum and maximum variables.  

For Kruskal-Wallis (K-S) test, the criteria were selected as following: one column per 

variable was chosen as the data format, sort up was selected and Conover-iman was 

chosen for multiple pairwise comparisons.  

FCP (Fresh weight)FCP (Target proteomic)- (0.1g cell culture)FCP (Protein content)  (0.1g cell culture)

KD= 
− 𝐥𝐧    ( 𝟏−   )

𝒕
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− 𝐥𝐧    ( 𝟏−   )

𝒕

   =  
𝒆−𝑲𝑫 ∗  

𝟏 −    

FCPcombine = FCP (FW * MRM *GEL)

Median of measured KD and LPF

Measured KD

Calculated KD
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Determination of  turnover rate of the 26S proteasome in 

Arabidopsis thaliana suspension cell culture 

4.1 Introduction 

Proteostasis is crucial for health and longevity; it can be defined as a process by which 

the abundance of the cellular protein is controlled by new proteins constantly been 

synthesised and existing proteins been degraded (Basisty et al., 2018). mRNA translation 

through ribosomes is the sole source for protein synthesis in the cell, while protein 

degradation occurs via a variety of pathways including the lysosomal pathway through 

autophagic transportation, the ubiquitin-proteasome system (UPS) (Lilienbaum, 2013) 

and organelle proteases.  

Cytosolic proteins including ribosomal proteins are primarily degraded by the UPS 

pathway. Excess and unassembled of ribosomal proteins in the cell undergo 

ubiquitination and are degraded by the UPS (Sung et al., 2016). The 26S proteasome, 

therefore, plays a crucial role in regulating cellular proteostasis through degradation of 

unwanted ribosomes. Turnover of short-lived proteins by the UPS regulates several vital 

processes such as cell cycle progression (Teixeira and Reed, 2013), transcription 

(Conaway et al., 2002), misfolded protein degradation (Kriegenburg et al., 2012), cell 

proliferation, differentiation , survival (Meyer and Rape, 2014) and immune response 

(Ben-Neriah, 2002). 

Before proteins are targeted by the proteasome for degradation; they are covalently 

attached to a small protein-76 amino acid length known as ubiquitin in an enzymatic and 

ATP dependent process (Tanaka, 2009). Then the ubiquitylated proteins are translocated 

and rapidly degraded by a cytosolic complex known as the proteasome in which the target 

protein is unfolded and destroyed to its amino acid components and the polyubiquitin 

chain is either removed by RPN11 or released and recycled by the proteasome (Kraut et 

al., 2007). However, when the 26S proteasome is disrupted, it leads to an imbalance 

between protein synthesis and degradation and unstable proteins differentially 

accumulate which can impair the function of organelles and cells (Tyedmers et al., 2010). 

There are 33 proteasomal proteins that have been reported in Arabidopsis thaliana, 

several of them have specific functions, and their mutation in the cell has resulted in a 

defect in cellular function. For example, RPN1A is essential for plant development and 

stress responses (Wang et al., 2009). RPN11 participates in the deubiquitination of protein 

substrates and their preparation for degradation by the 26S proteasome (Verma et al., 
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2002). RPN10 acts as a specific receptor on the proteasome for the proteophagy process 

(Marshall et al., 2015), RPN12 is important for cytokinin-regulated growth responses 

(Smalle, 2002), and most recently, a study reported that PBE1(β5) is important for 

proteasome assembly under salt stress. Mutation of PBE1(β5) resulted in impair 26S 

proteasome function and consequently accumulation of ubiquitylated protein under salt 

stress (Han et al., 2018).  

4.1.1 Nomenclature of the proteasome in Arabidopsis thaliana 

The 26S proteasome is a 2.5 MDa intracellular protease with a significant role in the 

maintenance of protein homeostasis through the energy-dependent (UPS) pathway 

(Budenholzer et al., 2017). The proteasome is a barrel-like shape that consists of two large 

subunits that are conserved among all organisms. These two subunits are a 20S core 

particle (CP) and a 19S regulatory particle (RP). Each of these subunits consists of several 

proteins and most of them are encoded by two genes (Marshall et al., 2017). 

In Arabidopsis thaliana, the 26S proteasome that can be divided into two sub-complexes, 

10 of them are part of the base and rest of them are located in the lid (Book et al., 2010).  

The 20S CP complex consists of four stacked rings; including two outer alpha (α-

subunits) rings and two inner beta (β-subunits) rings and each ring is a heteroheptameric 

structure consists of 7 proteins including α1- α7 and β1- β7 (Hoeller and Dikic, 2016) 

(Figure 4.1). In mammals, there are three additional β-subunits known as the 

immunoproteasome (β1i, β2i, β5i) (Tomko and Hochstrasser, 2013) that are not found in 

plants. 

A new nomenclature of individual protein subunits among 32 proteins of 26S proteasome 

complex was announced for different organisms including yeast, human (Tomko and 

Hochstrasser, 2013) and plants (Book et al., 2010). Here these are combined showing 

proteasomal names in mammalians, human, yeast, and Arabidopsis thaliana. 

Furthermore, information about Arabidopsis’s 26S proteasome is expanded to include the 

AGIs, amino acid number, molar mass and isoelectric point (pI). Beside the 26S 

proteasome proteins, a list of several proteasome-associated proteins including DsK2, 

Rad23, Ddi1, Upb6, Uch37, Hu15, Spg5 and Rac1-4 which are conserved among all 

organisms are included (Appendix 4). 
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Figure 4.1: Structure of  26S proteasome complex in yeast. 

The 19S RP is shown in (red and green) for both the base and lid complex, the 

20S CP consists of alpha- and beta-type subunits (light green and pink) 

respectively. The magenta color represents the RPN10 protein which connects 

both lid and base (Hoeller and Dikic, 2016). 

 

4.1.2 Protein turnover studies of the proteasome 

Studies in several systems have established that the proteasome subunits including both 

20S and 19S have additional functions besides degrading of damaged protein. Measuring 

turnover rate of these subunits may provide information on how these proteins are 

maintaining over time and which of these proteins degrade faster than the others. 

Proteomic analysis of 26S proteasome protein in the model plant Arabidopsis thaliana 

has shown that have a significant role in protein degradation pathway (Book et al., 2010; 

Fatimababy et al., 2010). However, there is relatively little data available on which of 

these proteasomal proteins degrades fastest and which of them has a slow degradation 

rate.  
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The development of proteasome purification methods and a protein turnover analysis 

platform provides the opportunity to determined proteasome turnover rates. Protein 

turnover analysis of the proteasome could also provide information on its assembly 

pathway and proteasome substrates that trapped in a proteasome protein complex.   

This chapter provides preliminary steps to achieve these goals. 26S proteasome is tagged 

via fusion of PAG1 protein to the Protein-G in Arabidopsis thaliana cell culture. Then 

the cell culture was 15N labelled for three-time points including 1, 3 and 5 days; followed 

by protein purification, digestion, resuspension and identification of the target proteins.  

Protein turnover rates of proteasome subunits were determined through the protein 

turnover analysis pipeline. The results showed that protein degradation rate in 26S 

proteasome complexes was not uniform. This provides information for the investigation 

of assembly pathway and proteasome substrates co-precipitated with proteasome in future 

studies.  
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4.2 Aims and strategy 

The work described in this chapter attempts to gain insight into the differences in the 

protein stability of the 26S proteasome complex in the model plant Arabidopsis thaliana 

cell culture and determine the rate at which each of their protein subunits turnover under 

normal conditions. 

Specifically, these experiments aimed to: 

❖ Optimize the ATP concentration to stabilize the 26S proteasome complex and 

maintain both 20S CP and 19S RP subunits together. 

❖ Apply 15N metabolic labelling to determine the stability of these subunits by 

transferring the cell culture from unlabeled media (light) to labelled media 

containing 15N. 

❖ Pulldown 26S proteasome by the TAP-tag technique using a PAG1(α7) protein 

subunit fused through its C-terminate to (GrhinoS)-tag to purify both 20S CP and 

19S RP protein subunits.  
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4.3 Results 

4.3.1 To determine the growth rate of Arabidopsis thaliana cell culture 

overexpressing PAG1-GSrhino  in different culture media 

Growth has a dilution effect which needs to be calculated to determine protein turnover 

rates. Plants with PAG1 tag grow relatively slow compared to control cells (Book et al., 

2010).  To measure the growth rate of the PAG1-1 Arabidopsis thaliana cell culture, 20 

ml of the seven days old cell culture was added to 100 ml of new autoclaved Murashige 

and Skoog (MS) Medium with Minimal Organics (MSMO) (Phyto Technology-L689). 

The media was supplemented with kanamycin to selectively maintain cells with 

transformed PAG1 bait in 250ml Erlenmeyer flasks and kept on an orbital shaker at 120 

rpm in long day conditions (light/dark (16/8 hours) at 22oC). 

To measure cell growth rate, 5 ml of fresh cells were taken from the cell culture in the 

laminar hood and vacuum filtered, then the weight (g) of the filtered cells was measured 

every day for 13 days (Figure 4.2). Based on the growth rate result, standard maintenance 

of the cell culture involved inoculation of 20 ml of old cell culture into 100 ml of new 

MSMO media every 11 days. To keep the PAG1 cell line growing, myo-Inositol and 

thiamine.HCl was supplemented to the growth media.   

For the 15N labelling protocol, cells needed to be transferred from MSMO media (Phyto 

Technology-L689) (Linsmaier and Skoog, 1965) to media known as MS media (Phyto 

Technology-M524)  (Murashige and Skoog, 1962) at which the MSMO media contains 

two extra chemicals including both myo-inositol and Thiamine.HCl that are not present 

in MS media. Therefore, to check the effect of changing media from MSMO to MS media 

on cell growth , the growth rate of the cell culture in MS every day was compared to the 

growth rate of the cells grown in MSMO.  As shown in Figure 4.2, changing media from 

MSMO to MS did not affect the growth rate of the cell culture. 
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Figure 4.2: Growth rate (g) of the fresh cell of  35:PAG1-GSrhino cell culture 

in different media. 

Fresh weight of Arabidopsis thaliana cell culture was measured in both MS and 

MSMO media. n=3 and error bar represent standard error. 

4.3.2 26S proteasome pulldown through tandem affinity purification  

In the purification of the 26S proteasome already reported, several different proteasome 

subunits have been used as a protein bait fused into affinity tag proteins in different 

species.  RPN11 was fused into the HTBH tag for purification of 26S proteasome from a 

stable human 293 cell line (Wang et al., 2007). CP subunits including PAG1 (α7) where 

used for purification of the Arabidopsis thaliana 26S proteasome using single step PAG1-

FLAG tag in combination with mass spectrometry for analyzing isolated protein and 

detecting subunit composition (Book et al., 2010). More recently, GSTEV-TAP and 

GSrhino-TAP tags have been used for isolation of proteins in Arabidopsis plants in which 

bait proteins are fused into a two protein G (Prot G) domain with a streptavidin-binding 

peptide (SBP) which is separated by a specific protease site (Van Leene et al., 2015). 

One reason to choose the PAG1(α7) subunit as bait is that this protein is encoded by the 

single gene (At2g27020) that consists of 249-amino acid with a molecular mass of 27 

kDa (Book et al., 2010). Secondly, the crystal structure of the 20S CP subunit showed 

that the C-terminus of the PAG1(α7) subunit is solvent-exposed which helps the tag to 

attach to the 20S subunit without disrupting the proteasome structure (Groll et al., 1997).  
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In our TAP tag experiment for pull-down of the 26S proteasome in Arabidopsis thaliana 

cell culture, a stable transformed PAG1-TAP tag cell line had been previously built in the 

lab and was fused into the GSrhino-tag.  The PAG1(α7) protein subunit was fused through 

its C-terminus to (GrhinoS)-tag which consists of an IgG-binding domain of protein G (G) 

with a streptavidin-binding (SBP) peptide that is separated by a specific protease cleavage 

site that can be cut by human rhinovirus 3C protease (hRV3C).  

The purification process involved the two affinity purification process using the features 

of the (GrhinoS)-tag. The first affinity purification was performed by addition of IgG 

antibodies bound to Sepharose 6 fast flow beads that have a high affinity to bind to the 

(protein G)-tag, followed by addition of the hRV3C protease to cleavage the human 

rhinovirus protease 3C site between the two protein tags. In the second affinity 

purification step, streptavidin sepharose beads were added to the sample to bind to the 

streptavidin-binding peptide (SBP)-tag. In each purification step, protein-bound beads 

were washed three times to elute contaminating, unwanted protein.  

After two purification steps, and running the sample on a Nu-PAGE gel, there was not 

enough purified 26S proteasome to visualise. Therefore the purification step was divided 

into five stages to troubleshoot the problem (Figure 4.3). These stages included: before 

addition of the beads, after first bead addition, after hRV3C protease addition, after 

second bead addition, and after the final washing step. For each stage, a small amount of 

the sample was taken and kept in -80oC. At the end of the purification process, the five 

purified protein samples were quantified by Nu-PAGE gel electrophoresis and Coomassie 

blue staining (Figure 4.4 A).  

The results showed that the purification process was initially successful but was 

negatively affected by the addition of the hRV3C protease. Most of the proteins 

disappeared after this stage, and the only strong band of protein that could be seen on 

gels, with a molecular mass of 47kDa, was the hRV3C protease itself. Since the 

purification process appeared to be affected by the addition of rhinovirus protease protein, 

the amount of the hRV3C protease was halved, but the same result was obtained (Figure 

4.4 B).  Based on gels it appeared that the single step affinity purification process of 26S 

proteasome (PAG1-Protein G)-epitope tag alone, followed by solubilisation of protein in 

SDS-PAGE sample buffer, might sufficiently purify both 20S CP and 19S RP protein 

subunits as shown in Figure 4.4 C. 

To determine if the 26S proteasome could be eluted rather than solubilised, five different 

eluents were tested including 0.3 M NH4Cl, 0.5 M acetic acid, 0.3 M imidazole, 0.1 M 
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glycine and 3 M NaCl in the final elution step. The results showed that compared to the 

SDS-PAGE sample buffer, very little protein could be recovered using these eluents 

(Figure 4.5).  
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Figure 4.3: Affinity purification steps for isolation of the  26S 

proteasome. 

The TAP-tag process has divided into five steps and in each step aliquot of 

the sample was taken to check the amount of the protein by using Nu-PAGE. 

The numbers represent (1) before addition of the beads, (2) first bead 

addition, (3) hRV3C protease addition, (4) second bead addition and (5) 

final washing step. 
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Figure 4.4: Protein quantification of the 26S proteasome purification process 

under different conditions. 

A) Quantification of bound proteins over the five purification steps. The 

purification process was divided into five stages including before addition of the 

beads (1), after first bead(IgG) addition (2), after hRV3C protease addition (3), 

after second bead (SBP) addition (4) and after final washing step (5). 

B) Quantification of protein by using half the amount of the hRV3C protease. The 

26S proteasome was pulled down through the five stages of the double step 

(PAG1-GrhinoS)-tag protocol. 

C) Quantification of protein by using the single step (PAG1-Prot G) epitope tag 

protocol and elution by solubilisation with SDS-PAGE sample buffer.  
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Figure 4.5: Quantification of 26S proteasome proteins after elution from 

beads with different eluents. 

The single step (PAG1-Prot G) epitope tag was used to pull down 26S 

proteasomes from Arabidopsis thaliana cell culture and the purified sample 

was solubilized by SDS-PAGE running buffer or eluted with the stated buffer 

and run on a Nu-PAGE gel. 

 

4.3.3 ATP optimization for the proteasome pulldown 

ATP is required for the assembly of 26S proteasome via an association between the 19S 

regulatory particle and the 20S core particle (Smith et al., 2005; Park et al., 2010). The 

proteolysis and deubiquitylated of target proteins by the proteasome is also an ATP-

dependent process (Liu et al., 2006). ATP can also help the proteasome to be more 

resistant to oxidative stress conditions (Reinheckel et al., 1998). Therefore ATP is 

required for assembly, stabilization of the 26S proteasome and for proteasome 

functioning and activity.  

In this study, different ATP concentrations (0.05, 0.5, 1, 2, 10, 20 and 50 mM) were tested 

to determine the optimal concentration required to enrich more intact 26S proteasome 

during its purification from Arabidopsis thaliana cell culture. Initially, the double step 

affinity purification (PAG1-GrhinoS)-tag system was used with different concentrations of 

ATP (0.05, 0.5, 1, 2 and 10 mM). The results showed that by using the double purification 

step most of the 19S RPs proteins were lost, and at 10 mM ATP both the 19S and 20S 

proteins were lost and only the hRV3C protease remained (Figure 4.6A). To avoid 

unnecessary losses, and based on Figure 4.6A, the proteasome was further purified based 
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on ATP optimisation of the single step purification with the (PAG1-Protein G)-epitope 

tag to isolate more proteins of both the 19S and 20S subunits (Figure 4.6B). 

During the course of this research, a FLAG-tagged PAG1 bait strategy for 26S 

proteasome purification was published that was based on the use of 20 mM ATP 

(Marshall et al., 2017). By increasing the ATP concentration from 10 to 20 and 50 mM 

in a single step purification (Figure 4.7), and measuring the gel band intensities with 

ImageJ (Figure 4.8), it was found that using either 10 mM or 20 mM ATP was optimal. 

Here, based on the image J result in Figure 4.8 as well as the recent study (Marshall et al., 

2017) 20mM ATP was used in this study. 

 

Figure 4.6: Optimisation of ATP concentration required for 26S proteasome 

purification. 

A) Based on double step PAG1-GrhinoS-tag purification and (B) Based on single 

step PAG1-Protein G-epitope tag purification. 
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Figure 4.7: Optimization of ATP concentration for 26S proteasome 

purification based on a single step PAG1-Protein G-epitope tag purification.  

Concentration listed above each lane in mM is the ATP concentration. 

 

 

Figure 4.8: Quantification of 26S proteasome bands recovered after different 

ATP concentrations were used in single step purification. 

Image J was used to quantify the protein content in Figure 4.7 by measuring the 

intensity of the bands for each subunit to check the protein content recovered from 

each ATP treatment. 

