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Abstract 

Abiotic stress in plants causes accumulation of reactive oxygen species (ROS) leading to the need 
for new protein synthesis to defend against ROS and to replace existing proteins that are damaged 
by oxidation. Functional plant ribosomes are critical for these activities, however we know little 
about the impact of oxidative stress on plant ribosome abundance, turnover and function. Using 
Arabidopsis cell culture as a model system we induced oxidative stress using 1µM of H2O2 or 5µM 
menadione to more than halve cell growth rate and limit total protein content. We show that 
ribosome content on a total cell protein basis decreased in oxidatively stressed cells. However, 
overall protein synthesis rates on a ribosome abundance basis showed the resident ribosomes 
retained their function in oxidatively-stressed cells. 15N progressive labelling was used to calculate 
the rate of ribosome synthesis and degradation to track the fate of 62 r-proteins. The degradation 
rates and the synthesis rates of most r-proteins slowed following oxidative stress leading to an aging 
population of ribosomes in stressed cells. However there were exceptions to this trend; r-protein 
RPS14C doubled its degradation rate in both oxidative treatments. Overall we show ribosome 
abundance decreases and their age increases with oxidative stress in line with loss of cell growth 
rate and total cellular protein amount, but ribosome function of the aging ribosomes appeared to 
be maintained co-committently with differences in the turnover rate and abundance of specific 
ribosomal proteins. Data are available via ProteomeXchange with identifier PXD012840. 

Keywords: Arabidopsis thaliana, Oxidative stress, MRM, protein content measuring, 15N-labeling, 
14C-leucine assay, ribosome purification, turnover study. 
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Introduction 

The biogenesis and maintenance of ribosomes for protein synthesis are a major cost in terms of 
cellular energy and are a key factor in defining cell growth rate in a range of organisms. In rapidly 
growing bacteria and yeast cells, ribosomes can account for a third of cellular protein and three 
quarters of total cellular RNA (Perry, 2007). Ribosome abundance often correlates with growth rate 
of unicellular organisms (Karpinets et al., 2006; Scott et al., 2010). This high level of investment in 
ribosomes is required due to the large size and complexity of ribosome complexes (Schuwirth et al., 
2005; Jenner et al., 2012) and the proofreading and pausing that makes protein synthesis a slow 
process, progressing at only 10-100 amino acids per ribosome per second (Zaher and Green, 2009). 
Growth slowing processes such as oxidative stress impact protein function through amino acid 
oxidation (Madian and Regnier, 2010) and are also reported to directly influence the function of 
ribosomes. Early in vitro translation experiments in eukaryotes showed oxidation of ribosomes from 
rabbit reticulocyte lysates slowed their rate of protein synthesis (Wickens, 2001). Exposure of S. 
cerevisiae to H2O2 reduced general protein biosynthesis through inhibition of translation initiation 
(Shenton et al., 2006). Studies of H2O2 treatment of the bacterial ribosome from Escherichia coli 
showed a reduction in the translational activity of the 70S ribosome and damaged rRNA which have 
been used to explain reduced efficiency of protein synthesis in response to oxidative stress (Willi et 
al., 2018). 

In plants, individual cells live longer than yeast and bacteria, they differentiate and are often 
degraded to support the growth of new cells. A balance of protein synthesis and protein degradation 
work together to define plant growth rate (Nelson et al., 2014) and ribosomes represent a smaller 
investment on a cellular basis (Piques et al., 2009). Oxidative stress accompanies a wide variety of 
abiotic stresses and nutrient deficiencies in plants and is known to have the potential to slow plant 
growth rates (Shin et al., 2005; Morkunas et al., 2012; Pucciariello et al., 2012; Gonzali et al., 2015; 
Parihar et al., 2015). A large number of genes are induced by oxidative stress in plants, indicating an 
important role for protein synthesis in stress tolerance responses that enable plant growth to 
continue (Gadjev et al., 2006). Many proteomics studies of the plant abiotic stress response report 
an increase or decrease in the abundance of specific r-proteins or ribosomal biogenesis factors 
(Kosova et al., 2018). While we have little information on the effects of oxidative stress on ribosomes 
in plants, we do know that large, rapidly growing ecotypes contain less ribosomes than slow growing 
ecotypes, due to cytosolic ribosome abundance falling at night in fast growing plants (Ishihara et al., 
2017). We also know that ribosomes turnover more slowly in young growing leaves than in older 
leaves and this negative relationship between ribosome degradation rate and leaf growth rate has 
been proposed as a way to maintain a similar ribosome age profile in different leaves of the same 
rosette (Li et al., 2017). 

