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 6 

Proteasome-mediated remodeling of the proteome and phosphoproteome during kiwifruit 7 

pollen germination. 8 

 9 

Abstract 10 

Proteasome activity is essential for pollen tube emergence and growth; nevertheless, little is 11 

known about proteasome function at the molecular level. The objective of this study was to 12 

identify molecular targets and pathways which are directly/indirectly controlled by the 13 

proteasome during pollen germination. To this aim, changes in the proteome and 14 

phosphoproteome of Actinidia pollen, germinated in the presence of the proteasome inhibitor 15 

MG132, were investigated. Phosphoproteins were enriched by metal oxide/hydroxide affinity 16 

chromatography and phosphopeptides were further isolated using titanium ion (Ti4+) 17 

functional magnetic microparticles prior to liquid chromatography-tandem mass spectrometry 18 

analysis. Our results show that proteasome inhibition affects the phosphoproteome more 19 

profoundly than the proteome. Accordingly, the steady-state abundance of some kinases and 20 

phosphatases was changed and/or their phosphorylation status altered. Notably, affected proteins 21 

are involved in processes that are fundamental to pollen germination such as cytoskeletal 22 

organization, vesicular transport, cell wall synthesis and remodeling, protein synthesis, folding 23 

and degradation as well as energetic metabolism. Our data provide a molecular framework for 24 

the structural alterations observed when the proteasome is inhibited, contribute to the 25 
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understanding of how proteasome activity regulates pollen germination, show the cross-talk 26 

between phosphorylation and proteasomal degradation and are a resource for further functional 27 

analyses. 28 

 29 

Significance 30 

Pollen germination and tube growth are fundamental to successful fertilization in seed plants. 31 

These events are based on dramatic remodeling and the dismantling of existing programs, which 32 

are replaced by new ones. Degradation plays a prominent role in reshaping the protein repertoire, 33 

also cross talking with the bulk of post-translational modifications. At present, phosphorylation 34 

is the only modification studied in germinating pollen on a large scale. The proteasome has been 35 

universally recognized as one of the most important sites for protein degradation and its function 36 

has been shown to be essential for pollen tube emergence and elongation. Upon proteasome 37 

inhibition structural alterations and dysregulation of pivotal processes governing pollen 38 

germination have been described; however, a mechanistic framework for the proteasome 39 

function at the molecular level is still lacking. In this investigation we provide the very first view 40 

of the global impact of the proteasome in remodeling the proteome and phosphoproteome during 41 

germination and tube growth. Our results show how proteasome inhibition alters the levels, and 42 

profoundly affects the phosphorylation status of many proteins involved, controlling energetic 43 

and synthetic pathways and signaling cascades. 44 

 45 

Introduction 46 

Pollen germination and tube growth are dynamic, coordinated processes, essential to sexual 47 

reproduction in seed plants. Pollen tubes elongate by tip growth, a mechanism involving vesicle 48 



trafficking [1], actin cytoskeleton organization [2], apical ion flux [3] and cytosolic Ca2+ 49 

gradients [4]. Identifying the signaling pathways involved in this cellular program has been the 50 

focus of intense investigation over the past decade [5]. In recent years, several proteomic 51 

analyses have made it possible to establish comprehensive cell-specific protein maps of pollen 52 

development [6]. Hundreds of proteins were found to be differentially expressed between mature 53 

and germinating pollen grains, most of which are regulated at the transcriptional and/or 54 

translational level [7, 8]. Moreover, differential expression patterns between protein isoforms 55 

have been detected, likely arising from post-transcriptional and post-translational modification 56 

[7, 8]. 57 

Extensive protein phosphorylation during anther development has been found in Arabidopsis and 58 

rice, revealing the important role of this post-translational modification in affecting protein 59 

activity [9]. Mayank et al. [10] reported that mature Arabidopsis pollen contains many 60 

phosphorylated proteins that might be subjected to changes in phosphorylation status upon 61 

pollination. Using metal oxide/hydroxide affinity chromatography, Fíla identified 139 [11] and 62 