 

 

2
0
S

 C
P

 
1
9
S

 R
P

10 mM 20 mM 50 mM

50

kDa

260

160

110

80

60

40

30

20

15

10

3.5

M

0

10000

20000

30000

40000

50000

60000

70000

10mM 20mM 50mM

P
ro

te
in

 b
a
n

d
 i

n
te

n
si

ty

ATP

20S 19S



Chapter 4 

167 

 

4.3.4 Identification of the proteasomal subunits in Arabidopsis thaliana  

cell culture 

Proteins were separated on a Nu-PAGE gel followed by Coomassie blue staining. Gel 

bands were digested with trypsin and analyzed by LC-MS/MS. The data were searched 

using the Mascot algorithm followed by analysis with the trans-proteomic pipeline v 4.8 

(TPP) for high-quality peptide identification.  

Among the 54 proteasomal genes (Book et al., 2010), the products of 32 unique genes 

that encode 32 proteins could be identified (Table 4.1); 16 of them from the 19S subunit 

and the other 16 from the 20S subunit (including 8 proteins in alpha subunit and 8 proteins 

in beta subunit) (Supplementary 6).  

Table 4.1: Identification of proteasomal proteins after PAG1-Protein G-epitope 

tag purification with 20 mM ATP. 

26S AGIs 
Protein  

Name* 
SUBAcon description 

Quantified  

peptide 

Number 

TSC# 

L
id

 

At4g38630.1 RPN10 
Regulatory particle 

non-ATPase 10. 
2 1 

At5g23540.1 RPN11 
Mov34/MPN/PAD-1 

family protein. 
2 1 

At1g20200.1 RPN3A 
PAM domain 

associated protein. 
4 1 

At1g75990.1 RPN3B 
PAM domain 

associated protein. 
2 1 

B
a
se

 

At2g20580.1 RPN1A 
RPN subunits of the 

26S proteasome. 
8 1 

At1g04810.1 RPN2B 

Non-ATPase 

subcomplex, 

Rpn2/Psmd1 subunit. 

2 1 

At5g09900.1 RPN5A 
26S proteasome, 

putative (RPN5). 
1 1 

At5g05780.1 RPN8A 
RP non-ATPase subunit 

8A. 
1 1 

At1g53750.1 RPT1A 
26S proteasome AAA-

ATPase subunit RPT1a. 
6 1 

At1g53780.1 RPT1B 
ATP binding;nucleotide 

binding;ATPases. 
1 1 

At2g20140.1 RPT2B 
AAA-type ATPase 

family protein. 
7 1 

At5g58290.1 RPT3 
26S proteasome AAA-

ATPase subunit RPT3. 
5 1 
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At1g45000.1 RPT4B 
AAA-type ATPase 

family protein. 
4 1 

At3g05530.1 RPT5A 
Regulatory particle 

triple-A ATPase 5A. 
4 1 

At1g09100.1 RPT5B 

26S proteasome AAA-

ATPase subunit 

RPT5B. 

6 1 

At5g19990.1 RPT6A 
Regulatory particle 

triple-A ATPase 6A. 
6 1 

A
lp

h
a
 (

α
) 

At2g05840.1 α 1 (PAA2) 
20S proteasome subunit 

PAA2. 
4 1 

At3g22110.1 α 3 (PAC1) 
20S proteasome alpha 

subunit C1. 
3 1 

At3g51260.1 α 4 (PAD1) 
20S proteasome alpha 

subunit PAD1. 
2 1 

At1g53850.1 α 5 (PAE1) 
20S proteasome alpha 

subunit E1. 
7 1 

At3g14290.1 α 5 (PAE2) 
20S proteasome alpha 

subunit E2. 
2 1 

At5g42790.1 α 6 (PAF1) 
proteasome alpha 

subunit F1. 
1 1 

At1g47250.1 α 6 (PAF2) 
20S proteasome alpha 

subunit F2. 
9 1 

At2g27020.1 α 7 (PAG1) 
20S proteasome alpha 

subunit G1. 
5 1 

B
et

a
 (
β

) 

At4g31300.1 β 1 (PBA1) 

Encodes 20S 

proteasome subunit 

PBA1 (PBA1). 

1 1 

At1g21720.1 β 3 (PBC1) 
20S proteasome beta 

subunit PBC1.  
1 1 

At1g77440.1 β 3 (PBC2) 
20S proteasome beta 

subunit C2. 
1 1 

At3g22630.1 β 4 (PBD1) 
20S proteasome beta 

subunit D1. 
1 1 

At4g14800.1 β 4 (PBD2) 
20S proteasome beta 

subunit D2. 
1 1 

At1g13060.1 β 5 (PBE1) 
20S proteasome beta 

subunit E1. 
6 1 

At3g60820.1 β 6 (PBF1) 
20S proteasome beta 

subunit PBF1 (PBF1). 
1 1 

At1g56450.1 β 7 (PBG1) 
20S proteasome beta 

subunit G1 
2 1 

*(Book et al., 2010) 

#TOC: Total Spectrum Count 
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4.3.5 26S proteasome labelling and calculation of protein degradation 

rate 

To measure turnover rates of 26S proteasome proteins, the Arabidopsis thaliana cell 

culture line was transferred from 14N to 15N-labelled media (Li et al., 2017) and cells 

collected after 1, 3, and 5 days as outlined in detail in section 2.5.5 in Chapter 2.  

26S proteasome was purified using the tandem affinity purification (TAP-tag) technique, 

as outlined in Figure 4.7. The purified samples were run on Nu-PAGE gels for 7 minutes, 

followed by in-gel digestion, protein purification, and LC-MS/MS analysis. The 

degradation rate for those proteins found in ≥ 3 biological replicates and with quantified 

peptide number for each specific protein ≥ 5 was calculated using the protocols and 

processes outlined in section 2.5.5 in Chapter 2. In total, degradation rates of 13 proteins, 

seven of them from the 19S regulatory subunit and six from the 20S core subunit could 

be quantified. Statistical analysis by one-way ANOVA showed that the degradation rate 

of these two subunits was significantly different ( p ≤ 0.01) from each other (Figure 4.9; 

Table 4.2) and (Supplementary 7).    

 

 

Figure 4.9: Degradation rate (KD) of proteasomal proteins in Arabidopsis 

thaliana cell culture. 

Box plot represents the degradation rate of 13 proteasomal proteins including 7 

proteins in 19S subunit and 6 proteins in 20S subunit.  

One way-ANOVA showed that the degradation rate between these two subunits 

is significantly differed (p ≤ 0.01). 
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Table 4.2: Protein degradation rate of several proteasomal proteins. 

Protein 

Name* 
AGIs SUBA4 description KD(d-1) 

t1/2 

(d) 

RPT1A AT1G53750.1 
26S proteasome AAA-ATPase 

subunit RPT1a. 
0.165 ± 0.094 4.21 

RPN6 AT1G29150.1 
ATPase subunit of the 19S 

proteasome. 
0.174 ± 0.071 3.99 

RPT3 AT5G58290.1 
26S proteasome AAA-ATPase 

subunit RPT3. 
0.204 ± 0.061 3.40 

RPT6A AT5G19990.1 
26S proteasome AAA-ATPase 

subunit. 
0.224 ± 0.038 3.09 

RPN3A AT1G20200.1 
PAM domain (PCI/PINT 

associated module) protein. 
0.247 ± 0.136 2.81 

RPT5A AT3G05530.1 
Regulatory particle triple-A 

ATPase 5A. 
0.259 ± 0.057 2.68 

RPN1A AT2G20580.1 
The RPN subunits of the 26S 

proteasome 
0.311 ± 0.231 2.23 

PAC1 AT3G22110.1 
20S proteasome alpha subunit 

C1. 
0.268 ± 0.093 2.58 

PAG1 AT2G27020.1 
20S proteasome alpha subunit 

G1. 
0.273 ± 0.103 2.54 

PAF1 AT5G42790.1 Proteasome alpha subunit F1. 0.280 ± 0.112 2.47 

PAA1 AT5G35590.1 Proteasome alpha subunit A1. 0.291 ± 0.102 2.38 

PBA1 AT4G31300.1  20S proteasome subunit PBA1. 0.308 ± 0.062 2.25 

PBG1 AT1G56450.1 20S proteasome beta subunit G1. 0.336 ± 0.080 2.06 

*(Book et al., 2010) 
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4.4 Discussion 

4.4.1 26S proteasome purification by TAP (Tandem Affinity 

Purification) 

TAP-tag methodology is one of a number of techniques that have been applied for 

isolation and purification of proteins that interact with a protein of interest in the cell (Li, 

2011).  This method uses recombinant DNA technology through which a polypeptide 

protein sequence, known as a tag, is attached to the carboxy or amino terminal of the 

protein target and works like a handle to facilitate easy purification and/or detection of 

the protein (Colas et al., 2010).  

Two major types of tag methods have developed for purification of the target protein; 

single epitope tags and tandem affinity purification (TAP) tags. In this research, we used 

a TAP tag but due to complications in the process of its use, it was effectively used as a 

single epitope tag for proteasome enrichment. 

A single protein (epitope) tag consists of a small peptide of a specific antigen that is 

combined with the protein of interest to aid the purification process. This epitope helps 

extract a target protein from complex samples through its recognition by a specific 

antibody (Zanetti et al., 2005). Examples of single epitope tags include: Strep-tag II,  an 

eight-amino-acid peptide (WSHPQFEK)  that binds to streptavidin (Schmidt and Skerra, 

2007); human influenza hemagglutinin (HA) -tag, a nine amino acid peptide sequence 

(YPYDVPDYA) recognized by an anti-viral antibody  (Koroleva et al., 2004); and the 

eight amino acid FLAG-tag that consists mainly of polyanionic amino acids 

(DYKDDDDK) and is recognized by an antibody  (Schmidt et al., 2012). Other protein 

tags do not need a matched antibody but can be attached to immobilized metal ions, such 

as the poly His-tag that binds to cobalt or nickel, or a protein tag that binds to a resin such 

as the calmodulin binding protein (CBP) tag that binds to calmodulin resin 

(Hammarstrom et al., 2002). 

A TAP tag incorporates two or more (epitope) tags into the target protein with a specific 

protease cleavage site between the affinity tags (Rigaut et al., 1999). This method aims 

to enhance the specificity of the purification. Several types of TAP tags have been used 

for purification of protein complexes from humans and plants; the most common are 

FLAG-HA, ProtA-CBP, ProtG-SBP, 2x Strep II- FLAG (Gregan et al., 2007) (Book et 

al., 2010; Van Leene et al., 2015). 
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In the purification of the 26S proteasome in Arabidopsis thaliana cell culture, we used 

the 20S core particle subunit PAG1 (α7) as a protein bait. A stable transformed PAG1-

TAP tag cell line had previously been built in the lab and was fused to a ProtG-SBP type 

TAP tag know as the GSrhino-tag. This tag is named for the use of a cleavage site between 

the protein G and streptavidin that is recognised by the Rhinovirus hRV3C protease 

(Kimple et al., 2013).  Proteasome pulls down in our Arabidopsis thaliana cell culture 

experiment showed a problem in the use of the double TAP-tag method as only the 

hRV3C protease was recovered during the protocol (Figure 4.4B) and this was potentially 

complicated by the need for ATP to ensure the 26S proteasome remained intact during 

the procedure (section 4.4.2). Protein complex yields were much higher by removing the 

second step affinity using the hRV3C protease and effectively using the GSrhino-tag as a  

single epitope tag  (Figure 4.4 B vs Figure 4.4 C). While this probably led to a lower 

purity proteasome preparation, it was sufficient for the later mass spectrometry and 

analysis of well-known proteasome subunits (Table 4.1). 

As explained in section 4.3.2, there are several methods have been used to purify and pull 

down the 26S proteasome in different organisms, also several proteasomal proteins have 

been tagged as a protein bait.  In this preliminary result, I used PAG1 protein which is 

located in the 20S subunit of the proteasome as bait for purification of the proteasome, 

however, it could be worthwhile if one of the 19S subunit proteins would be used as bait 

for protein purification study in future. With regarding the proteasomal proteins as bait, 

the quality of mass spectrometry may also have an effect on the results of the proteasome 

quantification process. 

4.4.2 Role of ATP in maintaining 26S proteasome integrity 

The proteasome is a barrel-shaped of a large proteolytic protein complex, that consists of 

two big multi-subunit proteins including a 20S core particle and 19S regulatory particle. 

The 19S regulatory particle caps one or both ends of the core particle (Marshall et al., 

2017). Research has shown that the formation of the 26S proteasome proceeds through 

the assembly of the 20S CP and 19S RP subunit separately. The assembly of the 20S CPs 

begins with the formation of the α-ring subunits, and they act as a scaffold protein for the 

assembly of β-subunits (Sahara et al., 2014). On the other hand, the assembly of 19S  

starts with the formation of the base and the lid subunits independently, followed by 

connection of both lid and base by regulatory particle non-ATPase 10 (Rpn10) (Xie, 

2010).  
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Studies have used different ATP concentrations during the purification of the 26S 

proteasome across micromolar to millimolar ranges for different reasons (Book et al., 

2010; Baumann et al., 2016). Firstly, optimization of ATP concentration for the activity 

of proteasome is between 50 µM and 100µM  (Huang et al., 2010). Additionally, the 

affinity purification of the 26S proteasome in the yeast, human and plant have shown that 

ATP is required for stabilizing of the 26S proteasome and helps to isolate a fully 

functional proteasome (Liu et al., 2006; Kleijnen et al., 2007; Wang et al., 2007; Book et 

al., 2010). In the absence of ATP, the 26S proteasome loses most of the RP proteins 

(higher than ~35kDa), while CP proteins (20-30 kDa) are retained, indicating a role of 

ATP in CP/RP association (Figure 4.10) (Marshall et al., 2017).  

In the purification of the 26S proteasome in Arabidopsis thaliana cell culture, 

concentrations of ATP were used that ranged from 0.05mM to 50 mM. As shown in 

Figure 4.7, 26S proteasome protein bands reached a maximum at 10-20 mM ATP; and 

based on this finding, 20 mMATP was used in the subsequent 26S proteasome pulldown 

study. 

 

Figure 4.10: The role of ATP in binding 19S regulatory and 20S core 

particles together to make a functional 26S proteasome complex. 

In the presence of ATP the 20S and 19S subunits join together but in the absence 

of ATP, they separate (Liu et al., 2006). 
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4.4.3 Protein turnover difference in RP and CP structure  

There have been several reports on the turnover rate of the proteasome from different 

organisms. In mice, the half-life of proteasomal proteins in the brain was about three times 

higher than proteasome half-live in both liver and blood, whereas within the same tissue 

the half-life among proteasome subunits did not significantly differ (Price et al., 2010). 

In yeast, proteins that related to the proteasome or protein degradation mechanisms were 

reported to be relatively long-lived proteins and 19S and 20S proteasome subunits had a 

very similar turnover rate; which the authors said implied that the turnover rate of these 

subunits was highly coordinated (Martin-Perez and Villén, 2017).  In contrast, a recent 

study of protein turnover in human for several types of non-dividing cells including B-

cells, monocytes, hepatocytes and natural killer (NK) cells showed that half-lives of the 

19S regulatory subunits were different from 20S core subunits (Mathieson et al., 2018). 

They found that with the exception of hepatocytes, the 20S core complex was more stable 

than the 19S regulatory complex. They conclude that the stability difference was likely 

due to the turnover rate being architecture-dependent. 

In early more detailed earlier studies of 20S subunits, measurements focused on the 

turnover rate of alpha (α) and beta (β) rings. In chicken skeletal muscle, the 20S 

proteasome subunits were synthesized at different rates; and the higher turnover proteins 

were located in both alpha (α) and beta (β) rings (Hayter et al., 2005). In human lung 

cells, the turnover of alpha (α) and beta (β) rings within the 20S subunit did not have a 

uniform rate (Doherty et al., 2008). The separate biogenesis and molecular assembly of 

the 20S and 19S subunits with the help of several chaperones (Sahara et al., 2014) may 

explain why variation in turnover rate between these two main subunits and the different 

degradation rate of proteins within each subunit. 

In the preliminary results of proteasomal protein turnover in Arabidopsis thaliana 

outlined in this chapter, it was observed that there was non-uniform protein degradation 

rate of 13 proteasome proteins that were located in both 20S and 19S subunits. Most of 

the proteins that had high degradation rates were 20S protein subunits Table 4.2.  

Several studies have demonstrated that the 20S proteasome exhibits a high degree of 

selectivity in degrading cellular proteins (Baugh et al., 2009), suggesting that these high 

20S turnover rate proteins may need to be renewed faster than the 19S proteasome which 

is involved in recognition and unfolding of the target protein. An alternative explanation 

is that because we used a 20S subunit PAG1 as the bait, we may have preferentially 
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isolated 20S assembly intermediates containing PAG1 and not equivalent 19S 

intermediates. As assembly intermediates usually show faster turnover, this could lead to 

the observation that 20S subunits show overall faster turnover. A future experiment using 

a 19S subunit as bait is necessary to dissect whether this is the cause for the different 

turnover rates.   The proteasome pulls down and turnover analysis workflow developed 

in this study also shows the potential for further investigation of proteasome substrates, 

assembly and proteasome maintenance under stress treatments.    
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4.5 Material and methods 

4.5.1 Arabidopsis thaliana 35S:PAG1-GSrhino cell culture 

Arabidopsis thaliana cell suspension pag1-1 was cultured in growth medium containing 

1x Murashige & Skoog (MS) Medium with Minimal Organics (MSMO) (phyto 

technology L689) without vitamins. 3% w/v sucrose (Ajax chemical A530), 0.5 mg/L 

naphthaleneacetic acid (Sigma Aldrich 15165-79-4), 0.05 mg/L kinetin (Sigma Aldrich 

K0753) was added to the solution and pH was adjusted to 5.8 followed by autoclave 

sterilization. Cultures were maintained in 250 ml Erlenmeyer flasks by the inoculation of 

20 ml of 11 days old cells into 100 ml fresh growth medium with the addition of 120µl 

kanamycin antibiotic (Astra Scientific RC-185). Finally, cultures were grown under a 16 

h-light/8h-dark period with a light intensity of 100 to 125 µmol m2 s-1 at 22°C shaking at 

120 rpm for 11 days. 