To provide some insight into the role of ribosome structural and functional homeostatis during 
oxidative stress in plant cells, we have used two common oxidant chemicals, H2O2 and menadione, 
to cause a mild extracellular and intracellular ROS stress to Arabidopsis thaliana suspension cell 
culture and assess the impact on cytosolic ribosomes and on cellular protein synthesis rates. H2O2 
is a general oxidant that can enter cells, while menadione enters membranes and causes a 
membrane-dependent generation of O2¯ within plant cells (Sweetlove et al., 2002). The results 
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demonstrate that ribosome protein abundance and turnover rates decreased under both types of 
oxidative stress conditions, the resident ribosome population reduces in size and increases in age, 
but ribosome function appeared to be maintained. Differences in the turnover rate and abundance 
of specific ribosomal proteins occurred under oxidative stress and this heterogeneity may 
contribute to plant cytosolic ribosome resilence to oxidative stress.   

Results 

Optimization of H2O2 and menadione concentration for mild stress treatment of cell cultures 

H2O2 and menadione were applied to Arabidopsis thaliana cell cultures to evaluate the effect of 
oxidative stress on the cytosolic ribosome. Different concentrations of H2O2 and menadione were 
used to define the minimal amount that changed Arabidopsis thaliana cell culture growth rate 
(Figure 1A,B) and caused mild bleaching (Supplemental Figure 1A). Five different concentrations of 
H2O2 (1, 5, 10, 20, 50 µM) and menadione (5, 10, 15, 20, 25 µM) were assessed. The results showed 
that 1 µM H2O2 and 5 µM menadione could significantly slow Arabidopsis thaliana cell culture 
growth rates (p ≤ 0.05, T-test) and bleach cells over time.  

To determine the effect of oxidative stress on protein content, total protein was extracted from cells 
on different days (day 1, day 3 and day 5) and samples were separated by SDS-PAGE, coomassie 
stained and quantified by image densitrometry. As shown in Supplemental Figure 1B, the protein 
abundance on a cell fresh weight (FW(g)) basis decreased in treatments in comparison with control 
samples. This suggested that total cellular protein synthesis was inhibited or protein degradation 
was increased by the oxidative treatments.  

Ribosome-enriched fractions were isolated 5 days after treatment from four biological replicates 
and untargeted mass spectrometry analysis was conducted to check for oxidative modifications of 
amino acid residues within peptides of r-proteins. Oxidative amino acid modifications of Met (M), 
Cys (C), Lys (K) and Trp (W) which have commonly observed oxidation sites (Perdivara et al., 2010; 
Raftery, 2014), were searched for in r-protein peptide mass spectra. Counting oxidised peptide 
numbers showed that the number of r-protein peptides with oxidised Cys (C) and Lys (K) residues 
increased significantly (P ≤ 0.05) after H2O2 and menadione treatment (Figure 1C). 

Effect of oxidative stress on ribosome composition by targeted proteomics of ribosome proteins 

To check the composition and quantity of ribosomal r-protein types and r-protein isoforms in 
Arabidopsis thaliana cell culture during oxidative stress, multiple reaction monitoring (MRM) assays 
(Liebler and Zimmerman, 2013) for r-protein peptides were developed based on ribosome-enriched 
fractions from Arabidopsis (Salih et al., 2019) (Supplemental Table 1). R-protein types are defined 
as named families of genes for each conserved subunit in the 80S cytosolic ribosome (81 types in 
Arabidopsis), while a r-protein isoform is a protein encoded by a specific r-protein gene (249 
isoforms in Arabidopsis).  After 1, 3 and 5 days of maintaining cell culture in control and treated 
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(1µM H2O2 and 5µM menadione) growing conditions, total protein was extracted from the cell 
culture from both control and treated  samples, followed by protein quantification, digestion and 
peptide purification. The abundance of 232 r-protein derived typtic peptides that match specifically 
or redundantly to 106 r-protein encoding genes in Arabidopsis were quantified in each cell protein 
extract. Without stress the median fold change in r-protein peak area increased slightly over time 
which indicated an increase in r-protein abundance over time (Figure 2A). However, in the treated 
cells, the median fold change declined from day 1 to day 5, which indicated that r-protein abundance 
slightly declined following treatment with H2O2 or menadione. A heat map of the individual r-
proteins (Figure 2B) showed there were some differential changes in specific r-protein abundance 
after either H2O2 or menadione treatment, but there was no apparent pattern in the clusters and 
no clear indication that a defined portion of the ribosome was being made or lost in the treatments. 
In some cases, as each r-protein  is encoded by multiple genes, one isoform of an r-protein was 
induced while other isoforms of the same r-protein type  remained constant in abundance 
(Supplemental Table 2A). A number of the peptides analysed by MRM contained Lys and Cys 
residues that might theoretically be targets for oxidation, potentially complicating our analysis of 
oxidative changes in ribosome abundance. However, when the 113 peptides without oxidatively 
modifable Lys and Cys residues were analysed alone (see Supplemental Table 2B), there was no 
significant difference to the data reported in Figure 2 containing all the peptides. 