301 [12] phosphoprotein candidates in tobacco pollen activated in vitro. To date, the impact of 63 

phosphorylation on pollen tube development has not been fully characterized.  64 

The ubiquitin/proteasome-mediated degradation of proteins plays a pivotal role in both pollen 65 

germination and tube growth [13-15]. In this pathway, ubiquitin, an 8.6 kDa protein, is activated 66 

and transferred to its substrates via the action of three enzymes: E1, E2, and E3. Although 67 

ubiquitin functions as a multivalent signal that can modulate the level, activity and intracellular 68 

localization of a protein, ubiquitin-conjugated proteins are usually committed to proteasome 69 

degradation [16]. Accordingly, accumulation of ubiquitinated protein was observed in 70 

germinating pollen grains after proteasome inhibition [13-15]. On the other hand, for a 71 



significant subset of proteins proteasome degradation can occur independently of ubiquitin 72 

conjugation [17]. Thus, proteasome-mediated protein degradation is thought to be a major 73 

contributor to the remodeling of the pollen proteome.  74 

Gel-based proteomic analysis revealed 11 unique candidate protein species whose abundance 75 

was directly/indirectly regulated by the proteasome during germination in kiwifruit pollen [18]. 76 

In the present study, the proteome of kiwifruit pollen germinated in the presence of the 77 

proteasome inhibitor MG132 was further analyzed using a gel free proteomic approach to extend 78 

our knowledge of the role of the proteasome in remodeling the pollen proteome during 79 

germination. 80 

Phosphorylation-triggered degradation is a common strategy for the elimination of regulatory 81 

proteins in many important cell signaling processes. The cross talk between phosphorylation and 82 

ubiquitin-mediated proteasomal degradation is well established. This cross-regulation is often 83 

manifested by the ability of phosphorylation to regulate the ubiquitin conjugating machinery 84 

and/or to promote the ubiquitination and degradation of substrates [19]. Ubiquitination can also 85 

turn on/off the activity of certain kinases [20]. Examples of proteins where these two post-86 

translational modifications coexist on the same substrate during seed germination have been 87 

recently described [21].  88 

Thus, the aim of this study was to analyze how proteasomal degradation control pollen 89 

germination modulating both protein abundance and phosphorylation levels.  90 

 91 

Materials and methods 92 

Plant material and pollen germination.  93 



Pollen from the male kiwifruit genotype (cv. Tomuri) of Actinidia deliciosa var. deliciosa [(A. 94 

Chev) C. F. Liang et A. R. Ferguson] was collected and managed as described in Vannini et al. 95 

[18]. The pollen was rehydrated for 30 min at 30 °C under 100% relative humidity. Germination 96 

was performed by suspending the rehydrated pollen grains (1 mg/mL) in liquid medium 97 

containing 0.29 M sucrose, 0.4 mM boric acid and 1 mM calcium nitrate. Tube emergence and 98 

growth were quantified using the pollen tube growth (PTG) test via photometric determination 99 

(A500) [22]. 100 

 101 

Experimental design. 102 

After rehydration, pollen was transferred to liquid medium containing the proteasome inhibitor 103 

MG132 (Selleckchem) to a final concentration of 40 µM. Since the inhibitor was dissolved in 104 

dimethyl sulfoxide (DMSO), parallel incubations were set up with DMSO, at the same 105 

concentration (0.08%) present in the MG132-treated samples (control). The cultures were 106 

incubated for 90 min at 30 °C in the dark. The cells were then collected by Millipore vacuum 107 

filtration. Phosphoprotein enrichment with Qiagen column was performed on samples deriving 108 

from three different germination experiments with two analytical replicates. Quantification of 109 

ubiquitin-conjugated proteins in the phosphoprotein-enriched pool was performed on three 110 

biological replicates.  111 

To directly compare proteomic responses to MG132 versus DMSO, four biological replicates 112 

were subjected to protein extraction and phosphoprotein enrichment. Four separated metal oxide 113 

affinity chromatography (MOAC) and Ti-immobilized metal affinity chromatography (Ti-114 

IMAC) enrichment experiments were carried out. The experimental system is illustrated in 115 

Figure 1. 116 



 117 

Protein extraction and phosphoprotein enrichment 118 

Phosphorylated proteins were initially isolated from whole pollen extracts using a 119 

Phosphoprotein Purification Kit (Qiagen) according to the manufacturer’s instructions, with 120 

minor modifications. Briefly, pollen samples were suspended in 2 mL of phosphoprotein lysis 121 

buffer supplemented with CHAPS, a cocktail of proteasome inhibitors and Benzonase. The cell 122 

suspension was homogenized on ice using a Potter-Elvehjem apparatus. After centrifugation, the 123 

samples were diluted in loading buffer to a final concentration of 0.1 mg/mL, and 30 mL of the 124 

resulting lysate were loaded onto a Qiagen column. Washing and elution were performed as 125 

detailed in the manual. Protein concentration was determined using the Bradford assay (BioRad), 126 

with serum albumin as a standard. Elution fractions were pooled, concentrated and desalted by 127 

ultrafiltration before western immunoblotting analysis. 128 

Alternatively, MG132-treated and DMSO-treated pollen (about 0.4 g vacuum-filtered cells) were 129 

suspended 1:10 (w/v) in 10% (w/v) trichloroacetic acid (TCA)/acetone, supplemented with 130 