4.5.2 26S proteasome pulldown 

4.5.2.1 Protein extraction 

To purify proteasomes from the sample, 7.5 g of frozen cells were ground to a fine powder 

in liquid nitrogen using a large pre-cooled mortar with pestle. The cells were then lysed 

in 5 ml of extraction buffer that consists of 25 mM Tris-HCl (pH 7.6) (Astra Scientific 

77-86-1), 15 mM MgCl2 (Ajax Finechem A296), 150 mM NaCl (Ajax Finechem 465), 

15 mM pNO2PhenylPO4 (Sigma Aldrich 71768), 60 mM β-glycero phosphate (Sigma 

Aldrich G9422), 0.1% NP-40, 0.1 mM Na3VO4 (Sigma Aldrich 450243), 1 mM NaF 

(Sigma Aldrich S6776), 1 mM PMSF (Sigma Aldrich 78830), 1 µM E64 (Sigma Aldrich 

E3132), EDTA-free ultra-complete tablet (1 tablet /10 mL) (Roche 05892791001), 20 

mM ATP (Sigma Aldrich -34369-07-8) and 5% v/v ethylene glycol (Sigma Aldrich 

293237) in a 100 ml solution.  

After the solution became a slurry, 6 µl of benzonase 0.1 % v/v Novagen (Millipore 

Merck 70664-3) was added which is a nuclease targeting for degrading all nucleic acid 

sequence to oligonucleotides. This was followed by homogenization for 30 seconds three 

times with the ultraturrax blender and samples were incubated on a rotating wheel for 30 

minutes in the cold room. Next, the lysate was centrifugated at 37,000 xg for 45 minutes, 

then the supernatant was kept. Finally, the extracted protein was filtered first by 5 µm 

syringe filter and then 0.22 µm syringe filter and the filtrate collected for the next step.  

 

https://www.sigmaaldrich.com/catalog/search?term=15165-79-4&interface=CAS%20No.&lang=en&region=US&focus=product
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4.5.2.2 Addition of IgG Sepharose 6 Fast Flow beads 

133 µl of human IgG Sepharose 6 Fast Flow beads (GE healthcare 17-0969-01) was 

equilibrated by washing three times with 1 ml extraction buffer. Then the equilibrated 

beads were mixed with filtered protein extract and incubate for one hour on a rotating 

wheel in the cold room. After that, the protein solution was transferred into a poly prep 

column (Bio-rad 731-1550), while approximately 1 ml of the solution remained in the 

poly prep column was pipetted into a mobicol column with 35 µm bottom filter (Biocore 

M513515 -small) and centrifugated at 250 xg for 1 min to elute the unbound proteins. 

Next, the beads were washed five times with 750 µl of wash buffer that consisted of 10 

mM Tris-HCl pH7.6, 150 mM NaCl, 0.1% NP-40, 0.5 mM EDTA, 1 µM E64, 1 mM 

PMSF, 5 % ethylene glycol and 20 mM ATP in a100 ml solution and centrifuged at 450 

xg for 1 min at 4 °C. 

After washing three times, the mobicol column was plugged, and 30 μl of a mixture that 

consists of 1× of each Nu-PAGE sample buffer (Invitrogen NP0007) and the Nu-PAGE 

reducing agent (Invitrogen NP0004) was added to the column. The mixture was incubated 

for 10 minutes at room temperature with regular mixing. Finally, the plug was removed 

and the mobicol column put into a 1.5 ml Eppendorf tube and the eluate collected by 1-

minute centrifugation at 450 xg at 4 °C and the eluate protein sample stored at −80 °C for 

later use. 

4.5.2.3 Nu-PAGE Invitrogen running sample 

The purified protein sample was heated for about 10 minutes at 65ᵒ C with continuous 

mixing, then 12 µl of the sample was loaded into the Nu-PAGE gel 4-12% Bis-Tris 

(Invitrogen NP0321) in 1x Nu-PAGE LDS sample buffer. Then 500 µl of Nu-PAGE 

antioxidant (Invitrogen NP0005) was loaded to the upper chamber that helps the protein 

to stay in reducing state as well as prevent sensitive amino acids from re-oxidation, and 

proteins were electrophoresed at 200 V for 7 minutes, followed by protein visualization 

by Coomassie blue as outlined  in section 3.6.6 in Chapter 3. 

4.5.2.4 In-gel digestion of the proteasome 

Denatured protein samples were cut from gels and put them into 96 well plates. One ml 

of the destain solution (10 mM NH4HCO3 and 50% acetonitrile) was added to each 

sample twice for decolorization of the gels followed by mixing by orbital rocker at 22oC, 

800-900 rpm for 45 minutes, and  supernatants were discarded and the gel pieces dried at 
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50oC for 20 minutes. The dried gels of each sample were digested by trypsin and the 

samples incubated at 37 oC for about 16 hours. 

4.5.2.5 Extraction of digested peptides 

The digested proteins in the gel were extracted twice. First by adding 750 µl of 0.01% 

TFA followed by mixing by orbital rocker at 22oC, 800-900 rpm for 30-45 minutes. All 

solutions in each of previous wells were taken out to another empty well and kept. Second, 

750 µl of a solution that consists of a mixture of 5% TFA and 70% acetonitrile was added 

to each of previous wells, followed by mixing by orbital rocker at 22oC, 800-900 rpm for 

30-45 minutes, the gel pieces were then discarded and the solution combined with the 

first solution. Finally, the combined solution underwent vacuum centrifugation overnight 

at 30oC. 

4.5.2.6 Protein resuspension 

The protein samples were resuspended in 50 µl of loading buffer that consisted of 0.1% 

(v/v) FA and 5% (v/v) acetonitrile and mixed by orbital rocker at 22oC, 1400 rpm for 60 

minutes. Finally, the resuspended protein was transferred to an ultra-free MC GV PVDF 

0.22 μm micro spin column and centrifuged it at 5000 xg for 2 minutes before being 

loaded for HPLC separation. 
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The role of high turnover rate ribosomal proteins in Arabidopsis 

thaliana growth and stress response 

5.1 Introduction 

Amongst the cytosolic ribosomal proteins in Arabidipsis thaliana, two were shown to 

have significantly higher degradation rates than the median for the ribosome as a whole 

(Chapter 2). These were Receptor for Activated C-Kinase 1C (RACK1C) which had a 

degradation rate of 3 times the median and RPP0D/RPL10-like protein with a rate of 

about 7 times the median (Table 2.2).  

RACK1 was initially cloned from a chicken liver cDNA library (Guillemot et al., 1989) 

and it was found that it binds to protein kinase C isoform βII (PKCβII) that is important 

to translational control (Grosso et al., 2008). RACK1 is a homolog of the β subunit of G 

protein which has a role in PKC-mediated signal transduction (Ron et al., 1994). RACK1 

was termed a scaffold or anchor protein because it interacted with different signal 

transduction components including receptors or kinases in the stable complex (Yarwood 

et al., 1999). It was then reported to be involved in multiple cellular signaling pathways 

in eukaryotes (Lopez-Bergami et al., 2005), for example; cell growth and division 

(Zakrzewicz et al., 2007), apoptosis (Mamidipudi and Cartwright, 2009), regulation of 

cell adhesion (Dalby et al., 2008) and migration (Buensuceso et al., 2001), developmental 

pathway (Guo and Chen, 2008), stress response (Qiu et al., 2010), translation and 

transcription (Liu et al., 2007), neuronal remodeling (Farchi et al., 2007) and activity 

,signaling pathway (Adams et al., 2011) and circadian clock oscillatory mechanisms 

(Robles et al., 2010).  

It has been shown that there is great conservation between RACK1 protein and 

heterotrimeric β subunit of G proteins (Gβ) which contain 7 WD repeat blades that 

resemble the structure of the β subunit of G proteins (Sharma et al., 2013). A link between 

RACK1 and translation became clear through the interaction of RACK1 protein with a 

specific PKC isoform (PKCβII) which had an essential role in regulating protein 

translation through mTOR in HeLa and HEK (human embryonic kidney)-293 cells 

(Grosso et al., 2008). Deletion of its ortholog Cpc2 in Schizosaccharomyces led to a 

decline in the steady-state level of several proteins and cause a reduced translation of 

ribosomal L25 mRNA (Shor et al., 2003).  
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Eventually, RACK1 was localized within the small ribosomal subunit through the 

determination of the crystal structure of ribosomal subunit in Tetrahymena thermophila 

(Rabl et al., 2011) and yeast (S. cerevisiae) ribosomes (Ben-Shem et al., 2010).  

RACK1 was formalised as the 33rd ribosomal protein of the small (40S) eukaryotic 

subunit (Hummel et al., 2015)  that acts as an adaptor or hub between ribosomes and a 

range of signaling pathways.  

The reported intracellular localization of RACK1 protein in different organisms varies. 

In mammalian cells, RACK1 is located in the nucleus, cytoplasm and endoplasmic 

reticulum (Adams et al., 2011), in maize (ZmRACK1) it is localized in the nucleus, 

cytoplasm and membrane (Wang et al., 2014), in rice (OsRACK1) located in the 

cytoplasm and microsomes (Nakashima et al., 2008), in kale (BoRACK1)  it is localized 

in  the cytoplasm, the nucleus and the cell membrane (Li et al., 2017) and in Arabidopsis 

thaliana, AtRACK1 has been reported to be localized in the  

chloroplast, cytoplasm, cytosol,  nucleus and plasma membrane (Giavalisco et al., 2005; 

Guo et al., 2007).  

RACK1 protein has been shown to interact with a large number of other proteins. It 

interacts with tyrosine kinase of Sarcoma (Src) family through its SH2 domain protein in 

NIH 3T3 cells, and this interaction is essential for the translation process (Chang et al., 

1998). RACK1 also interacts with the PDE4D5 protein in a mammalian cell through a 

unique amino-terminal region (Bolger et al., 2003). RACK1 plays a specific role in 

translational control through its interaction with ribosomes and the mRNA binding 

protein Scp160(Coyle et al., 2009). RACK1 also interacts with Signal Transducers and 

Activators of Transcription (STATs) non-phosphorylated protein in human, acting as a 

scaffold protein for activation of (STATs) via type I Interferon (IFN) receptor (Usacheva 

et al., 2001). RACK1 binds with integrinβ subunits including (β1,β2, and β5) cytoplasmic 

domain in eukaryotic cells (Liliental and Chang, 1998). RACK1 is association via its Tyr-

302 with each of protein phosphate 2A (PP2A) and β1 integrin (Kiely et al., 2006; Kiely 

et al., 2008). Moreover, RACK1 interaction with the cyclic AMP-specific 

phosphodiesterase (PDE4) demonstrates that RACK1 acts as an adapter protein that 

recruits PDE4D5 and other proteins into a signaling complex (Yarwood et al., 1999). 

RACK1 protein acts as a hub for the activation of the Jun-N-terminal kinase (JNK) 

signaling cascade through its interaction with protein kinase C (Lopez-Bergami et al., 

2005). RACK1 may also act as an E3 ubiquitin ligase in the proteasome degradation 

pathway that mediates the degradation of p63α isotypes via the 26S proteasome 

https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=175
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=175
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=231
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=241
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=537
https://www.arabidopsis.org/servlets/TairObject?type=keyword&id=570


Chapter 5 

185 

 

(Fomenkov et al., 2004). Recently it has shown that the RACK1 protein is a novel 

interaction partner of ATG5 which mediates autophagy regulation (Erbil et al., 2016). 

Identification of binding sites of most of these interacting proteins within the RACK1 

sequence has been reported (Nielsen et al., 2017).  

RACK1 in plants was first reported as an auxin-inducible gene (arcA) that mediated cell 

division in tobacco BY-2 cells (Ishida et al., 1993). Homologs of RACK1 were then 

identified in rice (Iwasaki et al., 1995), Arabidopsis thaliana (Vahlkamp and Palme, 

1997), rape (Brassica napus) (Kwak et al., 1997), and alfalfa (McKhann et al., 1997).  

In contrast to most organisms in which RACK1 protein is encoded by a single gene, plant 

RACK1 is encoded by more than one gene. For instance, the rice RACK1 protein 

(OsRACK1) is encoded by two genes OsRACK1A and  OsRACK1B (Nakashima et al., 

2008), whereas the Arabidopsis thaliana genome contains three RACK1 orthologues 

including AtRACK1A (At1g18080), AtRACK1B (At1g48630), and AtRACK1C 

(At3g18130), respectively (Hummel et al., 2015).  

All three RACK1 genes are very similar in their gene structure with each of these genes 

containing two exons and one intron. The three genes in Arabidopsis have a high degree 

of sequence identity (87-92%); however, distinct sequence differences among these three 

RACK1 proteins genes can be seen in their C-termini region in the  6th and 7th conserved 

GH-WD core sequences (Chen et al., 2006).  It has been shown that RACK1 

(OsRACK1A ) in rice acts as a positive regulator in  ROS production and defense gene 

expression as well as playing a role in rice innate immunity and pathogen response 

(Nakashima et al., 2008). Wang et al. (2014) have shown that overexpression of RACK1 

(ZmRACK1) in maize led to a reduction in symptoms caused by Exserohilum turcicum on 

maize leaves. Furthermore, ZmRACK1 regulates ROS production and pathogenesis-

related (PR) genes expression (Wang et al., 2014).  

In contrast, RPL10 has long been known to be a ribosomal protein, but its function in the 

cell is less clear. RPL10 proteins contribute to the biosynthesis of the 60S ribosomal large 

subunit in the cytoplasm (West et al., 2005) and homologs of this protein in bacteria, yeast 

and mammalian are responsible for joining the small and large ribosomal subunits and 

regulating translation initiation (Hofer et al., 2007).  

In yeast (S. cerevisiae) it has been shown that RPL10 is associated with both large (60S) 

and small (40S) subunits (Hofer et al., 2007). Furthermore, in human, RPL10 is encoded 

by one gene also known as QM which contributes to the late step of assembly of 60S 
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ribosomal subunits (Nguyen et al., 1998). A recent study has shown that RPL10 has a 

biological role as a tissue biomarker in a cancer cell in human through its upregulation in 

ovarian malignant tumors (Shi et al., 2018). 

In Arabidopsis thaliana, this protein has three isoforms (RPL10A, RPL10B and RPL10C) 

they are encoded by At1g14320.1, At1g26910.1 and At1g66580.1 (Barakat et al., 2001; 

Giavalisco et al., 2005). Additionally,  At1g25260.1 is another gene that was annotated 

as a member of the  ribosomal protein L10 family, according to TAIR10 database, 

whereas this gene was annotation as a 60S acidic ribosomal protein family (RPP0D) by 

Carroll (Carroll et al., 2008), here this protein is called an RPP0D/ RPL10- like protein. 

Besides being a cytosolic protein, RPL10 proteins have been also found in the nuclei, and 

the author suggested that three RPL10 isoforms may have extra-ribosomal roles (Falcone 

Ferreyra et al., 2013). 

T-DNA insertions in both RACK1 genes and the RPP0D/RPL10 gene in Arabidopsis 

exist and provide an opportunity to study the effect of the loss of these subunits on plant 

growth and stress response phenotypes. Previously, in Arabidopsis thaliana it was found 

that knock out of RACK1A and RACK1B resulted in a developmental defect (Guo and 

Chen, 2008). Later researchers tried to further investigate the role of these genes under 

stress conditions. They found that the rack1a single mutant and the rack1a rack1b and 

rack1a rack1c double mutants displayed hypersensitivity to salt and ABA treatment (Guo 

et al., 2009). Three RPL10 isoforms (RPL10 A, B and C) have been shown to be 

differentially regulated under UV-B radiation (Falcone Ferreyra et al., 2010). However, 

there is no research on the functionality of the RPP0D/RPL10-like protein which is 

encoded by the At1g25260.1 gene in Arabidopsis thaliana. 

Salinity is the major abiotic stress that has a significant effect on more than 20% of the 

world’s agricultural product (Botella et al., 2005). Although plants have different 

mechanisms in response to various stress during the developmental stage, it has been 

found that the excess salinity imposes numerous negative influences on all the major 

processes in plants including germination, growth, photosynthetic pigments and 

photosynthesis water relation, nutrient imbalance, producing ROS and yield (Parihar et 

al., 2015). 

Roots are the primary site for several types of stress including water-limiting, salinity, 

and drought that may affect the limitation of the productivity of the plant (Brunner et al., 

2015; Robin et al., 2016). Accumulation of sodium ion (Na+) in the plant is considered as 
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the major toxic chemical for a plant that leads to photosynthesis inhibition and early leaf 

senescence (Tsugane et al., 1999). 

Here, we considered the effect of control and saline conditions on knockouts of RACK1 

isoforms and the RPP0D/RPPL10-like protein and measured developmental stage 

transition times (Boyes et al., 2001) in wild-type and  rpp0d/rpl10-like mutants. 
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5.2 Results 

5.2.1 Salinity effect on radicle emergence percentage and cotyledon 

green in both rack1 and rpp0d/rpl10 mutants 

RACK1 mutants have been previously reported (Guo and Chen, 2008). The rack1b and 

rack1c mutant allele were ordered from ABRC and were homozygous. All alleles are in 

the Columbia (Col-0) ecotypic background. In the rack1b-1 allele, the T-DNA inserted in 

the second exon of RACK1B gene, and in the rack1b-2 allele, the T-DNA inserted is in 

the first intron. The mutant allele of RACK1C has the T-DNA inserted in the second exon 

of RACK1C gene. Double mutants between rack1b-2 and rack1c-1 were generated by 

crossing rack1c-1 into rack1b-2 single mutant and isolated in the F2 progeny by PCR 

genotyping as previously reported (Guo and Chen, 2008). Mutants for the ribosomal 

protein (RPP0D/RPL10-like) have not been previously reported. T-DNA insertions in 

RPP0D/RPL10 gene in Arabidopsis were ordered; one from ABRC (SALK064854C- 

alternative id: N666274) and the other from NASC (GABI_486D03 alternative ID: 

N446599). In both lines, the T-DNA had inserted in the third and seven introns for both 

GABI and SALK lines respectively (Appendix 5). 