 

Effect of oxidative stress on protein synthesis rate using 14C-Leucine feeding 

Both r-protein abundance on a cellular protein basis (Figure 2A) and total cell abundance 
(Supplemental Figure 1B) decreased after H2O2 and menadione treatment in comparison with 
control cells. To test whether these treatments might be leading to inhibition of new protein 
synthesis we fed 14C-Leu to cells and monitored radiolabel incorporation into protein as an indicator 
of protein synthesis rate. H2O2 and menadione treatment caused a decrease in the incorporation of 
labelled leucine, particularly after three days of treatment, while the rate of incorporation in control 
cell culture increased over the same period (Figure 3A). To see whether the reduction in 
incorporation on a cell FW basis was a consequence of lower ribosome abundance under treatment 
conditions,  the 14C-leucine incorporation rate was normalised to the ribosome protein abundance 
from the MRM data (Figure 2). The results showed that although ribosome abundance on a total 
cell protein basis and protein abundance on a FW basis decreased after treatment, the resident 
ribosomal machinery retained function after oxidative stress (Figure 3B). 

Ribosomal protein turnover rates under control and oxidative stress treatments 

Decreasing ribosomal protein content on a FW basis might indicate a change in the synthesis or 
degradation rates of the ribosome itself, or both. To assess this, Arabidopsis thaliana suspension 
cell culture was initially grown in natural abundance (NA) nitrogen media, then transferred to heavy 
nitrogen media (containing 98% 15N salts) which also contained 1µM H2O2 or 5µM menadione. The 
labelled cell culture was incubated for 1, 3 and 5-days and ribosomes were isolated. A published 
method of analysis was conducted to generate the labelled peptide fraction (LPF) that contained 
these 15N labels (Li et al., 2017) (Figure 4A) and to derive protein degradation rates (KD) (Figure 4B). 
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Degradation rates (KD) for 83, 79 and 72 different r-protein isoforms in the control, H2O2 and 
menadione treatments, respectively, were quantified (Figure 4C, for details see Supplemental 
Table 3). Amongst the control and stress treated samples, degradation rates could be calculated for 
62 r-protein isoforms which represent 39 different types of r-protein. In total, the KD rates for 41 r-
protein isoforms significantly differ after one or more oxidative treatments, based on ANOVA 
analysis. Amongst these 41 r-proteins, 29 significantly differed in both H2O2 and menadione samples 
(Table 1). In all but one case, these r-proteins had lower KD rates and thus were more stable after 
oxidative stress. The exception was the 40S ribosomal subunit protein S14C (AT3G52580.1) that 
showed a significantly increased degradation rate after stress treatments.  

 

Ribosomal protein abundance and degradation changes under ROS stress  

To investigate the correlation between r-protein abundance changes and stability observed under 
oxidative stress, the 41 r-protein isoforms (representing 33 ribosomal protein types) for which both 
protein abundance data (from MRMs) and degradation data (for 15N labelling) were available, were 
aligned (Figure 5A). A statistically significant difference (Kruskal-Wallis test p < 0.0001) was 
observed for both ribosomal protein abundance and degradation rate between oxidatively stressed 
and untreated samples (Figure 5B). Among the 41 isoforms of r-proteins, 29 had a lower 
degradation rate (KD) and lower protein abundance under stress treatments than control conditions  
(Table 1). This implies that oxidative stress must also inhibit synthesis of ribosomes in order to cause 
a net decrease  in their abundance in the cell. This was confirmed by calculations that protein 
synthesis rates (Ks/A) for all these r-proteins was lower in oxidatively stressed cells, using a 
combination of the turnover rate for the 14N r-proteins and the increase in abundance of the 15N 
peptides for each r-protein (Supplemental Table 4).  

 

Discussion 

Reactive oxygen species (ROS) are a byproduct of normal aerobic processes, but oxidative damage 
through excess ROS lowers cell growth rate in plants (Mittler, 2002). Our analysis has sought to 
determine how ribosome function, abundance and the relative rate of r-protein degradation and 
synthesis might contribute to or respond to cellular ROS response and its impact on growth rate. 
We have used H2O2 and menadione to establish a moderate level of ROS stress that limits but did 
not stop cell growth. A previous study in Arabidopsis thaliana cell culture found that treatment of 
cells with 50 µM H2O2  for 5 and 20 minutes resulted in changes in protein abundance of microsomal 
proteins including proteins responsible for protein synthesis (Alqurashi et al., 2017). In 
hydroponically grown Arabidopsis thaliana plants it was found that addition of 60 µM menadione 
led to the generation of ROS in roots whereas no differences were observed in leaves (Lehmann et 
al., 2009). In another report in Arabidopsis thaliana cell culture, 60 µM menadione treatment had a 
severe inhibitory impact on several central metabolic pathways including the TCA cycle, as well as 
changing the abundance of transcripts involved in metabolism, consequently preventing ATP 
generation and synthesis of new proteins (Baxter et al., 2007). Our results show that the oxidative 
treatments conducted here with even lower amounts of both oxidants, 1µM H2O2 and 5µM 
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menadione, lowered Arabidopsis thalaina cell culture with  growth rate (Figure 1A,B), lowered total 
cell protein content on a FW basis (Supplemental Figure 1B) and mildly but measurably increased 
amino acid oxidation of r-proteins (Figure 1C).  