To study the NaCl sensitivity of rack1 single and double mutants, fifty seeds of each 

genotype were sown side-by-side in half-strength MS medium on plates that contained a 

different concentration of NaCl. After their stratification for two days in 4oC to 

synchronize germination, they were then transferred to a growth room. The percentage of 

radicle emergence was measured for each genotype with and without NaCl after 48 

(Figure 5.1A) and 72 hours (Figure 5.1B). There was no statistically significant change 

in the percentage of radicle emergence between wild-type and mutant lines for each 

condition.  

To check the influence of salinity on a cotyledon green assay, the seeds were kept on the 

plate for eight days (Figure 5.2). The results showed that high concentration of salt 

suppresses growing of the radicle of both wild-types and mutants, whereas, at low 

treatment concentration (50mM NaCl) there are no significant differences between wild-

type (Col-0) and mutant lines. A similar phenotype was reported for rack1 mutants in 

response to ABA (Guo et al., 2009). 
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Figure 5.1:NaCl sensitivity of rack1 and rpp0d/rpl10-like in seed germination 

essays. (A) at 48 hours and (B) at 72 hours. 

Wild-type Col-0 and mutant line seeds were surface sterilized, and sown in half 

MS media containing 0 mM, 50 mM, 100 mM and 150 mM NaCl. The plates 

were put at 4oC for stratification for two days then transferred to a growth room 

and grown at 23oC with a 16/8 dark/light photoperiod. (n=3), error bar =SE. 
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Figure 5.2:  NaCl sensitivity of rack1 and rpp0d/rpl10-like in the cotyledon 

green essay. 

Wild-type Col-0 and mutant line seeds were surface sterilized and sown in half 

MS media containing 0 mM (A), 50 mM (B), 100 mM (C) and 150 mM (D) 

NaCl. The plates were put in 4oC for stratification for two days then transfer and 

grown at 23oC under a 16/8 dark/light photoperiod. The photo has been taken 

after eight days growth in 23oC. (n=3). 

5.2.2 Salt stress and root essay of rack1b, rack1c and rpp0d/rpl10-like 

To study the effect of salinity on root length, seeds of both different lines were sown on 

plates containing half-strength Murashige and Skoog (MS) basal medium supplemented 

with 1%(w/v) sucrose 0.1% (v/v) Gamborg’s B5 vitamins. After two days in 4oC, the 

imbibed seeds were transferred to short day germination conditions (23 oC, 16/8 h 

photoperiod, 120 µmol m-2 s-1). The plates were put vertically in a growth room for six 

days. Then six-day-old seedlings were transferred from MS (NaCl-free) to MS or MS 

supplemented with 50, 100 and 150 mM NaCl. Again, the plates were placed vertically 

in a growth room for four days, then the root length of each genotype was measured. 
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Statistical analysis showed that although the different concentrations of NaCl had a 

significant effect on root length in comparison with untreated, there was not a noticeable 

difference between wild-types and mutants for the same treatment (Figure 5.3).  

 

Figure 5.3: NaCl sensitivity of rack1 mutants in the root length essay. 

(A) Seeds were surface sterilized and sown in half MS media; the plates were put 

at 4oC for stratification for two days then transferred to a growth room at 23oC 

and 16/8 light/dark photoperiod. Six-day-old seedlings were transferred from MS 

(NaCl-free) to MS or MS supplemented with 100 and 150 mM NaCl. 

Photographs were taken four days after transformation, and root length was 

measured using public software image J. (B) A bar graph of the average length 

of 9 roots for each genotype (3 roots per biological replicate); error bar is SE. 

Analysis by one-way ANOVA showed no significant difference in root length 

between mutant lines and wild-type.  
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On the other hand, the root length assay in rpp0d/rpl10 mutants showed that there was a 

significant difference in root length between wild-type Col-0 and rpp0d/rpl10 with and 

without NaCl treatment (Figure 5.4). Although this ribosomal protein RPP0D/RPL10 had 

not previously been reported to have morphological phenotypes, there is evidence that 

other isoforms of this protein participated in development and translation under UV-B 

stress (Falcone Ferreyra et al., 2010), which suggests that this protein may participate in 

the plant growth during the root development stage. 

 

 
 

 

A



Chapter 5 

193 

 

 

Figure 5.4: NaCl sensitivity of rpp0d/rpl10-like mutants in the root length 

essay. 

(A) Seeds were surface sterilized, and sown in half MS media; the plates were 

put in 4o C for stratification for two days then transfer to a growth room at 23o C 

and 16/8 light/dark photoperiod. Six-day-old seedlings were transferred from MS 

(NaCl-free) to MS or MS supplemented with 50 and 100mM NaCl. Photographs 

were taken four days after transformation, and root length was measured by using 

public software image J . (B and C) Bar graphs of mean values for each genotype 

(10 roots for each biological replicate); error bar is SE. Analysis by one-way 

ANOVA showed that root length in mutant lines is statistically different in 

comparison with wild-type. * P ≤ 0.05 and ** p ≤ 0.01, significantly different 

from Col., (n=3).  
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5.3 Discussion 

5.3.1 Role of RACK1A and B in Arabidopsis thaliana growth 

Several studies have considered the relationship and function of the different RACK1 

protein orthologues in Arabidopsis thaliana. Although there is high conservation among 

these paralogues, defect or mutation in one of these genes may affect the plant response 

in comparison with wild-types. Among all three RACK1 isoforms we found that 

RACK1C ribosomal protein has the highest degradation rate followed by RACK1B and 

RACK1A (KD = 0.65, 0.51 and 0.21 d-1), respectively.  

Chen and co-workers showed that RACK1A is essential for developmental process and 

hormonal response in Arabidopsis thaliana and its mutation causes loss of function. They 

showed that knockout of RACK1A may affect the production of leaves, and they 

concluded that in comparison with wild-types the rate of rosette leaf growth reduced by 

50% in the rack1a mutant followed by late flowering (Chen et al., 2006). Mutation in 

RACK1A changed the sensitivity of Arabidopsis plant, and it has a significant role in the 

function of several hormones including gibberellin (GA), brassinosteroid, and auxin 

(Chen et al., 2006). Also, RACK1 acts as a negative regulator of abscisic acid (ABA) 

response, and its expression level was down-regulated during ABA treatment at a 

different concentration (Guo et al., 2009). 

In terms of RACK1B and RACK1C, researchers have previously shown that under the 

normal conditions they participate in the regulation and function of RACK1A in 

Arabidopsis thaliana (Guo and Chen, 2008). But knock out of either RACK1B or 

RACK1C or even the double mutation of rack1b rack1c have not been shown to have any 

effect on plant development in comparison with wild-type morphology.  

RACK1 sensitivity was shown to different concentrations of NaCl and ABA, the single 

mutant rack1a and double mutants rack1a rack1b and rack1a rack1c demonstrated 

hypersensitivity to these treatments but not the single mutants rack1b or rack1c did not 

(Guo et al., 2009). Furthermore, double mutations of RACK1 genes such as rack1a 

rack1b and rack1a rack1c as well as the triple mutant rack1a rack1b rack1c  have an 

apparent effect on the length of the roots and the number of their rosette leaves (Guo and 

Chen, 2008). 

To further study if a role for RACK1B and/or  RACK1C alone could be uncovered, we 

worked with four different mutants including rack1-b1, rack1-b2, rack1-c1, and rack1-

b2/c1  and measured the NaCl sensitivity of cotyledon greening assays and root length 
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studies. However, I was unable to identify a significant difference in the effect of salinity 

on these rack1 mutants, even though they were affected by the presence of salinity in the 

same way as wild-type.   

Hence, it is proposed that RACK1A, RACK1B, and RACK1C might compete in being 

assembled to be in a functional ribosome. RACK1A might have the priority to be 

assembled while RACK1B and RACK1C are not, and thus they are preferentially 

degraded once synthesized. This might explain the different degradation characteristics 

without specific roles for RACK1B and C in plant development.  

5.3.2 RPP0D/RPL10-like knockout does not affect rosette leaf growth 

Because there was a significant effect on the growth of root length of both lines (SALK 

and GABI) of the RPP0D/RPL10, but not radicle emergence percentage and cotyledon 

green, we wanted to check the growth stage development of these lines in comparison 

with Col-0. To do this, the previous growing stage measurements in Arabidopsis thaliana 

were used (Boyes et al., 2001). Maximum rosette radius and number of rosette leaves for 

each genotype were measured after 10 days of sowing, including a 3-day stratification at 

4oC. 

Results showed that there was not a significant difference in either rosette radius or rosette 

number between Col-0 and RPP0D/RPL10-like mutant plants (Figure 5.5) 
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Figure 5.5: Growth stage measurement of rosette leaves in both Col-0 and 

both lines (SALK and GABI) of the RPP0D/RPL10. 

(A) Number of rosette leaves and (B) Maximum rosette radius (from the length 

of the longest rosette leaf) were measured over time, starting from 10 days after 

sowing, including three days stratification at 4oC to synchronize germination. 

The length was measured by using the public software image J, (n=20), the error 

bar represents the standard error. 
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5.3.3 Role of RPP0D / RPL10-like in Arabidopsis thaliana growth 

RPP0D / RPL10-like had the highest turnover rate of the ribosomal proteins identified 

here with a measured KD value of 1.40 d-1 (t1/2
 = 0.5 day). Homologs of RPL10 in yeast 

(West et al., 2005) and plant (Falcone Ferreyra et al., 2010) has shown that RPL10 

proteins are part of the 80S cytosolic ribosome responsible for joining the 40S and 60S 

subunits, they regulate translation initiation and participate in translation of proteins 

(Falcone Ferreyra et al., 2010). However, to our knowledge, the effect of the loss of 

RPP0D / RPL10-like to Arabidopsis growth has not been previously reported.  

It was found here that root length under untreated conditions was significantly different 

between wild-type and rpp0d/rpl10-like mutants (Figure 5.4). This was an effect that was 

specific for roots as checks of the developmental stage of rpp0d/rpl10-like by measuring 

both rosette leaf number and rosette radius did not show a difference (Figure 5.5).   

RPL10 proteins have been reported in all major proteomic study of Arabidopsis thaliana 

ribosomes to date. However, the protein encoded by this particular gene, At1g25260.1 

has not always been reported or has been reported as a member of a different gene family 

in the ribosome. In 2005, Giavalisco noted that RPL10 was encoded by three genes 

including At1g14320.1, At5g13510.1, At5g41520.1 (Giavalisco et al., 2005). While only 

At1g14320.1 from this set was found along with two other genes At1g26910.1 and 

At1g66580.1 in other studies (Barakat et al., 2001; Carroll et al., 2008; Hummel et al., 

2015).  In our ribosomal purification data, we identified At1g25260.1 which is according 

to TAIR10 (https://www.arabidopsis.org/) also a ribosomal protein L10 family member, 

while in Carroll et al’s list the same gene was annotated as a ribosomal RPP0D (Carroll 

et al., 2008). This gene was not mentioned in the (Hummel et al., 2015), (Barakat et al., 

2001) or (Giavalisco et al., 2005) lists. 

Sequence similarity shows that the protein sequence of the RPP0D/RPL10-like 

At1g25260.1 gene is more similar to RPL10 genes than other RPP0 genes. Moreover, the 

pI of this protein is 8.44 which close to the basic RPL10s, while the pI of all other proteins 

encoded by RPP0 genes is acidic, namely pI ~4. Additionally, the amino acid number of 

the predicted product of At1g25260.1 is 235 which close to other RPL10 genes (220, 220, 

221, 221 amino acid for At5g13510.1, At1g14320.1, At1g26910.1, and At1g66580.1 

respectively); whereas the amino acid number of RPP0 proteins including At2g40010.1, 

At3g09200.1 and At3g11250.1 are 317, 320 and 323, respectively.  
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Overall, through a combination of these ribosomal protein annotation based on TAIR10 

database and other published annotations we could make a new list of the 80S cytosolic 

ribosome in Arabidopsis thaliana that consists of 249 genes, among them, RPL10 is 

encoded by five genes including, At1g25260.1, At5g13510.1, At1g14320.1, 

At1g26910.1, and At1g66580.1. 

Here, we show that loss of only the At1g26910.1 isoform in two independent knockout 

lines was sufficient to cause a phenotype in root growth, but not in radical emergence or 

rosette growth.  

Further work will be required to understand the selective importance of this high turnover 

ribosomal protein in cellular function in roots. Also, further studies are needed to 

determine protein degradation rate in ribosome in planta in Arabidopsis to check the 

effect of oxidative damage on the 80S cytosolic ribosome and ribosomal protein turnover 

behaviours in intact plants 
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5.4 Material and methods 

5.4.1 Cultivation of Arabidopsis on soil 

Arabidopsis plants grew on soil mix containing compost, perlite, and vermiculite (in the 

ratio of 3:1:1). Trays containing sowed seeds transferred into a cold (4oC) dark room for 

2-3 days for stratification to improve germination rate and synchrony, then transferred to 

growth room with a light intensity of 100-125 µmolm-2s-1 at 22oC under 16/8 h light/dark 

photoperiod. 

5.4.2 Preparation of ½ MS agar plate 

Arabidopsis thaliana ecotype (Col-0) wild-type and mutant seeds were gas surface 

sterilised in 95% bleach and 5% hydrochloride in a closed desiccator and then left in a 

sterile hood for about three hours. The seeds were sown on MS plate consisting of 2.2 g 

/L of half-strength Murashige and Skoog (MS) basal medium containing 0.8%(w/v) agar 

and 1% (w/v) sucrose and 0.05% (w/v) MES and Gamborg’s B5 vitamins 0.1% (v/v). pH 

adjusted to 5.7 with 1M KOH. 

5.4.3 Salt stress essay on seed germination, cotyledon green, and root 

growth 

Before planting, Arabidopsis thaliana seeds were surface sterilized; then the sterilized 

seeds were sown in plates on MS plate medium. The seeds were put in the dark for two 

days in a 4oC cold room for stratification then moved to 23oC, with 16/8 h (dark/light) 

photoperiod with the light intensity of 120 µmol photons m-2sec-1. 

For root growth assay, after stratification; seeds grew for six days in a vertical position, 

then after six days of growth, the roots were transferred to square plates containing MS 

medium (control) or MS medium supplemented with 100 mM NaCl and 150 mM NaCl. 

Four days later, the length of the primary root was measured from each genotype. 

To study the effect of the salinity on germination, the percentage of radicle emergence 

has measured after 48 hours and 72 hours after the imbibed seeds has been transferred 

from 4oC stratification condition to short day 16/8 (dark/light) period. 
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5.4.4 DNA extraction 

To extract DNA from Arabidopsis leaves, 21 days old leaf discs were collected in 2 ml 

eppendorf tubes and kept in liquid nitrogen. Stainless grinding balls were put in each 

ependorf tube and the leaf was homoginized using a mixer mill (MM 301, Retch) at 

frequency 25/s for 1 minute. 

400µl of extraction buffer ( 0.1M Tris, 0.5M EDTA, 0.5M NaCl and 1% of PVP, pH 8) 

was added to each eppendorf tube and centrifuged for 3 minutes at 14000 xg and the 

supernatant transferred to another eppendorf tube. Next, 38µl of 10% SDS was added to 

each sample and incubated in room temperature for 15 minutes, followed by addition of 

100 µl of potassium acetate (5M) and mixed by inversion then incubated for one hour in 

-20oC. Then, the sample was centrifuged at 20800 xg for 15 minutes and the supernatant 

was kept for the next step. The DNA was then precipitated by adding 200 µl of 100 % 

isopropanol followed by incubation for 15 minutes in -20o C and then centrifuged at 

20800 xg for 15 minutes. The supernatant was removed, and the pellet was washed with 

500 µL of 70 % ethanol and centrifuged for 5 minutes at 20800 xg. Finally, the 

supernatant was removed, and the pellet was left in a fume hood to dry for 20 minutes. 

5.4.5 Polymerase chain reaction method 

The insertion was confirmed by PCR using RPP0D/RPL10-like specific primers (Table 

5.1). Each sequencing reaction consisted of 0.8µl of DNA template, 0.2 µl of primers 

(10µM) and 5µl of OneTaq Hot Start Quick-Load 2X Master Mix (BioLabs) to give a 

final volume of 10 µl. The reaction was performed in 4oC and for each addition of the 

chemicals the sample vortexed for 20 seconds and spun down for 15 seconds. Finally, the 

reaction mixture was transferred to the thermocycler for amplification, and the program 

that used for PCR is shown in (Table 5.2). 
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Table 5.1: Primers used for PCRs of RPP0D/ RPL10-like (AT1G25260.1). 

Lines Primers Sequence (5' to 3') 

SALK_064854 Forward primer (LP)  GGCGACTACTACGAGCATGAG   

SALK_064854 Reverse primer (RP)  TTTCCATTGTGCCTAAACTGC 

SALK_LBb1 Left border primer(LB) GCGTGGACCGCTTGCTGCAACT 

GABI_486D03 Forward primer (LP)  GGCGACTACTACGAGCATGAG 

GABI_486D03 Reverse primer (RP)  GGTTGAACTGAAGGAAGGTCC 

GABI-08409 Left border primer(LB) ATATTGACCATCATACTCATTGC 

 

Table 5.2: PCR program for DNA amplification of PCRs of RPP0D/RPL10-like 

(AT1G25260.1). 

Initial denaturation 95oC for 5 minutes 

Amplification 30 cycles 

Denaturation 95oC for 20 seconds 

Annealing 52.5oC for 40 seconds 

Extension 72 oC for 1:50 second 

Final extension 72oC for 5 minutes 

Hold 4oC indefinitely 

 

5.4.6 Agarose gel electrophoresis and loading DNA 

1% (w/v) of agarose prepared by dissolving 1 g of agarose in 100 ml of 1x TBE (tris, 

borate and EDTA, pH 8) buffer, followed by heating via microwave so the temperature 

was more than 64oC to dissolve all the agarose powder. Then 0.5 µg/ml of ethidium 

bromide was added to the agarose solution as a fluorescent tag for DNA before 

solidification.   

Electrophoresis was performed by putting the solidified agarose gel into a 1x TBE buffer 

in a Sub-Cell or Mini-Sub Cell GT (Bio-Rad) gel tank. To separate DNA fragments, 10µl 

of amplified DNA sample was added to the gels and electrophoresis applied for 20-30 

minutes at 120V.  Finally, ChemiDoc XRS Gel Documentation System (Bio-Rad) was 

used to take the image of DNA fragments. 
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5.4.7 Statistical analysis 

The analysis of data included one-way and two-way variance analysis (ANOVA) tests for 

comparison samples computed by XLSTAT (version 2018.5), p < 0.05 was considered as 

significant. 

The ANOVA parameters were adjusted as following: 0.0001 was chosen as tolerance, 

confidence interval (95%). For model selection, we chose best model with criterion 

(adjusted R2), and number 2 was selected as a minimum and maximum variables. 
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General discussion 

Ribosomes are the cellular translational machinery that can be found either free-floating 

in the cytoplasm or can be attached to the endoplasmic reticulum and known as RER. 

Proteins that are synthesized by free ribosomes are mostly used within the cell or 

translocated to the nucleus, mitochondria, and peroxisomes, whereas, the proteins that are 

synthesized by RER are exported from the cell or imported into lysosomes (Kalies et al., 

1994). Numerous studies have researched ribosomal subunit biogenesis, structure, the 

amount of energy that they use during synthesis, as well as their control by transcriptional, 

translational, and post-translational mechanisms (Warner, 1999; Pena et al., 2017).  

Ribosomes are well known to be composed of more than 80 ribosomal proteins and 4 

rRNAs that have been divided into two subunits known as the 40S small ribosomal 

subunit and the 60S large ribosomal subunit. However, there are many unanswered 

questions about ribosomes. How do these ribosomal proteins assemble to make the 80S 

ribosomal complex? Do some of these proteins has faster turnover rates than the others? 

Do the 40S and 60S subunits have the same degradation rate or are they controlled 

independently? Critical to answering these questions is a better understanding of the rate 

of synthesis and degradation of different ribosomal proteins. 

Moreover, oxidative stress results in an increase in the cellular concentration of ROS 

which has a significant negative effect on cellular functions including ribosomal 

machinery and their longevity. This is due to the fraction of free radicals in the cell that 

are not detoxified and/or machinery that is not repaired, resulting in the accumulation of 

unrepaired damage. Here unanswered questions include: how does the plant modulate its 

protein turnover rate to fit this new environment? do cells regulate the abundance of 

ribosomal proteins differently under normal and oxidative stress conditions? how does 

oxidative damage effect the function of cellular proteins including ribosomes? 

Finally, ribosomes do not act alone in cells, rather their function is linked to pre-

translational regulators and also to post-translational processes. This implies that other 

proteins may be physically linked to the ribosomal machinery, proteins that do not 

participate in mRNA translation and protein synthesis. In yeast, they are called translation 

machinery associated (TMA) proteins. What are these proteins in plants? how strongly 

do they associate with ribosomal machinery function? 
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 Ribosomal proteins: properties, functions and their stability 

The nucleolus is a main organelle in which the synthesis and assembly of ribosomal 

subunits occurs (Lafontaine, 2015). In the mammalian cell, it was shown that newly 

synthesis ribosomal proteins are imported into the nucleolus, and they assemble with 

ribosomal RNAs to create ribosomal subunits (the 60S and 40S), followed by synthesis 

of the 80S ribosomal machine (Lewis and Tollervey, 2000). In HeLa cells, it has been 

shown that every minute more than 3 x 105 ribosomal proteins participate in the synthesis 

of around 7,500 ribosomal subunits (Lewis and Tollervey, 2000). By using the dual 

approach of fluorescence microscopy and mass spectrometry it was identified that 

ribosomal proteins in Hela cells are synthesised in excess and accumulate in the 

nucleolus, while, a portion of these ribosomal proteins are export to the cytoplasm and 

contribute in ribosome biogenesis (Lam et al., 2007).  

Degradation of the excess of ribosomal proteins was shown to be mediated by the 26S 

proteasome (Sung et al., 2016). For example, ribosomal protein L23a, L24, S3 and S18 

were found to be targeted by ubiquitin through a lysine (K) residue, which suggested that 

ubiquitination can play a role in the regulation of ribosomal proteins (Matsumoto et al., 

2005).  In addition to the 26S proteasome, unnecessary or damaged ribosomes are often 

targeted by autophagy (ribophagy) processes and degraded in the vacuole (Ossareh-

Nazari et al., 2014). In the mammalian cell, a recent study identified a ribosome receptor 

(NUFIP1) that is required for the autophagic targeting of ribosomes upon starvation or 

mTOR inhibition through its association with the ribosomal large subunit (Wyant et al., 

2018). 

Studying protein turnover has a significant role in determining the cellular state,  protein 

life-time and assembly pathway of biogenesis of protein complexes. For instance, 

researchers have shown that turnover studies of holoenzyme and relevant assembly 

intermediates can help to understand the assembly pathway of ETC complexes including 

Complex I (Li et al., 2013) and ATP synthase (Li et al., 2012). 

Here I have demonstrated that the ribosomal proteins in both subunits of intact ribosomes 

possess a range of different degradation rates as shown in Figure 2.17 and 2.18 in Chapter 

2, suggesting that each of these ribosomal proteins has its own destiny and perhaps a 

different assembly pathway (Doherty et al., 2008; Li et al., 2017). It could be that those 

ribosomal proteins which are crucial for the cell function stay for a long time, while those 

which are not important degrade relatively soon after their synthesis.  
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Additionally, despite the variation of KD among ribosomal proteins, I also found that 

protein stability can vary among isoforms of the same gene. Most notably, the small 

subunit ribosomal protein RACK1 has three isoforms (RACK1A, B, and C), and 

RACK1C had the highest KD value followed by RACK1 B and A. 

Previously, in yeast (S. cerevisiae) (Christiano et al., 2014) and Arabidopsis (Arabidopsis 

thaliana) (Li et al., 2017) it had been identified that ribosomal subunits are among the 

longest-lived cellular proteins that turned over slowly. Moreover, in mice, it was shown 

that ribosomal protein which is located in the interface between the small and large 

subunit turned over faster than other ribosomal proteins, and the authors claimed that this 

correlated with the interface being the region that is catalyzing the enzymatic processes 

of the ribosome (Mathis et al., 2016). Martin-Perez suggested that short-lived ribosomal 

proteins contain specific sequence elements that may serve as degradation signals to be 

targeted by the ubiquitin molecule in comparison with more stable proteins (Martin-Perez 

and Villén, 2017).   

In terms of ribosomal subunit stability, I found that the degradation rate of both 60S and 

40S subunits showed very similar turnover as shown in Figure 2.23 in Chapter 2. This 

suggests that these two subunits work together during the mRNA translation and protein 

synthesis process, and once the translation is terminated these two subunits are equally 

likely to be targeted for degradation. This is consistent with a previous study in barley 

leaves that found the protein turnover rate of both ribosomal subunits in the cytosol and 

chloroplast (Nelson et al., 2014) as well as in the yeast (S. cerevisiae) cytosol and 

mitochondrion (Martin-Perez and Villén, 2017) fall within a very narrow range. But it is 

different to plant mitochondria, where there has been a claim for a slower turnover of 

large subunit proteins than for small subunit proteins (Li et al., 2017).  

It is still unclear how ribosomal proteins in plants, and especially those that differ in 

degradation rate, interact either with each other or with those proteins that associate with 

ribosomal proteins during ribosome biogenesis. Chemical cross-linking in conjugation 

with multi-stage tandem mass spectrometry (MSn) has become a powerful method for 

identifying and mapping the site of protein interaction with each other as well as 

determining protein structure (Kaake et al., 2014; Wang et al., 2017). DSSO has been 

successfully applied to make protein cross-link and structural characterization in the yeast 

(S. cerevisiae) 20S (Kao et al., 2011) and 19S proteasome (Kao et al., 2012) and later in 

human 26S proteasome (Wang et al., 2017). This might be helpful to apply this cross-

linker to identify protein-protein interactions within the plant cytosolic ribosome. 
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 Oxidative stress reduces the ribosomal protein turnover rate 

Although low levels of H2O2 seem to be required for normal signaling process in cells 

(Marinho et al., 2014), researchers have shown that H2O2 treatment can generate ROS 

and result in a change in cellular protein abundance and mRNA level (Weeks et al., 2006; 

Willi et al., 2018). Similarly, menadione, a chemical intermediate in the synthesis of 

vitamin K, can generate ROS at multiple cellular sites through redox cycling reaction 

mechanisms in membranes (Criddle et al., 2006). 

An earlier study proposed that protein degradation plays a significant role in the 

regulation of ribosome protein abundance in Arabidopsis thaliana (Baerenfaller et al., 

2012). In my study in this thesis, the turnover rate of 80S ribosomal protein in Arabidopsis 

thaliana cell culture was examined in response to oxidative stress that was induced by 

addition of H2O2 or menadione to the cell culture followed by 15N labelling and mass 

spectrometry-based analysis. This allowed the examination of how the cytosolic ribosome 

as a whole and individual ribosomal proteins in a cell are affected under oxidative 

treatment conditions. 

Sweetlove and co-workers showed that H2O2 and menadione led to ROS damage of 

mitochondria and changes in protein abundance in Arabidopsis thaliana cell cultures 

(Sweetlove et al., 2002). Lehmann and colleagues showed that menadione led to a product 

of ROS in roots but not leaves in the hydroponically growth Arabidopsis thaliana 

(Lehmann et al., 2009). In yeast (S.cerevisiae), it was shown that translation efficiency 

was altered by treatment with 1 mM menadione (Halbeisen and Gerber, 2009). 

Researchers have also studied the effect of H2O2 on intracellular protein function. For 

example, to check the effect of H2O2 treatment on both DNA and RNA function; the level 

of 8-hydroxyguanosine (an oxidized form of guanosine) was estimated after cellular 

treatment (Liu et al., 2012). Their results showed that H2O2 induced a higher level of 

oxidized guanosine in RNA than in DNA, which was proposed to be due to higher cellular 

RNA abundance that is targeted by oxidative damage than DNA (Willi et al., 2018). 

I found that Arabidopsis thaliana cell culture treated with either H2O2 or menadione led 

to a decrease in the abundance and degradation rate of several ribosomal proteins in 

comparison with control samples. A similar result was obtained in the proteomic analysis 

of isolated mitochondrial proteome in yeast (S.cerevisiae) under oxidative stress. Bender 

et al. found that both H2O2 and menadione resulted in decreased of several protein spots 

by using the 2-D DIGE technique (Bender et al., 2010). 
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Furthermore, to check the relative protein synthesis and translation rate upon treatment 

condition, I used radiolabeled 14C-leucine as a protein synthesis indicator. I found that the 

rate of the 14C-leucine incorporation in control samples was higher than after oxidation 

treatments, which indicates that protein synthesis rate is reduced by oxidative stress and 

consequently decreased in cellular protein abundance. Inconsistent with previews study 

in Arabidopsis thaliana cell culture showed that menadione causes a change in abundance 

and percentage of (13C) labeling of several metabolites and transcripts encoding TCA 

cycle enzymes and amino acid biosynthesis (Baxter et al., 2007). Moreover, a recent 

report on bacteria showed that 23S rRNA and large 50S ribosomal subunit were both 

targeted by ROS (Willi et al., 2018). They found that using H2O2 treatment had a 

significant affect on the 23S ribosomal RNA (rRNA) compared with 16S (rRNA) and 

consequently inhibited ribosome translation function and protein synthesis. Also, they 

revealed that the 50S ribosomal subunit was more impaired by oxidative damage than the 

30S small subunit, and suggested that the catalytic processes that mostly occurred in the 

large subunit explained its vulnerability to oxidative stress (Willi et al., 2018).  

Additionally, in yeast (S.cerevisiae), it has been shown that rRNAs treatment with both 

menadione and H2O2 resulted in excessive decomposition and degradation of both 25S 

and 5.8S rRNA of the large ribosomal subunit (Mroczek and Kufel, 2008).  

The turnover rate of 40 ribosomal proteins was significantly different (one way-ANOVA) 

under the treatment conditions in comparison with the control samples (p ≤ 0.05). Among 

them, RACK1B showed the highest degradation rate under normal conditions, whereas 

its degradation rate significantly decreased (p ≤ 0.05) after treatment. Knockout of this 

protein was previously reported to not have any phenotypically affect on plant growth 

and development (Guo and Chen, 2008), and I found the same in Chapter 5,  Figure 5.1. 

The redundancies caused by multiple isoforms of this protein in plants may result in it 

degrading faster than other isoforms once synthesized. 

Further studies are needed to check the effect of oxidative damage on the 80S cytosolic 

ribosome and ribosomal protein turnover behaviour in planta in Arabidopsis. Previously 

in intact plants grown in hydroponically growth media; degradation rates of several 

ribosomal proteins in purified Arabidopsis mitochondrial proteins under normal condition 

were reported and this showed that 50S subunit ribosomal proteins were more stable than 

30S subunit ribosomal proteins (Li et al., 2017). Therefore, by applying 15N labelling in 

hydroponically media, followed by isolation of cytosolic ribosome the degradation rate 

of ribosomal proteins with and without treatments in intact plants could be analysed. 
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 Identification of proteins associated with translational machinery 

ribosomal complex 

Identification and characterization of proteins that are distinct from but required for  80S 

ribosomal machine functioning are essential to obtain a better understanding of the 

translational process. To aid this, translational machinery associated proteins were 

identified after the third centrifugation process in Chapter 2 when 80S ribosomes were 

purified using multiple discontinuous sucrose gradients. 

An earlier study in yeast (S.cerevisiae) showed that proteins that are associated with the 

ribosomal machine are enriched in proteins needed for the translational process; so called 

translation-machinery-associated (TMA) proteins. Deletion of some of these proteins 

resulted in an alteration in both protein synthesis rate and translation-related processes in 

yeast  (Fleischer et al., 2006). 

I identified more than 300 proteins in the purification process including both ribosomal 

and non-ribosomal proteins after the third centrifugation step. About half of these proteins 

are predicted or experimentally shown to be located in the cytosol, followed by 

mitochondria and plastid. By using the open source STRING database version 10.5 

(https://string-db.org/) (Szklarczyk et al., 2015) the protein interaction score was checked 

between known ribosomes and non-ribosomal proteins in this set of 300. 

I found that most of the proteins that are considered non-ribosomal proteins showed a 

significant interaction score with ribosomal proteins. By imposing a strict definition of 

enrichment being ≥ 10 fold from the first to last centrifugation (p-value ≤ 0.05); I 

identified 26 highly ribosome-associated proteins (Table 6.1). 

Eight of these proteins were previously found to be involved in translation and ribosomal 

function in different organisms, including TMA7 (Fleischer et al., 2006), eIF6 (Guo et al., 

2011), cytochrome c (Mei et al., 2010),  Class I peptide chain release factor (Petropoulos et 

al., 2014), methionyl-tRNA synthetase (Kwon et al., 2011), nucleolin like 1 or 

PARL1(Petricka and Nelson, 2007), fructose-bisphosphate aldolase 1(Ziveri et al., 2017) 

and  AAA-ATPases (Bassler et al., 2010). 

One of the proteins that we found in the list that was nearly 15-fold enriched in the final 

step was translation machinery associated TMA7 (AT1G15270.1). This is in agreement 

with the previous result that the orthologous protein was identified in yeast (S.cerevisiae) 

and annotation as a translation process-related protein (Fleischer et al., 2006). But no 

further information on its function in yeast has yet been revealed. 

https://string-db.org/
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AT3G55620.1 which was annotated as a translation initiation factor IF6; is another 

protein identified here as a ribosome-associated protein. This protein was found in 

Arabidopsis thaliana to physically interacts with the small ribosomal RACK1 protein 

(Guo et al., 2011) as well as to be involved in the formation of the 60S large subunit 

(Brina et al., 2015). Also, eIF6 in yeast (S.cerevisiae), is required for pre-rRNA 

processing and the biogenesis of 60S ribosome subunit, however, the depletion of this 

protein resulted in an imbalance of the 60S to 40S subunit ratio and reduction of protein 

synthesis and eventually reduction of cell growth (Basu et al., 2001). 

Cytochrome c was another protein that we found in the ribosomal enrichment list. In 

mammalian cells, this protein has been reported to be a tRNA associated protein that is 

essential for disabling the formation of the apoptosis complex (Mei et al., 2010). 

However, it is still unclear the functionality of other proteins that interact with the 80S 

cytosolic ribosome and how they participate, if at all, in protein synthesis in plant cells. 

Further study is required to reveal the role of these ribosome-associated proteins during 

the translational process. 
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Table 6.1: Ribosome associated protein list. 

Non-ribosomal proteins were selected based of their >10-fold enrichment in the third 

centrifugation to the first entrifugation (p ≤ 0.05). The protein description were found 

based on SUBA4 description database. Enrichment (3/1) is the fold change in the 

enrichment level from the first centrifugation to the third centrifugation. 

 
A

G
Is

 

E
n

ri
ch

m
en

t 

(3
/1

) 

P
-v

a
lu

e 

 SUBAcon description 

AT5G53460.1 139.80 0.049 NADH-dependent glutamate synthase 1. 

AT5G20010.1 124.14 0.000 RAS-related nuclear protein-1. 

AT1G62850.2 119.83 0.041 Class I peptide chain release factor. 

AT5G55730.1 118.43 0.001 Fasciclin-like arabinogalactan 1. 

AT4G13780.1 82.67 0.045 Methionyl-tRNA synthetase. 

AT3G09840.1 62.93 0.043 Cell division cycle 48. 

AT3G53230.1 62.93 0.050 ATPase, AAA-type, CDC48 protein. 

AT3G27850.1 58.85 0.001 50S ribosomal protein L12-C. 

AT1G48920.1 55.06 0.020 Nucleolin like 1. 

AT2G27030.3 53.06 0.041 Calmodulin 5. 

AT2G01140.1 49.58 0.042 Aldolase superfamily protein. 

AT2G21330.1 49.58 0.049 Fructose-bisphosphate aldolase 1. 

AT1G22840.1 47.94 0.000 Cytochrome C-1;encodes cytochrome c.  

AT3G09820.1 47.94 0.010 Adenosine kinase 1. 

AT5G03300.1 47.94 0.010 Adenosine kinase 2. 

AT4G05400.1 33.44 0.000 Aopper ion binding. 

AT1G08580.1 30.70 0.004 Not assigned. 

AT4G35460.1 27.58 0.006 NADPH-dependent thioredoxin reductase B. 