We found these mild oxidative treatments decreased ribosome abundance and protein synthesis 
rate on a FW basis, but the specific activity of the resident ribosome population was not affected by 
oxidative stress treatment. This is distinct from what is observed in Saccharomyces cerevisiae, where 
cells treated with H2O2 caused an inhibition of the translation initiation process and an inhibition of 
protein synthesis rate (Shenton et al., 2006) and in E.coli where ROS lowered the translational 
activity of the 70S ribosome and damaged rRNA, lowering protein synthesis efficiency (Willi et al., 
2018). However, in both these organisms only a single isoform of each r-protein is available, while 
in Arabidopsis there are up to 3 genes encoding each r-protein. Previously it has been proposed that 
r-protein isoform swapping between tissue types or during development might occur in plants
(Giavalisco et al., 2005; Carroll et al., 2008). Evidence for different r-protein isoform compositions
of ribosomes during phosphate-and iron-deficient stress in Arabidopsis (Wang et al., 2013),
ultraviolet-B stress in Arabidopsis ((Falcone Ferreyra et al., 2013) and upon viral infection in
Nicotiana benthamiana (Eskelin et al., 2019) have been proposed.  Some level of alteration in
ribosome composition during the stress treatments conducted here is evident in the significant
changes in relative abundance of different r-protein isoforms following oxidative stress (Figure 2B,
Supplemental Table 2 for details). These alterations in composition might be important for the
maintenance of ribosome function under mild oxidative stress.

Ribosomes are generally considered to be quite stable structures and to contain r-proteins that are 
significantly longer lived than the average protein inside subcellular organelles. This has been 
reported in yeast (Christiano et al., 2014), animals (Price et al., 2010) and plants (Nelson et al., 2014; 
Li et al., 2017). Unexpectedly, we found oxidative stress further lowered the degradation rate of 
Arabidopsis r-proteins, indicating that the reduced cellular protein synthesis and lower ribosome 
abundances after adding H2O2 and menadione was not due to a general increase in ribosome 
degradation rate. Without oxidative treatment, ribosomal protein abundance increased as a 
proportion of total cellular protein over time, whereas after treatment the fold increase rate 
lowered over time (Figure 2A). Assessment of the relationships between protein degradation rate, 
protein synthesis rate and protein abundance before and after treatment, show that lowered r-
proteins synthesis rate is the primary driver of the lowered ribosome abundance on a cell basis 
during oxidative stress (Supplemental Table 4). 

One of the values of protein turnover studies is their potential to help predict the biological function 
of specific proteins and their roles in assembly pathways to build protein complexes. Previously in 
human and plant cells, turnover of several ribosomal proteins in both 40S and 60S subunits was 
determined to be higher than the average (Doherty et al., 2008; Li et al., 2017), but it was unclear 
whether all the measured r-proteins from whole cell extracts were part of ribosome particles at the 
time of analysis (Nelson et al., 2014). In this study, 29 r-proteins were significantly different (p ≤ 
0.05) in their turnover rate under stress when compared with control samples (Table 1). But only 
RPS14C (At3g52580.1) was degraded more rapidly, doubling in rate from 0.079 d-1 to 0.130 and 
0.141 d-1 after H2O2 and menadione treatments respectively (Table 1). This is equivalent to a change 
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in half-life from 9 days to 5 days. It should be noted that RPS14C was quite stable under control 
conditions so this increase did not make RSP14C a highly unstable protein under oxidative stress 
conditions compared to other r-proteins (Table 1).  This protein is equivalent to the bacterial S11 r-
protein family that has been shown to play an important role in selecting the correct tRNA in protein 
biosynthesis (Kimura et al., 1988). In yeast S14 is also required for production of stable ribosome 
assembly intermediates and mature ribosomes, with a particular function in late steps of 40S 
ribosomal subunit maturation and pre-rRNA processing (Jakovljevic et al., 2004). In plants, no 
specific function has been assigned to RPS14 family members. The higher degradation rate of this 
specific RPS14 isoform in oxidative stressed Arabidopsis cells may be related to a role in repair of 
the ribosome and/or a susceptability of this specific r-protein to this stress.  

 
 
Material and Methods 
 
Arabidopsis thaliana cell culture 
The Arabidopsis thaliana (cv. Lansberg erecta) suspension cell culture was maintained by 
subculturing 20 mL of seven-day-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, 0.5 mgL-1 naphthaleneacetic acid, 0.05 mg L-1 kinetin 
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). 
 