AT2G17420.1 27.58 0.026 NADPH-dependent thioredoxin reductase A. 

AT2G21870.1 26.82 0.049 Copper ion binding;cobalt ion binding;zinc ion binding. 

AT3G51160.1 26.06 0.001 NAD(P)-binding Rossmann-fold superfamily protein. 

AT3G58610.1 26.04 0.048 Ketol-acid reductoisomerase; 

AT3G55620.1 14.80 0.038 Translation initiation factor IF6. 

AT1G15270.1 14.73 0.004 Translation machinery associated TMA7. 

AT3G55410.1 12.53 0.017 2-oxoglutarate dehydrogenase. 

AT5G08570.1 10.19 0.039 Pyruvate kinase family protein. 
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 Conclusions and future directions 

Plant 80S cytosolic ribosome is a complex protein that consists of four rRNA and 81 

ribosomal proteins that participate in the cellular protein synthesis. Biogenesis of the 

ribosome is a highly complicated process between the nucleus and the cytoplasm. 

Although the biological role of this machine is well known in both eukaryotic and 

prokaryotic cells, there is still little information known about the longevity and lifetime 

of this machines components, particularly in plant systems. 

The results presented in this thesis show the study of ribosomal protein turnover rate 

under normal conditions by using 15N stable isotope labelling in combination with mass 

spectrometry, providing information about the rate of renewal of proteins that make up 

this complex. Under normal condition, the turnover rate of several ribosomal proteins was 

calculated in both small and large subunits. The results showed that the degradation rate 

among these proteins was not uniform, some proteins possess high turnover rates such as 

RPP0D and RACK1B, and some of them possess a low degradation rate like RPS23A. 

Additionally, we investigated the effect of oxidative damage by using  H2O2 and 

menadione on ribosome activity, we found that the ribosomal machine function was 

negatively affected by oxidative damage and decrease the degradation rate of ribosomal 

proteins in comparison with control samples. 

Protein synthesis rate and protein abundance level were checked by applying radioactive 

labeling 14C-leucine and MRM method respectively for both treated and untreated 

samples. The results showed that oxidative damage has significantly affect on decreasing 

cellular protein and the protein synthesis rate. 

Variation of protein stability is often linked to their physiological function (Christiano et 

al., 2014). Also other  factors such as protein sequence, structure, activity level, and 

mRNA stability, contribute to protein turnover to different extents (Martin-Perez and 

Villén, 2017). The effect of PTMs such as ubiquitylation on protein turnover has shown 

that most proteins that undergo ubiquitylation modifications have faster turnover rate than 

those that under other PTMs (Martin-Perez and Villén, 2017).  

One way to study the importance of degradation rates is to see the influence of differences 

in turnover rate in protease mutants. For example the role of Lon1 protease in 

mitochondrial protein homeostasis in hydroponic grown of Arabidopsis seedlings shows 

that slowing degradation can have a wide range of effects on mitochondrial function and 

plant growth rate (Li et al., 2017). Another way would be to increase the degradation of 
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a protein using degron tags to see if rapid degradation can influence function, or look at 

rapidly degrading proteins and attempt to remove putative degron tags and express them 

in cells to see if degradation rate can be slowed and can influence protein function.  

Studies will be important to explore the protein turnover rate link between cytosolic 

ribosomes and mitochondrial ribosomes, by isolating ribosomal proteins from 

mitochondria (Carroll, 2017) followed by determining protein degradation rate of these 

isolated proteins and comparing their degradation rate with the cytosolic ribosome. Also, 

it could be interesting to investigate the role of some of those proteins that were 

considered to be ribosome-associated proteins which have a high degree of enrichment in 

the final centrifugation process. For example, knockdown of some of these proteins could 

help investigate the role of these proteins in ribosome functionality and their impact on 

ribosomal protein degradation rate within a cell. 

Additional studies are also needed to understand the impact of oxidative stress on 

proteasomal protein turnover rate. In Arabidopsis plants, there would also be a set of 

proteins that interact with proteasome that could be pulled down together with the 

proteasome. It will be interesting to identify these putative proteasome interactors or 

substrates and determine their turnover rate and their relationship with proteasome 

function. 
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Appendix 1  

Subcellular localization and distribution of 193 proteins in Arabidopsis thaliana cell 

culture that were identified during differential centrifugation process. (A) ribosomal 

proteins, (B) non-ribosomal proteins. 

(A) Ribosomal Proteins 

AGIs SUBA4 Description 
SUBA4 

location 

AT1G01100.1 60S acidic ribosomal protein family. cytosol 

AT1G02780.1 Ribosomal protein L19e family protein. cytosol 

AT1G04270.1 Cytosolic ribosomal protein S15. cytosol 

AT1G04480.1 Ribosomal protein L14p/L23e family protein. cytosol,nucleus 

AT1G07770.1 Ribosomal protein S15A. cytosol 

AT1G08360.1 Ribosomal protein L1p/L10e family. cytosol 

AT1G09590.1 Translation protein SH3-like family protein. cytosol 

AT1G14320.1 Ribosomal protein L16p/L10e family protein. cytosol 

AT1G18080.1 
Transducin/WD40 repeat-like superfamily protein 

homolog of the tobacco WD-40 repeat ArcA gene 
cytosol 

AT1G18540.1 Ribosomal protein L6 family protein. cytosol 

AT1G22780.1 Ribosomal protein S13/S18 family. cytosol 

AT1G23290.1 Ribosomal protein L18e/L15 superfamily protein. cytosol 

AT1G26880.1 Ribosomal protein L34e superfamily protein. cytosol,nucleus 

AT1G26910.1 Ribosomal protein L16p/L10e family protein. cytosol 

AT1G27400.1 Ribosomal protein L22p/L17e family protein. 
cytosol,plastid, 

nucleus 

AT1G29965.1 Ribosomal protein L18ae/LX family protein. cytosol 

AT1G33120.1 Ribosomal protein L6 family. cytosol 

AT1G41880.1 Ribosomal protein L35Ae family protein. cytosol 

AT1G43170.1 
Ribosomal protein 1.Encodes a cytoplasmic 

ribosomal protein. 
cytosol 

AT1G48630.1 Receptor for activated C kinase 1B. cytosol 

AT1G48830.1 Ribosomal protein S7e family protein. cytosol 

AT1G57660.1 Translation protein SH3-like family protein. cytosol 

AT1G58380.1 Ribosomal protein S5 family protein. cytosol 

AT1G58684.1 Ribosomal protein S5 family protein. cytosol 

AT1G61580.1 R-protein L3 B. cytosol 

AT1G66580.1 Senescence associated gene 24. cytosol 

AT1G67430.1 Ribosomal protein L22p/L17e family protein. cytosol,nucleus 

AT1G69620.1 Ribosomal protein L34. cytosol 

AT1G74050.1 Ribosomal protein L6 family protein. cytosol 

AT1G74060.1 Ribosomal protein L6 family protein. cytosol 

AT1G77940.1 
Ribosomal protein L7Ae/L30e/S12e/Gadd45 family 

protein. 
cytosol 

AT2G01250.1 Ribosomal protein L30/L7 family protein. cytosol 

AT2G05220.1 Ribosomal S17 family protein. cytosol 



Appendix 1 

223 

 

AT2G16360.1 Ribosomal protein S25 family protein. cytosol,nucleus 

AT2G17360.1 Ribosomal protein S4 (RPS4A) family protein. cytosol 

AT2G18020.1 Ribosomal protein L2 family. cytosol 

AT2G19730.1 Ribosomal L28e protein family. cytosol 

AT2G20450.1 Ribosomal protein L14. cytosol 

AT2G21580.1 Ribosomal protein S25 family protein. cytosol,nucleus 

AT2G27710.1 60S acidic ribosomal protein family. cytosol 

AT2G27720.1 60S acidic ribosomal protein family. cytosol 

AT2G31610.1 Ribosomal protein S3 family protein. cytosol 

AT2G32060.1 
Ribosomal protein L7Ae/L30e/S12e/Gadd45 family 

protein. 
cytosol 

AT2G36160.1 Ribosomal protein S11 family protein. cytosol 

AT2G36620.1 Ribosomal protein L24. cytosol 

AT2G37190.1 Ribosomal protein L11 family protein. cytosol 

AT2G37270.1 Ribosomal protein 5B. cytosol 

AT2G37600.1 Ribosomal protein L36e family protein. cytosol,nucleus 

AT2G39390.1 Ribosomal L29 family protein . cytosol 

AT2G40010.1 Ribosomal protein L10 family protein. cytosol 

AT2G40510.1 Ribosomal protein S26e family protein. cytosol 

AT2G40590.1 Ribosomal protein S26e family protein. cytosol 

AT2G41840.1 Ribosomal protein S5 family protein. cytosol 

AT2G42740.1 Ribosomal protein large subunit 16A.  cytosol 

AT2G43460.1 Ribosomal L38e protein family. cytosol 

AT2G44120.1 Ribosomal protein L30/L7 family protein. cytosol 

AT2G45710.1 Zinc-binding ribosomal protein family protein. cytosol 

AT2G47110.1 ubiquitin 6.polyubiquitin gene cytosol 

AT2G47610.1 
Ribosomal protein L7Ae/L30e/S12e/Gadd45 family 

protein. 
cytosol 

AT3G02080.1 Ribosomal protein S19e family protein. cytosol 

AT3G02560.1 Ribosomal protein S7e family protein. cytosol 

AT3G04230.1 
Ribosomal protein S5 domain 2-like superfamily 

protein. 
cytosol 

AT3G04840.1 Ribosomal protein S3Ae. cytosol 

AT3G04920.1 Ribosomal protein S24e family protein. cytosol 

AT3G05560.1 Ribosomal L22e protein family. cytosol 

AT3G05590.1 Ribosomal protein L18. cytosol 

AT3G07110.1 Ribosomal protein L13 family protein. cytosol 

AT3G09200.1 Ribosomal protein L10 family protein. cytosol 

AT3G09500.1 Ribosomal L29 family protein . cytosol 

AT3G09630.1 Ribosomal protein L4/L1 family. cytosol 

AT3G11250.1 Ribosomal protein L10 family protein. cytosol 

AT3G11510.1 Ribosomal protein S11 family protein. cytosol 

AT3G11940.1 Ribosomal protein 5A.  cytosol 

AT3G13580.1 Ribosomal protein L30/L7 family protein. cytosol 

AT3G18130.1 Receptor for activated C kinase 1C.  cytosol 

AT3G18740.1 
Ribosomal protein L7Ae/L30e/S12e/Gadd45 family 

protein. 
cytosol 
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AT3G22230.1 Ribosomal L27e protein family. cytosol 

AT3G24830.1 Ribosomal protein L13 family protein. cytosol 

AT3G25520.1 Ribosomal protein L5. cytosol 

AT3G28500.1 60S acidic ribosomal protein family. cytosol 

AT3G45030.1 Ribosomal protein S10p/S20e family protein. cytosol 

AT3G47370.1 Ribosomal protein S10p/S20e family protein. cytosol 

AT3G48930.1 Nucleic acid-binding, OB-fold-like protein. cytosol 

AT3G49010.1 
Breast basic conserved 1.Encodes 60S ribosomal 

protein L13.   
cytosol 

AT3G49910.1 Translation protein SH3-like family protein. cytosol 

AT3G51190.1 Ribosomal protein L2 family. cytosol,nucleus 

AT3G52580.1 Ribosomal protein S11 family protein. cytosol 

AT3G53020.1 Ribosomal protein L24e family protein.  cytosol 

AT3G53430.1 Ribosomal protein L11 family protein. cytosol 

AT3G53740.1 Ribosomal protein L36e family protein. cytosol 

AT3G53870.1 Ribosomal protein S3 family protein. cytosol 

AT3G55170.1 Ribosomal L29 family protein . cytosol 

AT3G55280.1 Ribosomal protein L23AB.  cytosol 

AT3G56340.1 Ribosomal protein S26e family protein. cytosol 

AT3G60770.1 Ribosomal protein S13/S15. cytosol 

AT3G61110.1 Ribosomal protein S27. cytosol 

AT3G62250.1 Ubiquitin 5. nucleus 

AT3G62870.1 
Ribosomal protein L7Ae/L30e/S12e/Gadd45 family 

protein. 
cytosol 

AT4G00100.1 Ribosomal protein S13A.  cytosol 

AT4G00810.1 60S acidic ribosomal protein family. cytosol 

AT4G15000.1 Ribosomal L27e protein family. cytosol 

AT4G16720.1 Ribosomal protein L23/L15e family protein. cytosol 

AT4G18100.1 Ribosomal protein L32e. cytosol 

AT4G25740.1 RNA binding Plectin/S10 domain-containing protein. cytosol 

AT4G29410.1 Ribosomal L28e protein family. cytosol 

AT4G31700.1 Ribosomal protein S6.  cytosol 

AT4G34555.1 Ribosomal protein S25 family protein. cytosol,nucleus 

AT4G34670.1 Ribosomal protein S3Ae. cytosol 

AT4G36130.1 Ribosomal protein L2 family. cytosol 

AT4G39200.1 Ribosomal protein S25 family protein. cytosol,nucleus 

AT5G02450.1 Ribosomal protein L36e family protein. cytosol 

AT5G02870.1 Ribosomal protein L4/L1 family. cytosol 

AT5G07090.1 Ribosomal protein S4 (RPS4A) family protein. cytosol 

AT5G09510.1 Ribosomal protein S19 family protein. cytosol 

AT5G10360.1 Ribosomal protein S6e.  cytosol 

AT5G15200.1 Ribosomal protein S4. cytosol 

AT5G15520.1 Ribosomal protein S19e family protein. cytosol 

AT5G16130.1 Ribosomal protein S7e family protein. cytosol 

AT5G20290.1 Ribosomal protein S8e family protein. cytosol,nucleus 

AT5G22440.1 Ribosomal protein L1p/L10e family. cytosol 
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AT5G27770.1 Ribosomal L22e protein family. cytosol 

AT5G27850.1 Ribosomal protein L18e/L15 superfamily protein. cytosol 

AT5G28060.1 Ribosomal protein S24e family protein. cytosol 

AT5G35530.1 Ribosomal protein S3 family protein. cytosol 

AT5G39740.1 Ribosomal protein L5 B.  cytosol 

AT5G40040.1 60S acidic ribosomal protein family. cytosol 

AT5G41520.1 RNA binding Plectin/S10 domain-containing protein. cytosol 

AT5G45775.1 Ribosomal L5P family protein. cytosol 

AT5G46430.1 Ribosomal protein L32e. cytosol 

AT5G48760.1 Ribosomal protein L13 family protein. cytosol 

AT5G58420.1 Ribosomal protein S4 (RPS4A) family protein. cytosol 

AT5G59240.1 Ribosomal protein S8e family protein. cytosol,nucleus 

AT5G60670.1 Ribosomal protein L11 family protein. cytosol 

AT5G61170.1 Ribosomal protein S19e family protein. cytosol 

AT3G04400.2 Ribosomal protein L14p/L23e family protein. cytosol 

AT3G27850.1 Ribosomal protein L12-C. plastid 

ATCG00830.1 Ribosomal protein L2.  plastid 

AT4G34620.1 Small subunit ribosomal protein 16.  plastid 

AT5G64650.1 Ribosomal protein L17 family protein. mitochondrion 

AT5G09770.1 Ribosomal protein L17 family protein. mitochondrion 

AT3G17465.1 Ribosomal protein L3.  mitochondrion 

AT3G25520.2 Ribosomal protein L5.  nucleus 

AT2G27710.4 60S acidic ribosomal protein family. 
plasma 

membrane 

 (B) Non-ribosomal Proteins 

AGIs Description 
SUBA4 

location 

AT1G61300.1 
LRR and NB-ARC domains-containing disease 

resistance protein. 
cytosol 

AT4G13780.1 Methionine--tRNA ligase. cytosol 

AT3G09820.1 Adenosine kinase 1.  cytosol 

AT5G03300.1 Adenosine kinase 2.  cytosol 

AT3G49010.4 
Breast basic conserved 1.Encodes 60S ribosomal 

protein L13.  
cytosol 

AT5G37780.2 
Calmodulin 1.encodes a calmodulin that is involved in 

thigmomorphogenesis.  
cytosol 

AT1G66410.1 Calmodulin 4.encodes a calmodulin cytosol 

AT2G27030.3 Calmodulin 5 encodes a calmodulin. cytosol 

AT3G55620.1 Translation initiation factor IF6. cytosol 

AT5G17330.1 Glutamate decarboxylase. cytosol 

AT2G36530.1 
Enolase.Involved in light-dependent cold tolerance 

and encodes an enolase. 
cytosol 

AT3G51160.1 NAD(P)-binding Rossmann-fold superfamily protein.  cytosol 

AT1G70730.1 
Phosphoglucomutase/phosphomannomutase family 

protein.    
cytosol 

AT5G20010.1 RAS-related nuclear protein-1.  cytosol 
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AT4G27960.1 Ubiquitin conjugating enzyme 9. cytosol 

AT3G03250.1 UDP-GLUCOSE PYROPHOSPHORYLASE 1.  cytosol 

AT1G43170.4 
Ribosomal protein 1.Encodes a cytoplasmic 

ribosomal protein. 

cytosol, 

nucleus 

AT3G45970.1 Expansin-like A1.member of EXPANSIN-LIKE.   extracellular 

AT5G55730.1 FASCICLIN-like arabinogalactan 1.  extracellular 

AT2G17930.1 Phosphatidylinositol 3- and 4-kinase family protein  golgi 

AT3G18000.1 
S-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein.  
golgi 

AT3G55410.1 2-oxoglutarate dehydrogenase, E1 component. mitochondrion 

AT1G62850.2 Class I peptide chain release factor. mitochondrion 

AT4G05400.1 copper ion binding. mitochondrion 

AT5G14590.1 
Isocitrate/isopropylmalate dehydrogenase family 

protein. 
mitochondrion 

AT5G60960.1 Pentatricopeptide repeat (PPR) superfamily protein. mitochondrion 

AT2G44350.1 Citrate synthase family protein.  mitochondrion 

AT4G35460.1 NADPH-dependent thioredoxin reductase B.  mitochondrion 

AT3G23490.1 cyanase.cyanase mitochondrion 

AT1G22840.1 CYTOCHROME C-1.Encodes cytochrome c.  mitochondrion 

AT3G15020.1 Lactate/malate dehydrogenase family protein. mitochondrion 

AT1G48030.1 Mitochondrial lipoamide dehydrogenase 1.  mitochondrion 

AT4G14330.1 
P-loop containing nucleoside triphosphate hydrolases 

superfamily protein. 
nucleus 

AT1G15270.1 Translation machinery associated TMA7. nucleus 

AT5G33393.1 . nucleus 

AT2G24500.1 
Zinc finger protein 622.Encodes a C2H2 zinc finger 

protein FZF. 
nucleus 

AT1G11840.1 
Glyoxalase I homolog.Encodes a glyoxalase I 

homolog ATGLX1. 
peroxisome 

AT2G17420.1 NADPH-dependent thioredoxin reductase A.  peroxisome 

AT2G18960.1 
H(+)-ATPase 1.Encodes a plasma membrane proton 

ATPase.   

plasma 

membrane 

AT4G30190.1 H(+)-ATPase 2. 
plasma 

membrane 

AT3G42640.1 H(+)-ATPase 8. 
plasma 

membrane 

AT2G01140.1 Aldolase superfamily protein. plastid 

AT1G67280.1 
Glyoxalase/Bleomycinresistance 

protein/Dioxygenase superfamily protein. 
plastid 

AT3G58610.1 Ketol-acid reductoisomerase. plastid 

AT5G55220.1 Trigger factor type chaperone family protein. plastid 

AT3G55010.1 
phosphoribosyl-aminoimidazole synthetase / AIR 

synthase (PUR5). 
plastid 

AT2G28000.1 Chaperonin-60alpha.  plastid 

AT2G21330.1 Fructose-bisphosphate aldolase 1. plastid 

AT5G53460.1 NADH-dependent glutamate synthase 1.  plastid 

AT2G02500.1 
Nucleotide-diphospho-sugar transferases superfamily 

protein.  
plastid 
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Appendix 2 

Nomenclature of the cytosolic ribosomal proteins in three domains of life, including bacteria (B), archaea (A) and eukaryotes (E). Also, information 

about Arabidopsis thaliana ribosome including locus name, isoelectric point (pI) and molecular mass of amino acids are shown. 