 
15N labelling of cell culture 
To measure the 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. The 
washed cells were transferred to 15N medium containing two nitrogen sources for optimal growth 
(Li et al., 2012) including 1.65 g L-1 ammonium nitrate (15NH415NO3) and 1.9 g L-1 potassium nitrate 
(K15NO3) (98% 15N). Arabidopsis cell culture was collected by filtration at day 1, day 3 and day 5 after 
labelling and kept in a -80oC freezer for further processing. 
 
 
Purification of the Arabidopsis thaliana cytosolic ribosome 
Cytosolic ribosomes were isolated from seven-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, 30 mM HEPES, 100 
mM KCl, 20 mM MgCl2.6H2O, 0.5% (w/v) polyvinyl pyrrolidone-40 (PVP-40) and 0.5% (w/v) bovine 
serum albumin(BSA) with addition of 20 mM cysteine-L imediately prior to grinding and pH 
adjustment to 7.5. The solution was homogenized with a Polytron homogenizer (at a setting 
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between 4-6), then the homogenate was filtered through two layers of miracloth and the filtrate 
centrifuged for 30 minutes at 30000 xg. The supernatant was layered on to a solution consisting of 
1.5 M sucrose 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 mixed with 1.5 M sucrose. The resuspended solution was centrifuged at 60000 rpm for 
150 minutes. Finally, the purified ribosome pellet was resuspended in 100 µL of 1x ribosome 
resuspension buffer and kept at -80oC for further analysis. Protein quantification was based on a 
Amido black method. 50 µg of purified ribosome protein was precipitated with acetone, 
resuspended in 25mM NH4HCO3 and 1.5M urea and alkylated with 25 mM iodoacetamide for 45 
minutes. Samples were trypsin digested overnight at 37oC, [20:1] protein:trypsin. Peptides were 
solid phase extracted on C18 resin micro spin columns before further analysis. 
 
LC-MS/MS analysis  
Peptides were analyzed by a 6550 series quadrupole time-of-flight (Q-TOF) mass spectrometer with 
an HPLC Chip cube source. The chip consisted of a 160-nl enrichment column and a 150-mm 
separation column (Zorbax 300SB-C18, 5-µm pore size) driven by a  1200 series nano/capillary LC 
system (Duncan et al., 2017). In total, 5 µL of resuspended sample was loaded onto the column and 
eluted over 38 min. 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. 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 set to 
auto. Seven precursors per cycle were selected with an absolute threshold of 5000 counts and a 
relative threshold of 0.01% and active exclusion set to one spectrum and released after 0.2 minutes. 
MS scans were collected from mass-to-charge ratio 250 to 1,700 at eight spectra per second and 
125 ms per spectrum., MS/MS spectra were run over a range from 50 to 1700 m/z at three spectra 
per second. The precursor-change state was set to  2+, 3+ and > 3+, sorted by abundance only. 
 
MS Data analysis  
Agilent .d files were converted to (.mzML) files by using MSconvert a package from Proteowizard 
files before conversion to (.mgf) via the Convert mZ[X]ML tool in the trans-proteomic pipeline v. 4.8 
(TPP). MSMS spectra were matched by Mascot (Matrix Science) against the TAIR10 peptide 
database and the mascot parameters were: carbamidomethyl (C), oxidation (M) as a fixed and 
variable modifications, maximum missed cleavage and 13C set to 1 for each, peptide tolerance and 
peptide charge set to 50 ppm and (2+,3+ and 4+) respectively, MS/MS tolerance: ± 0.6 Da. The 
Mascot results exported as a (.dat) file, and then converted to (pep.xml) using the PepXML tool in 
(TPP) for determination of peptide and protein probabilities. Mascot results were rescored by 
peptide prophet (TPP). Peptide level LPFs were estimated from the interact.pep.xml and the mzML 
files by an in-house solution as described previously (Nelson et al., 2014), rewritten in R and 
including an extra filter: the heavy population, calculated by substracting the natural abundance 
envelope from the observed isotopes as described in (Nelson et al., 2014), is now also filtered by 
calculating the correlation coefficient between the estimated heavy distribution as per NNLS result 
and the observed data. We found this correlation filter to more accurately remove data with poor 
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signal-to-noise or contamination by other peptides than the fit of a gaussian distribution. The 
minimum correlation to pass the filter was set to 0.5. 15 seconds was chosen as retention time 
tolerance, m/z tolerance was 10 ppm, and 95% selected as maximum label enrichment. For 15N 
labelled 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. Protein level 
LPFs were obtained from these .tsv files in conjunction with TPP .prot.xml files by taking the median 
of peptide LPFs for each protein. Measurements of KD and KS/A for specific ribosomal proteins were 
quantified as outlined in Li et al (2017). Proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier 
PXD012840. 
 