40S Small ribosomal subunit   

N
u

m
b

er
 o

f 

p
ro

te
in

 

Family name# 

T
a
x
o
n

o
m

ic
 

ra
n

g
e*

 

B
a
ct

er
ia

 n
a
m

e
 

Y
ea

st
 n

a
m

e
 

H
u
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a
n

 n
a
m

e 

Arabidopsis thaliana 

Name 
Locus Name 

(TAIR10) 

Amino 

acid 

residue 

Molecular 

Weight (Da) 

pI 

Individual Average 

  bS1 - B S1 - - - - - - - - 

1 

  
eS1 S1e A E ‐ S1 S3A 

S3aA At3g04840 262 29852.3 
29829 

10.420 

S3aB At4g34670 262 29805.2 10.404 

2 uS2 S2 B A E S2 S0 SA 
SaA At1g72370 298 32293.2 

34798 
10.194 

SaB At3g04770 332 37302.1 4.776 

3 uS3 S3 B A E S3 S3 S3 

S3A At2g31610 250 27520.8 

18290 

10.045 

S3B At3g53870 249 27350.6 10.045 

S3C At5g35530 248 27459.7 10.045 

4 uS4 S4 B A E S4 S9 S9 
S9A At5g15200 198 23037.8 

22657 
10.746 

S9B At5g39850 197 23162.1 9.856 
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 At5g15750 182 21768.6 10.94 

5 eS4 S4e A E ‐ S4 S4 

S4A At2g17360 261 29804.6 

29833 

10.845 

S4B At5g07090 262 29875.7 10.845 

S4D At5g58420 262 29817.7 10.894 

6 
uS5 S5 B A E S5 S2 S2 

S2A At1g58380 284 30743.2 

30677 

10.942 

S2B At1g59359 284 30773.2 10.942 

S2C At2g41840 285 30880.5 10.977 

S2D At3g57490 276 30117.9 10.88 

S2E At1g58684 284 30773.2 10.942 

S2F At1g58983 284 30773.2 10.942 

bS6 - B S6 - - - - - - - - 

7 eS6 S6e A E ‐ S6 S6 
S6A At4g31700 250 28368.7 

28266 
11.312 

S6B At5g10360 249 28163.6 11.505 

8 uS7 S7 B A E S7 S5 S5 
S5A At2g37270 207 22991.9 

22957 
10.928 

S5B At3g11940 207 22922.8 10.219 

9 eS7 S7e E ‐ S7 S7 

S7A At1g48830 191 21923.7 

22061 

10.445 

S7B At3g02560 191 22197.1 10.37 

S7C At5g16130 190 22061.9 10.374 

10 uS8 S8 B A E S8 S22 S15A 

S15aA At1g07770 130 14805.3 

14883 

10.459 

S15aB At2g19720 129 14694.8 10.317 

S15aC At2g39590 136 15299.8 9.686 

S15aD At3g46040 130 14775.3 10.548 

S15aE At4g29430 129 14917.1 10.315 

S15aF At5g59850 130 14805.3 10.459 

11 eS8 S8e A E ‐ S8 S8 S8A At5g20290 222 24995 24385 10.997 



 

229 

 

A
p
p
en

d
ix

 2
 

S8B At5g59240 210 23774.7 11.168 

12 uS9 S9 B A E S9 S16 S16 

S16A At2g09990 146 16632.5 

16613 

10.791 

S16B At3g04230 146 16587.4 10.763 

S16C At5g18380 146 16618.4 10.791 

13 uS10 S10 B A E S10 S20 S20 

S20A At3g45030 124 13879.1 

13817 

10.443 

S20B At3g47370 122 13693.9 10.443 

S20C At5g62300 124 13879.1 10.443 

14 eS10 S10e E ‐ S10 S10 

S10A At4g25740 177 19448.1 

19578 

10.163 

S10B At5g41520 180 19734.4 10.209 

S10C At5g52650 179 19552.2 10.085 

15 uS11 S11 B A E S11 S14 S14 

S14A At2g36160 150 16257.8 

16257 

11.3 

S14B At3g11510 150 16273.8 11.3 

S14C At3g52580 150 16238.7 11.3 

16 uS12 S12 B A E S12 S23 S23 
S23A At3g09680 

142 
15770.5 

15753 
11.034 

S23B At5g02960 15736.4 11.112 

17 eS12 S12e E ‐ S12 S12 
S12A At1g15930 

144 
15377.8 

15354 
5.248 

S12B At2g32060 15329.5 5.698 

18 uS13 S13 B A E S13 S18 S18 

S18A At1g22780 152 17546.5 

17547 

11.23 

S18B At1g34030 152 17546.5 11.23 

S18C At4g09800 152 17546.5 11.23 

19 uS14 S14 B A E S14 S29 S29 

S29A At3g43980 56 6429.83 

6430 

10.544 

S29B At3g44010 56 6429.83 10.544 

S29C At4g33865 56 6429.83 10.544 

20 uS15 S15 B A E S15 S13 S13 
S13A At3g60770 151 17096.1 

17091 
11.074 

S13B At4g00100 151 17086.1 11.074 
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bS16 - B S16 - - - - - - - - 

21 uS17 S17 B A E S17 S11 S11 

S11A At3g48930 160 17958.1 

17880 

11.257 

S11B At4g30800 159 17932.1 11.411 

S11C At5g23740 159 17749.9 11.304 

22 
eS17 S17e A E ‐ S17 S17 

S17A At2g04390 141 16047.7 

16014 

10.72 

S17B At2g05220 140 15952.5 10.72 

S17C At3g10610 140 16036.7 10.72 

S17D At5g04800 141 16019.6 10.72 

bS18 - B S18 - - - - - - - - 

23 uS19 S19 B A E S19 S15 S15 

S15A At1g04270 160 18577.4 

15946 

11.048 

S15B At5g09490 152 17141.3 10.825 

S15C At5g09500 150 16750.9 11.217 

S15D At5g09510 152 17073.2 11.048 

S15E At5g43640 149 16810 11.217 

S15F At5g63070 152 17130.3 11.299 

S15G At1g33850 70 8139.25 11.886 

24 

eS19 S19e A E ‐ S19 S19 

S19A At3g02080 143 15829.1 

23673 

10.669 

S19B At5g15520 143 15818.1 10.715 

S19C At5g61170 143 15698.1 10.828 

bS20 - B S20 - - - - - - - - 

bS21 - B S21 - - - - - - - - 

bTHX - B THX - - - - - - - - 

25 eS21 S21e E ‐ S21 S21 
S21A At3g53890 82 9074.71 

9094 
8.227 

S21B At5g27700 82 9113.74 8.227 

26 eS24 S24e A E ‐ S24 S24 S24A At3g04920 133 15373.1 15397 11.418 
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S24B At5g28060 133 15420 11.239 

27 eS25 S25e A E ‐ S25 S25 

S25A At2g16360 125 14308.6 

12613 

11.614 

S25B At2g21580 108 12069.9 11.425 

S25D At4g39200 108 12018.8 11.425 

S25E At4g34555 108 12053.9 11.425 

28 eS26 S26e E ‐ S26 S26 

S26A At2g40510 133 14842 

14734 

11.65 

S26B At2g40590 131 14729.9 11.65 

S26C At3g56340 130 14628.8 11.666 

29 eS27 S27e A E ‐ S27 S27 

S27A At2g45710 84 9405.61 

9522 

9.193 

S27B At3g61110 86 9600.74 8.886 

S27C At3g61111 86 9592.88 9.164 

S27D At5g47930 84 9490.67 9.203 

30 eS28 S28e A E ‐ S28 S28 

S28A At3g10090 64 7371.04 

7361 

11.437 

S28B At5g03850 64 7371.04 11.437 

S28C At5g64140 64 7341 11.722 

31 eS30 S30e A E ‐ S30 S30 

S30A At2g19750 62 6887.52 

6888 

12.753 

S30B At4g29390 62 6887.52 12.753 

S30C At5g56670 62 6887.52 12.753 

32 eS31 S31e A E ‐ S31 S27A 

S27aA At1g23410 156 17672.6 

17761 

10.458 

S27aB At2g47110 157 17812.8 10.458 

S27aC At3g62250 157 17797.8 10.458 

33 

R
A

C
K

1
 

R
A

C
K

1
 

E ‐ Asc1 

R
A

C
K

1
 RACK1A At1g18080 327 35749.4 

35794 

7.807 

RACK1B At1g48630 326 35802.4 7.125 

RACK1C At3g18130 326 35829.4 7.138 
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60S  Large ribosomal subunit 
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Arabidopsis thaliana  

Name 
Locus Name 

(TAIR10) 

Amino 

acid  

residue 

Molecular 

Weight (Da) 
pI 

Individual Average 

1 uL1 L1 B A E L1 L1 L10A 

L10aA At1g08360 216 24470.4 

20660 

10.615 

L10aB At2g27530 216 24426.4 10.615 

L10aC At5g22440 217 24533.5 10.569 

L10aD At2g27535 81 9211.05 10.318 

2 uL2 L2 B A E L2 L2 L2/L8 

L8A At2g18020 258 27860.8 

27937 

11.525 

L8B At3g51190 260 27999 11.149 

L8C At4g36130 258 27950 11.455 

3 uL3 L3 B A E L3 L3 L3 
L3A At1g43170 389 44561.7 

44555 
10.828 

L3B At1g61580 390 44548.6 10.779 

4 uL4 L4 B A E L4 L4 L4 
L4A At3g09630 406 44704.7 

44715 
11.041 

L4B At5g02870 407 44724.5 11.010 

5 uL5 L5 B A E L5 L11 L11 

L11A At2g42740 182 20832.4 

20583 

10.484 

L11B At3g58700 182 20862.4 10.484 

L11C At4g18730 182 20862.4 10.484 

L11D At5g45775 172 19776.1 10.453 

6 uL6 L6 B A E L6 L9 L9 

L9A At1g33120 194 22018.9 

22004 

10.137 

L9B At1g33140 194 22018.9 10.137 

L9C At4g10450 194 21974.9 10.172 
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7 eL6 L6e E ‐ L6 L6 

L6A At1g18540 233 26154.2 

26091 

10.811 

L6B At1g74060 233 26010 10.894 

L6C At1g74050 233 26108.2 10.894 

8 
eL8 L8e A E ‐ L8 L7A 

L7aA At2g47610 257 29131.2 
29084 

10.849 

L7aB At3g62870 256 29036.1 10.868 

bL9 - B L9 - - - - - - - - 

9 uL11 L11 B A E L11 L12 L12 

L12A At2g37190 166 17942.8 

17919 

9.575 

L12B At3g53430 166 17970.9 9.575 

L12C At5g60670 166 17843.8 9.542 

10 uL13 L13 B A E L13 L16 L13A L13A 

At3g07110 206 23467.3 

23537 

11.087 

At3g24830 206 23460.4 11.023 

At4g13170 206 23630.5 11.062 

At5g48760 206 23591.6 11.052 

11 eL13 L13e A E‡ ‐ L13 L13 

L13A At3g49010 206 23768.2 

23586 

11.667 

L13B At3g48960 206 23503.9 11.262 

L13C At5g23900 206 23486.7 11.640 

12 uL14 L14 B A E L14 L23 L23 

L23A At1g04480 140 15027.7 

15028 

11.189 

L23B At2g33370 140 15027.7 11.189 

L23C At3g04400 140 15027.7 11.189 

13 eL14 L14e A E‡ ‐ L14 L14 
L14A At2g20450 134 15507.4 

15507 
10.853 

L14B At4g27090 134 15506.3 10.769 

14 uL15 L15 B A E L15 L28 L27A 

L27aA At1g12960 104 11814.7 

14855 

11.310 

L27aB At1g23290 146 16293.2 11.233 

L27aC At1g70600 146 16456.4 11.316 

15 eL15 L15e A E ‐ L15 L15 L15A At4g16720 204 24240.5 24241 11.964 
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L15B At4g17390 204 24240.5 11.964 

16 
uL16 L16 B A E L16 L10 L10 

L10A At1g14320 220 24918.6 

24920 

11.148 

L10B At1g26910 221 24910.6 11.083 

L10C At1g66580 221 24930.7 11.222 

bL17 - B L17 - - - - - - - - 

17 uL18 L18 B A E L18 L5 L5 
L5A At3g25520 301 34359.9 

34399 
9.771 

L5B At5g39740 301 34438.8 9.619 

18 eL18 L18e A E ‐ L18 L18 

L18A At2g47570 135 14902.2 

18932 

11.146 

L18B At3g05590 187 20927 11.623 

L18C At5g27850 187 20968 11.611 

19 
eL19 L19e A E ‐ L19 L19 

L19A At1g02780 214 24607.8 

21713 

11.941 

L19B At3g16780 209 24331.2 11.844 

L19C At4g02230 208 24203.1 11.963 

L19D At4g16030 114 13711.2 11.274 

bL19 - B L19 - - - - - - - - 

20 
eL20 L20e E ‐ L20 L18A 

L18aA At1g29970 158 17474.1 

20344 

5.405 

L18aB At2g34480 178 21308.3 11.123 

L18aC At3g14600 178 21310.3 10.973 

L18aD At1g29965 178 21285.2 11.072 

bL20 - B L20 - - - - - - - - 

21 
eL21 L21e A E ‐ L21 L21 

L21A At1g09590 164 18653.9 

18682 

11.123 

L21B At1g09690 164 18653.9 11.123 

L21C At1g57660 164 18709.9 11.179 

L21D At1g57860 164 18709.9 11.179 

bL21 - B L21 - - - - - - - - 
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22 uL22 L22 B A E L22 L17 L17 
L17A At1g27400 176 19897.9 

19876 
10.792 

L17B At1g67430 175 19854.9 10.792 

23 eL22 L22e E ‐ L22 L22 

L22A At1g02830 127 14451.4 

14173 

10.299 

L22B At3g05560 124 14018.9 10.158 

L22C At5g27770 124 14047.9 10.158 

24 uL23 L23 B A E L23 L25 L23A 
L23aA At2g39460 154 17441.6 

17419 
10.913 

L23aB At3g55280 154 17396.7 10.941 

25 uL24 L24 B A E L24 L26 L26 
L26A At3g49910 146 16945.6 

16869 
11.441 

L26B At5g67510 146 16791.4 11.736 

26 
eL24 L24e A E ‐ L24 L24 

L24A At2g36620 164 18851.3 

18809 

11.396 

L24B At3g53020 163 18633 11.483 

L24C At2g44860 159 18943.1 10.805 

bL25 - B L25 - - - - - - - - 

27 
eL27 L27e E ‐ L27 L27 

L27A At2g32220 135 15471.3 

15565 

10.896 

L27B At3g22230 135 15615.5 10.984 

L27C At4g15000 135 15608.4 10.960 

bL27 - B L27 - - - - - - - - 

28 
eL28 L28e E ‐ ‐ L28 

L28A At2g19730 143 15896.4 
15904 

11.305 

L28B At4g29410 143 15911.5 11.707 

bL28 - B L28 - - - - - - - -  

29 uL29 L29 B A E L29 L35 L35 

L35A At3g09500 123 14286 

14257 

11.604 

L35B At2g39390 123 14232 11.604 

L35C At3g55170 123 14177.8 11.604 

L35D At5g02610 123 14332.1 11.604 

30 eL29 L29e E ‐ L29 L29 L29A At3g06700 61 7025.33 8207 11.967 



 

236 

 