Measurement of specific ribosomal protein abundance by MRM  
Seven-day-old 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  
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. 0.1 g of the frozen cell culture was ground in liquid nitrogen 
and homogenized with 300 µL (1:3) extraction buffer that consists of  125 mM Tris-HCl  pH 7.0, 7% 
SDS, 15mM DTT, 0.5% PVP-40, and EDTA 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 (Duncan et al., 2017). 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, 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, shaking at 400 rpm. Total protein 
was quantified by using the Bradford assay with bovine serum albumin (BSA) used as a standard and 
digested with trypsin as outlined above. Targeted proteins were analyzed on an Agilent 6495 triple 
quadrupole (QqQ) mass spectrometer, with acquisition performed using MassHunter Workstation 
(version B.07.01, build 7.1.7112.0; Agilent Technologies). In total, 10 µg protein was loaded onto an 
Advanced Bio Peptide Map column from Agilent (P.N. 651750-902, dimensions: 2.1 x 250mm, 
Particle size: 2.7-micron) using an Agilent 1290 series HPLC and seperated over 15 min gradient. The 
raw MS data were analysed 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 (Supplemental Table 1). 
 
 
 
Radioactive [14C]- leucine labelling 
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Radioactive 14C-leu labelling for determining protein synthesis rates was applied by using a modified 
version of a published method for plant leaves (O'Leary et al., 2017). 100 mg of fresh cell culture 
were measured for radioactive 14C-leu labelling to study protein synthesis rate in both control and 
treated (1 µM H2O2 and 5 µM menadione) cell culture after 1, 3 and  5 days. 1.25 µL (4.6 kBq) of 14C-
Leu (300 mCi mmol−1; Perkin Elmer) were 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 
g, at 4oC. The supernatant was discarded and the pellet frozen in liquid nitrogen. The frozen pellet 
was ground in a bead mill. Protein was extracted with 200 µLl of 0.1 M NaOH  and then incubation 
for 15 minutes at 65°C and 1400 rpm. This was followed by centrifugation for 15 minutes at 14000 
g. The supernatant was collected, and the extraction process was repeated. The protein was 
precipitated by addition of 200 µL of 16% of TCA and incubated at 4oC overnight. The next day, each 
sample was centrifuged at 14000 g for 15 minutes. The supernatant was removed, and the protein 
pellet washed with 200 µL of 0.1 M HCl: ethanol (1:11 [v/v]), then centrifuge for 5 minutes at 14000 
g. Finally, the pellets were resuspended in 500 µL of 0.1M NaOH containing 0.5% SDS, then mixed 
with 4 mL of Ultima Gold followed by scintillation counting. 
 
Determination of protein content using fresh weight  
 Based on a published method to quantify protein content in Arabidopsis thaliana leaf (Li et al., 
2017), 0.1g (FW) of unlabelled cell culture were 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 protein seperation 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  for at least one hour on a rocker at room temperature to remove SDS, then gels were rinsed 
three times inwater. The protein was visualized by putting the gel in Coomassie brilliant blue G-250 
staining solution [2% (w/v) orthophosphoric acid, 10% (w/v) (NH4)2SO4, and 5% (w/v) Coomassie 
G250] overnight followed by destaining in water. Finally, an open source program ImageJ was used 
for measuring protein content in each sample. 
 
Statistical analysis 
Data analysis including one-way and two-way variance analysis (ANOVA) and the use of the Kruskal-
Wallis test. Data were computed by XLSTAT (version 2018.5). P values less than 0.05 were 
considered as significant.  ANOVA parameters were adjusted as following: 0.0001 was chosen as 
tolerance, confidence interval was set to 95%. For model selection, the best model with criterion 
(adjusted R2) was chosen, and number 2 was selected as minimum and maximum variables. For the 
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.  
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Table 1: The 29 specific r-proteins that significantly differed (P ≤ 0.05) in degradation rate kD (d-1) 
after both oxidative treatments. Mean and standard error on mean (SEM) are shown (n=4). 

Protein 
Name AGIS Protein description 

Degradation rate (kD) d-1 

Control H2O2 Menadione 

RPP2B At2g27710 60S Acidic Ribosomal 
Protein Family. 0.246 ± 0.02 0.207 ± 0.03 0.183 ± 0.02 

RACK1B At1g48630 
Receptor For 
Activated C Kinase 
1B. 

0.392 ± 0.03 0.282 ± 0.04 0.271 ± 0.04 

RPL6A At1g18540 Ribosomal Protein L6 
Family Protein. 0.170 ± 0.03 0.146 ± 0.02 0.138 ± 0.01 

RPL9B At1g33120 Ribosomal Protein L6 
Family. 0.197 ± 0.02 0.159 ± 0.02 0.141 ± 0.02 

RPL10aA At1g08360 Ribosomal Protein 
L1P/L10E Family. 0.214 ± 0.05 0.163 ± 0.04 0.164 ± 0.01 

RPL11A At2g42740 Ribosomal Protein 
Large Subunit 16A. 0.201 ± 0.02 0.158 ± 0.01 0.132 ± 0.02 

RPL13B At3g49010 
Encodes 60S 
Ribosomal Protein 
L13.  