A
p
p
en

d
ix

 2
 

L29B At3g06680 83 9389.34 11.262 

31 uL30 L30 B A E L30 L7 L7 

L7A At1g80750 247 28345.8 

28224 

10.431 

L7B At2g01250 242 28172.7 10.598 

L7C At2g44120 242 27941.5 10.581 

L7D At3g13580 244 28434.9 10.616 

32 eL30 L30e A E‡ ‐ L30 L30 

L30A At1g36240 112 12318.1 

12296 

10.325 

L30B At1g77940 112 12291.1 10.09 

L30C At3g18740 112 12280.1 10.212 

33 
eL31 L31e A E ‐ L31 L31 

L31A At2g19740 119 13702.7 

13776 

10.693 

L31B At4g26230 119 13820.8 10.552 

L31C At5g56710 119 13803.8 10.704 

bL31 - B L31 - - - - - - - - 

34 eL32 L32e A E ‐ L32 L32 
L32A At4g18100 133 15504.1 

15490 
11.539 

L32B At5g46430 133 15476.1 11.452 

35 
eL33 L33e A E‡ ‐ L33 L35A 

L35aA At1g07070 112 12848.7 

14059 

11.262 

L35aB At1g41880 111 12799.6 11.262 

L35aC At1g74270 112 12916.7 11.262 

L35aD At3g55750 111 12785.5 11.262 

L35aE At1g06980 169 18943.9 9.388 

bL33 - B L33 - - - - - - - - 

36 
eL34 L34e A E‡ ‐ L34 L34 

L34A At1g26880 120 13706 

13669 

12.128 

L34B At1g69620 119 13650.9 12.128 

L34C At3g28900 120 13650.8 11.921 

bL34 - B L34 - - - - - - - - 

37 eL36 L36e E ‐ L36 L36 L36A At2g37600 113 12737.2 12203 12.277 
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L36B At3g53740 103 11680.7 12.313 

L36C At5g02450 108 12190.3 12.132 

bL35 - B L35 - - - - - - - - 

bL36 - B L36 - - - - - - - - 

38 eL37 L37e A E‡ ‐ L37 L37 

L37A At1g15250 95 10817.1 

10810 

12.372 

L37B At1g52300 95 10841.2 12.374 

L37C At3g16080 95 10772.1 12.374 

39 eL38 L38e A E ‐ L38 L38 
L38A At2g43460 69 8122.1 

8122 
10.625 

L38B At3g59540 69 8122.1 10.625 

40 eL39 L39e A E ‐ L39 L39 

L39A At2g25210 44 5601.1 

6146 

12.816 

L39B At3g02190 51 6420.12 12.820 

L39C At4g31985 51 6416.1 12.818 

41 eL40 L40e A E‡ ‐ L40 L40 
L40A At2g36170 128 14734.3 

14734 
10.606 

L40B At3g52590 128 14734.3 10.606 

42 eL41 L41e A E‡ ‐ L41 L41 

L41A At1g56045 25 3428.56 

3429 

13.413 

L41B At1g79075       

L41C At2g40205 25 3428.56 13.413 

L41D At3g08520 25 3428.56 13.413 

L41E At3g11120 25 3428.56 13.413 

L41F At3g12965     13.413 

L41G At3g56020 25 3428.56  13.413 

43 eL43 L43e A E ‐ L43 L37A 
L37aA At3g10950 92 10445.9 

10344 
10.97 

L37aB At3g60245 92 10241.7 10.87 

44 eL42 
(L42e) 

L44e 
A E ‐ L42 L36A L36A 

At3g23390 105 12126 
12126 

11.04 

At4g14320 105 12126 11.04 
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45 P1    P1   B A E L7 

P1/P2 

(αβ) 

P1  

P1A  At1g01100 112 11162.3 

9905 

3.996 

P1B At4g00810 113 11307.4 3.955 

P1C At5g47700 113 11247.4 3.996 

P1D At5g24510 111 11980.3 4.095 

P1E At3g49460 35 3829.44 4.378 

46 bL12 bL12 B A E L12 P2 

P2A At2g27720 115 11452.5 

11482 

4.263 

P2B At2g27710 115 11444.4 4.327 

P2C At3g28500 115 11736 4.298 

P2D At3g44590 111 11015.9 4.129 

P2E At5g40040 114 11759.9 4.206 

47 uL10 P0 B A E L10 P0 P0 

P0A At2g40010 317 33668.7 

32359 

4.927 

P0B At3g09200 320 34135 4.699 

P0C At3g11250 323 34392.3 4.778 

P0D At1g25260 235 27243.9 8.44 

48 - - - - - - 
P3A At4g25890 119 11849.4 

11856 
4.128 

P3B At5g57290 120 11863.5 4.163 

49 LXa LXa A - - - - - - - -  - 

(Lecompte et al.,2002; Manuell et al., 2005; Taylor et al., 2007; Carroll et al., 2008; Ben-Shem et al., 2011; Hummel et al., 2015). 

*B: bacteria, A: archaea, E: Eukaryotes 

# : b : bacteria, e :eukaryotes, u: universal S: small subunit, L: Large subunit 
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Appendix 3 

26 common ribosomal protein that their degradation rate and abundances were decreased after treatment. 

 

AGIs SUBA4 description 
KD MRM 

Control H2O2 Menadione Control H2O2 Menadione 

At1G48630.1 Receptor for activated C kinase 1B. 0.39 0.28 0.27 1.11 1.01 0.93 

At2G01250.1 Ribosomal protein L30/L7 family protein. 0.27 0.15 0.13 1.07 0.99 0.93 

At5G41520.1 RNA binding Plectin/S10 domain-containing protein. 0.25 0.20 0.18 1.13 0.95 0.98 

At1G08360.1 Ribosomal protein L1p/L10e family. 0.21 0.16 0.16 1.31 0.64 1.05 

At2G42740.1 Ribosomal protein large subunit 16A. 0.20 0.16 0.13 1.06 0.99 0.98 

At3G04840.1 Ribosomal protein S3Ae. 0.19 0.15 0.15 1.05 1.03 0.93 

At3G02080.1 Ribosomal protein S19e family protein. 0.19 0.14 0.13 1.12 0.96 0.92 

At3G49910.1 Ribosomal protein 26A. 0.19 0.15 0.14 1.13 0.95 0.95 

At5G20290.1 Ribosomal protein S8e family protein. 0.18 0.17 0.14 1.05 1.03 0.97 

At3G49010.1 60S ribosomal protein L13. 0.18 0.14 0.13 1.07 0.96 0.96 

At2G41840.1 Ribosomal protein S5 family protein. 0.18 0.14 0.13 1.06 0.99 0.87 
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At1G48830.1 Ribosomal protein S7e family protein. 0.18 0.15 0.13 1.07 0.97 0.97 

At5G28060.1 Ribosomal protein S24e family protein. 0.18 0.15 0.14 1.03 0.98 0.97 

At2G34480.1 Ribosomal protein L18ae/LX family protein. 0.18 0.13 0.13 1.06 1.00 0.91 

At2G19730.1 Ribosomal L28e protein family. 0.17 0.14 0.15 1.09 1.01 0.88 

At3G53890.1 Ribosomal protein S21e. 0.17 0.15 0.14 1.21 0.75 1.07 

At3G60770.1 Ribosomal protein S13/S15. 0.17 0.17 0.15 1.05 1.00 0.96 

At3G05560.1 Ribosomal L22e protein family. 0.17 0.16 0.16 1.07 0.91 1.05 

At3G11510.1 Ribosomal protein S11 family protein. 0.16 0.13 0.13 1.07 1.03 0.91 

At1G72370.1 40s ribosomal protein SA. 0.16 0.13 0.12 1.06 1.00 0.95 

At2G37270.1 Ribosomal protein 5B. 0.16 0.15 0.14 1.05 1.04 0.93 

At1G09590.1 Ribosomal protein L21A. 0.15 0.11 0.12 1.13 0.87 1.02 

At3G24830.1 Ribosomal protein L13 family protein. 0.14 0.12 0.14 1.11 1.00 0.93 

At3G05590.1 Ribosomal protein L18. 0.14 0.11 0.09 1.05 1.01 0.96 

At3G04920.1 Ribosomal protein S24e family protein. 0.14 0.12 0.11 1.07 1.00 0.94 

At1G04480.1 Ribosomal protein L14p/L23e family protein. 0.14 0.14 0.11 1.08 1.03 0.91 
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Appendix 4 

Nomenclature of 26S proteasome subunits in different organisms, also, information about Arabidopsis thaliana ribosome including locus name, 

isoelectric point (pI) and molecular mass of amino acids are shown. 

20S core particle (CP) 

Subunits 

Y
ea

st
a
 

(S
. 

ce
re

vi
si

a
e
) 

H
u

m
a
n

b
 

S
ta

n
d

a
rd

iz
e 

n
a
m

e 

O
th

er
c
 

M
a
m

m
a
li

a
n

 

n
a
m

e 

Plantd (Arabidopsis thaliana) 

Protein 

name 

Locus name 

(TAIR10) 

Amino 

acid 

residue 

Molecular 

weight (Da) 
pI 

P
ro

te
a
so

m
e 

 a
lp

h
a
 (

α
) 

su
b

u
n

it
s α 1 

SCL1/PRC2 

/PRS2/C7 
PSMA6 Pros27/Iota 

PAA1 At5g35590 246 27295.500 5.664 

PAA2 At2g05840 246 27351.600 5.972 

α 2 
PRE8/PRS4 

/Y7 
PSMA2 C3/Lmpc3 

PAB1 At1g16470 235 25702.700 5.392 

PAB2 At1g79210 235 25734.700 5.392 

α 3 PRE9/PRS5/Y13 PSMA4 C9 
PAC1 At3g22110 250 27476.700 7.142 

PAC2 At4g15160 275 28938.300 9.636 

α 4 PRE6 PSMA7 C7/XAPC7 
PAD1 At3g51260 250 27338.700 7.500 

PAD2 At5g66140 250 27325.600 8.969 

α 5 PUP2/DOA5 PSMA5 Zeta PAE1 At1g53850 237 25948.700 4.410 
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PAE2 At3g14290 237 25978.700 4.410 

α 6 PRE5 PSMA1 C2/Pros30 
PAF1 At5g42790 278 30477.700 4.731 

PAF2 At1g47250 277 30411.600 4.717 

α 7 PRE10/PRC1/PRS1/C1 PSMA3 C8 PAG1 At2g27020 249 27378.900 6.257 

P
ro

te
a
so

m
e 

 b
et

a
 (

β
) 

su
b

u
n

it
s 

β 1 PRE3 PSMB6 Y/delta/LMPY/LMP19 PBA1 At4g31300 233 25152.900 5.241 

β 2 PUP1 PSMB7 Z/Mmc14 
PBB1 At3g27430 267 28813.400 8.950 

PBB2 At5g40580 274 29618.700 7.203 

β 3 PUP3 PSMB3 C10 
PBC1 At1g21720 204 22799.500 5.104 

PBC2 At1g77440 204 22760.500 5.699 

β 4 PRE1/C11 PSMB2 PSMB2/C7 
PBD1 At3g22630 204 22541.900 6.355 

PBD2 At4g14800 199 21985.300 6.678 

β 5 
PRE2/DOA3/ 

PRG1 
PSMB5 X/MB1 

PBE1 At1g13060 274 29699.200 6.402 

PBE2 At3g26340 273 29487.000 6.163 

β 6 PRE7/PRS3/ PTS1/C5 PSMB1 C5 PBF1 At3g60820 223 24645.400 7.493 

β 7 PRE4 PSMB4 N3/beta/LMP3 PBG1 At1g56450 246 27652.900 6.520 

β1i - - LMP2/Ring12 - - - -  

β2i - - LMP10/MECL1 - - - -  

β5i - - Ring10/Y2/C13/LMP7 - - - -  
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19 S regulatory particle (PA700) 

Subunits 

Y
ea

st
a

 

(S
.c

er
ev

is
ia

e
) 

H
u

m
a
n

b
 

S
ta

n
d

a
rd

iz
e 

n
a
m

e 

O
th
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c
 

M
a
m

m
a
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a
n

 

n
a
m

e 

Palntd (Arabidopsis thaliana) 

Protein 

name 

Locus 

name 

(TAIR10) 

Amino 

acid 

residue 

Molecular 

weight (Da) 
pI 

B
a
se

 r
eg

u
la

to
ry

 p
a
rt

ic
le

s 
(R

P
) 

A
A

A
+

 A
T

P
a
se

 p
ro

te
a

so
m

e
 

1 Rpt1/CIM5/ YTA3 PSMC2 S7/Mss1 
RPT 1A At1g53750 426 47806.000 6.560 

RPT 1B At1g53780 598 66807.000 4.564 

2 Rpt2/ YHS4/YTA5 PSMC1 S4/ p56 
RPT 2A At4g29040 443 49372.800 6.077 

RPT 2B At2g20140 443 49349.800 5.895 

3 Rpt3/ YNT1/YTA2 PSMC4 
S6b/P48/ 

Mip224/Tbp7 
RPT3 At5g58290 408 45753.900 5.259 

4 
Rpt4/CRL13/ 

PCS1/SUG2 
PSMC6 S10b/ Sug2/p42 

RPT4A At5g43010 399 44819.300 8.422 

RPT4B At1g45000 399 44758.200 8.426 

5 Rpt5/ YTA1 PSMC3 S6a/ Tbp1/p50 
RPT 5A At3g05530 424 47482.800 4.651 

RPT5B At1g09100 423 47040.300 4.634 

6 
CIM3/CRL3/SUG1/  

TBPY/TBY1 
PSMC5 S8/p45/Sug1/Trip1 

RPT6A At5g19990 419 47250.800 9.368 

RPT6B At5g20000 419 47159.700 
8.958 
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n
o
n

-A
T

P
a

se
 

1 
Rpn1/HRD2/ 

NAS1/RPD1 
PSMD2 S2/ p97/Trap2 

RPN1A At2g20580 891 98150.110 4.718 

RPN1B At4g28470 891 97960.200 4.842 

2 Rpn2/ SEN3 PSMD1 S1/ p112 
RPN2A At2g32730 1004 108983.000 5.048 

RPN2B At1g04810 1001 108872.000 5.004 

13 Rpn13/ DAQ1 ADRM1 ADRM1 RPN 13 At2g26590 300 33299.100 4.064 

10 
Rpn10/SUN1/ 

MCB1, PUS1 
PSMD4 

S5a/Mcb1 

S5b/ KIAA0072 
RPN10 At4g38630 386 40759.600 4.216 

L
id

 r
eg

u
la

to
ry

 p
a
rt

ic
le

s 
(R

P
) 

n
o
n

-A
T

P
a
se

 

3 Rpn3/ SUN2 PSMD3 S3/ p58 
RPN3A At1g20200 488 55585.400 8.340 

RPN3B At1g75990 487 55594.500 8.516 

4 Rpn4/ SON1/UFD5 - - - - - - - 

5 Rpn5/ NAS5 PSMD12 p55 
RPN5A At5g09900 442 50840.100 7.465 

RPN5B At5g64760 442 51120.600 7.143 

6 Rpn6/ NAS4 PSMD11 S9/ p44.5 RPN6 At1g29150 419 46751.900 6.639 

7 Rpn7 PSMD6 S10, p42a, p44 RPN7 At4g24820 387 44284.600 5.776 

8 Rpn8/ NAS3 PSMD7 S12/ p40/Mov34 
RPN8A At5g05780 308 34729.900 6.515 

RPN8B At3g11270 310 35087.400 6.149 

9 Rpn9/ NAS7/MTS1 PSMD4 S11/ p40.5 RPN9A At5g45620 386 44170.200 4.982 
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RPN9B At4g19006 386 44022.900 4.898 

11 
Rpn11/ MPR1/ 

PAD1, MTS5 
PSMD14 S13/Pad1/Poh1 RPN11 At5g23540 308 34355.500 6.804 

12 
Rpn12/NIN1/ 

MTS3 
PSMD8 S14/ p31 

RPN12A At1g64520 267 30707.500 4.538 

RPN12B At5g42040 233 26733.400 4.756 

15 
Rpn15/ 

SEM1/HOD1 
PSMD9 

SHFM1/ 

DSS1/S15/p27L, 
- - - - - 

R
eg

u
la

to
ry

 p
a
rt

ic
le

s 
(R

P
)a

ss
o
ci

a
te

d
 p

ro
te

in
 

DsK2 DSK2 PLIC-2 
- DsK2A At2g17190 538 57288.900 4.417 

- DsK2B At2g17200 551 58057.600 4.546 

Rad 

23 
RAD23 Hhr23b 

- Rad23A At1g16190 368 39844.500 4.116 

- Rad23B At1g79650 371 39749.600 4.184 

- Rad23C At3g02540 419 44249.300 4.489 

- Rad23D At5g38470 378 40068.300 4.293 

Ddi1 DDI1; VSM1 Ddi1 - Ddi1 At3g13235 414 45361.900 4.561 

Upb6 UPB6 USP14 - USP14 At1g51710 482 53698.800 6.115 

Uch37 - UCH37 
- UCH2 At1g65650 330 37500.800 4.748 

- UCH1 At5g16310 334 38541.200 4.804 

https://www.arabidopsis.org/servlets/TairObject?id=137112&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=28636&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=36063&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=135099&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=500231655&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=28251&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=28423&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=134246&type=locus
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Hu15 Hu15 
KIAA10/ 

E3a 
- Hu15 AT1G80780 274 31202.400 4.620 

Ecm29 ECM29 Ecm29 - - - - - - 

Spg5 Spg5 SPG5 - MYB76 AT5G07700 338 38196.400 5.171 

Rac1 NAS6 PSMD10 p28, gankyrin 

GP2, 

RAC1, 

ROP3 

AT2G17800 197 21531.000 9.528 

Rac2 NAS2 PSMD9 p27, BRIDGE NAS2 AT5G56080 320 35681.000 6.504 

Rac3 HSM3 S5b - RAC3 AT4G35020 198 21729.300 9.810 

Rac4 RPN14 PAAF1 - 
RAC4, 

ROP2 
AT1G20090 195 31637.200 9.687 

a: (Saracco et al., 2009; Sorokin et al., 2010) 

b: (Tanaka, 2009). 

c: (Saracco et al., 2009). 

d: (Yang et al.,2004; Kurepa and Smalle., 2008; Book et al., 2010) 

 

 

https://www.arabidopsis.org/servlets/TairObject?id=29183&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=132785&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=227225&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=133000&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=129014&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=136787&type=locus


Appendix 5 

247 

 

Appendix 5 

 
 

Verification of T-DNA inserts in RPP0D gene (At1g25260).  

(A) Intronic location of GABI and SALK T-DNA inserts into the RPP0D gene. (B) 

PCR of extracted genomic DNA showing gene specific primer product (LP, left primer; 

RP, right primer) (top panels) and T-DNA specific products (RP, right primer; LB, left 

T-DNA border) (bottom panels). 
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