0.185 ± 0.04 0.140 ± 0.02 0.135 ± 0.01 

RPL13D At5g23900 Ribosomal Protein 
L13E Family Protein. 0.184 ± 0.02 0.161 ± 0.02 0.162 ± 0.02 

RPL14B At4g27090 Ribosomal Protein 
L14. 0.176 ± 0.03 0.125 ± 0.02 0.120 ± 0.01 

RPL18aB At2g34480 Ribosomal Protein 
L18Ae. 0.175 ± 0.02 0.128 ± 0.02 0.126 ± 0.02 

RPL18B At3g05590 Ribosomal Protein 
L18. 0.143 ± 0.02 0.110 ± 0.02 0.094 ± 0.01 

RPL19A At1g02780 Ribosomal Protein 
L19E Family Protein. 0.215 ± 0.03 0.169 ± 0.02 0.165 ± 0.02 

RPL21A At1g09590 Translation Protein 
Sh3-Like  0.154 ± 0.02 0.115 ± 0.01 0.117 ± 0.01 

RPL26A At3g49910 Translation Protein 
Sh3-Like  0.185 ± 0.01 0.152 ± 0.01 0.136 ± 0.01 

RPL26B At5g67510 Translation Protein 
Sh3-Like 0.212 ± 0.03 0.176 ± 0.01 0.151 ± 0.01 

RPL28A At2g19730 Ribosomal L28E 
Protein Family. 0.175 ± 0.02 0.143 ± 0.01 0.146 ± 0.01 

RPL34B At1g69620 Ribosomal Protein 
L34. 0.194 ± 0.02 0.151 ± 0.03 0.146 ± 0.01 

RPL36C At5g02450 Ribosomal Protein 
L36E Family Protein. 0.180 ± 0.01 0.145 ± 0.01 0.126 ± 0.01 
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RPS2C At2g41840 Ribosomal Protein S5 
Family Protein. 0.183 ± 0.04 0.145 ± 0.02 0.130 ± 0.01 

RPS3aA At3g04840 Ribosomal Protein 
S3Ae. 0.190 ± 0.02 0.148 ± 0.01 0.150 ± 0.02 

RPS3aB At4g34670 Ribosomal Protein 
S3Ae. 0.207 ± 0.06 0.158 ± 0.03 0.153 ± 0.03 

RPS3C At5g35530 Ribosomal Protein S3 
Family Protein. 0.183 ± 0.02 0.148 ± 0.03 0.132 ± 0.01 

RPSaA At1g72370 40S Ribosomal 
Protein Sa. 0.157 ± 0.02 0.133 ± 0.01 0.122 ± 0.01 

RPS14A At2g36160 Ribosomal Protein 
S11 Family Protein. 0.154 ± 0.02  0.134 ± 0.02 0.128 ± 0.01 

RPS14B At3g11510 Ribosomal Protein 
S11 Family Protein. 0.160 ± 0.01 0.135 ± 0.01 0.135 ± 0.01 

RPS14C At3g52580 Ribosomal protein 
S11 family protein 0.079 ± 0.09 0.130 ± 0.02 0.141 ± 0.02 

RPS19A At3g02080 Ribosomal Protein 
S19E Family Protein. 0.186 ± 0.01 0.143 ± 0.01 0.131 ± 0.01 

RPS21B At3g53890 Ribosomal Protein 
S21E. 0.175 ± 0.02 0.146 ± 0.01 0.144 ± 0.01 

RPS24A At3g04920 Ribosomal Protein 
S24E Family Protein. 0.140 ± 0.03 0.120 ± 0.01 0.106 ± 0.01 
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Figure Legends 

Figure 1. Growth of Arabidopsis thaliana cell cultures after oxidative stress treatments.  

(A) Treatment with 0-50 µM H2O2. (B) Treatment with 0-25 µM menadione. Cell culture was 
collected by vacuum filtration and fresh weight (g) of cells was measured. (C) 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 
ribosomal protein samples. Vertical bars represent mean and standard error (SE). Asterisks indicate 
statistically significant (T-test) differences between treatment and control  (*: P≤ 0.05, **: P≤ 0.01), 
n=4 

Figure 2. Changes in r-protein abundances in Arabidopsis cell culture following oxidative stress 
treatments. (A) Overall measurement of fold change in the MRM protein abundance 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. (B) Heat map of the 
abundance of 106 r-proteins found in control and both oxidative treatments relative to total protein 
content. Each row denotes one r-protein isoform, and columns represent the average of the scaled 
protein peak area; n=3. For those proteins for which more than one peptide was quantified, the 
normalised peak area values of those peptides were averaged to represent the protein. 

Figure 3. Protein synthesis rate in Arabidopsis cell culture after oxidative stress treatments. (A) 
The same FW of control and treated cell culture was incubated for 45 min in radioactive 14C-Leu, 
followed by determination of the abundance of radiolabelled protein; each bar represents the 
average of four replicates of cell culture; error bars are standard error. Asterisks indicate statistically 
significant differences between treatment and control based on t-tests (*: P≤ 0.05, **: P≤ 0.01). (B) 
Data in A expressed as specific protein synthesis rate on a ribosome abundance basis. Normalization 
of the 14C-Leu data with r-protein MRM abundance data and total protein abundance per g FW on 
day 1, 3 and 5 was conducted. Each bar represents the average of four replicates of cell culture; 
error bars represent standard error of the mean (SEM). 

Figure 4. Turnover rate of r-proteins in Arabidopsis following oxidative stress. (A) Changes in 
average 15N enrichment of labelled peptides at different time points. Enrichment is shown through 
the time course of the experiment for control and 1 µM H2O2 and 5 µM menadione treatments, n≥ 
3, number of quantified peptide ≥ 5. The number of observed proteins for each time point is marked 
above each box. (B)  Box plot of ribosomal protein degradation rate (KD) for control and treatments 
based on a median polished calculation of fold change in protein (n=4 at each time point). A number 
of ribosomal proteins that had their KD values determined is marked above each treatment. (C) Venn 
diagrams of the number of r-protein isoforms and r-protein types with a calculated KD value in 
control and treatments. 

Figure 5: Correlations between specific r-protein degradation rates and protein abundance. (A) 
Heat maps of r-protein KD (left) and r-protein abundance (right). Each row denotes one r-protein 
isoform, and columns represent control, H2O2 and menadione treatments; 41 proteins are shown 
for which KD and abundance were determined in all samples (n=3). (B) The relationship between all 
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r-protein KD and abundance values. Kruskal-Wallis tests were performed to assess the effect of each 
treatment on KD and abundance of the 41 r-protein isoforms (**: P < 0.0001). 
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Figure 1. Growth of Arabidopsis thaliana cell cultures after oxidative stress treatments. (A) Treatment with
0-50 µM H2O2. (B) Treatment with 0-25 µM menadione. Cell culture was collected by vacuum filtration and
fresh weight (g) of cells was measured. (C) 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 ribosomal protein samples. Vertical bars represent mean and standard
error (SE). Asterisks indicate statistically significant (T-test) differences between treatment and control (*: P≤
0.05, **: P≤ 0.01), n=4
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Figure 3. Protein synthesis rate in Arabidopsis cell culture after oxidative stress treatments. (A) The same FW
of control and treated cell culture was incubated for 45 min in radioactive 14C-Leu, followed by determination of
the abundance of radiolabelled protein; each bar represents the average of four replicates of cell culture; error
bars are standard error. Asterisks indicate statistically significant differences between treatment and control
based on t-tests (*: P≤ 0.05, **: P≤ 0.01). (B) Data in A expressed as specific protein synthesis rate on a ribosome
abundance basis. Normalization of the 14C-Leu data with r-protein MRM abundance data and total protein
abundance per g FW on day 1, 3 and 5 was conducted. Each bar represents the average of four replicates of cell
culture; error bars represent standard error of the mean (SEM).
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Figure 4. Turnover rate of r-proteins in Arabidopsis following oxidative stress. (A) Changes in average 15N enrichment of
labelled peptides at different time points. Enrichment is shown through the time course of the experiment for control
and 1 µM H2O2 and 5 µM menadione treatments, n≥ 3, number of quantified peptide ≥ 5. The number of observed
proteins for each time point is marked above each box. (B) Box plot of ribosomal protein degradation rate (KD) for control
and treatments based on a median polished calculation of fold change in protein (n=4 at each time point). A number of
ribosomal proteins that had their KD values determined is marked above each treatment. (C) Venn diagrams of the
number of r-protein isoforms and r-protein types with a calculated KD value in control and treatments.
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Figure 5: Correlations between specific r-protein degradation rates and protein abundance. (A) Heat maps of r-

protein KD (left) and r-protein abundance (right). Each row denotes one r-protein isoform, and columns represent

control, H2O2 and menadione treatments; 41 proteins are shown for which KD and abundance were determined

in all samples (n=3). (B) The relationship between all r-protein KD and abundance values. Kruskal-Wallis tests

were performed to assess the effect of each treatment on KD and abundance of the 41 r-protein isoforms (**: P <

0.0001).



B

A

Supplemental Figure 1. Changes in 
Arabidopsis cell culture with 
oxidative stress treatment. 
(A) The appearance of the cell
culture after different H2O2 (upper
panel) and menadione (lower 
panel) concentrations were applied 
across a time course. WT (control) 
cells are in the flask on the right in 
each row. This a followed right to 
left by 1, 5, 10, 20, 50 µM H2O2
(upper) and 5, 10, 15, 20, 25 µM 
menadione (lower) for 1,3 or 5 
days.
(B) Protein content of cell culture
after oxidative stress treatments. 
0.1 g FW of cell culture was treated 
with 1µM H2O2 or 5µM 
menadione. ImageJ was used to 
measure the protein content in 
each sample. R: replicate; T: time in 
days.
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