0.07% (v/v) 2-mercaptoethanol (MSH) and homogenized by a Potter-Elvehjem apparatus [11]. 131 

An aliquot of the total protein extract was kept aside for western immunoblotting and proteome 132 

analysis (Fig. 1). Enrichment of phosphorylated proteins from total protein extracts was obtained 133 

by using metal oxide/hydroxide affinity chromatography, essentially as described by Fíla et al. 134 

[11] (Fig. 1).  135 

 136 

Electrophoresis and western immunoblotting analysis 137 

Whole protein extracts and phosphoprotein-enriched protein pools from the Qiagen column were 138 

resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Gels were 139 



electroblotted onto a nitrocellulose membrane (0.2 µm pore size) (BioRad). The blots were probed 140 

with an affinity purified rabbit polyclonal anti-ubiquitin antibody (kindly provided by Prof. A.L. 141 

Haas, Department of Biochemistry and Molecular Biology, LSU School of Medicine, New 142 

Orleans, Louisiana). Bands were detected using horseradish peroxidase-conjugated secondary 143 

antibody (BioRad). Peroxidase activity was revealed with the enhanced chemiluminescence 144 

detection method (ECL Plus Kit, Amersham Biosciences). 145 

 146 

Protein digestion and Ti-IMAC phosphopeptide enrichment.  147 

Total protein extracts and MOAC-enriched proteins were precipitated by methanol [23], 148 

suspended in SDS-buffer (SDS 4% w/v, 100 mM Tris-HCl pH 7.6 and 100 mM DTT) and 149 

quantified using a 2D Quant kit (GE Healthcare) using bovine serum albumin as a reference 150 

standard. Proteins and phosphoproteins were trypsinized using the Filter Aided Sample 151 

Preparation (FASP) method [24] (Fig. 1). Peptides from total protein extracts were directly 152 

analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS), while 153 

phosphopeptides from the MOAC fraction were enriched by MagReSyn Ti-IMAC microbeads 154 

(ReSyn Biosciences, Edenvale, Gauteng, South Africa) following the manufacturer’s instruction 155 

(Fig. 1). All peptides were dried under vacuum and desalted using Zip-Tips (lC18; Millipore) 156 

prior to mass spectrometric analysis.  157 

 158 

LC−MS/MS analysis and data processing.  159 

The peptides were analyzed in a Q Exactive mass spectrometer as described by Garcia-Seco et 160 

al. [25]. Raw data were searched with MaxQuant program (v. 1.5.3.3, 161 

http://www.coxdocs.org/doku.php?id=maxquant:start) against the Actinidia chinensis protein 162 



database (version 2013-02, 39,040 entries) from the International Kiwifruit Genome Consortium 163 

(IKGC, http://bioinfo.bti.cornell.edu/cgi-bin/kiwi/home.cgi) and the MaxQuant contaminant list. 164 

The search criteria were as follows: two missed cleavages, fixed modification of cysteine 165 

(carbamidomethylation), variable modifications of methionine (oxidation), minimum peptide 166 

length of six amino acids, precursor mass tolerance was set to 20 ppm for the first search and 4.5 167 

ppm for the main search. Phosphorylation on serine, threonine and tyrosine and the addition of 168 

diglycine on lysine were added as variable modifications. Label Free Quantification (LFQ), 169 

“match between runs” (time window of 0.7 min) and target-decoy search strategy (revert mode) 170 

options were enabled. LFQ intensities are the output of the MaxLFQ algorithm [26]. They are 171 

based on the (raw) intensities and normalized on multiple levels to ensure that profiles of LFQ 172 

intensities across samples accurately reflect the relative amounts of the proteins. A false 173 

discovery rate (FDR) of 1% and 2% was accepted for peptide and protein identification, 174 

respectively.  175 

MaxQuant localization of phosphorylation sites is based on the PTM (post-translational 176 

modification) score strategy, which assigns probabilities to each possible phosphorylation site 177 

according to its site-determining ions. The identified phosphosites were grouped based on their 178 

localization score as described by Olsen et al. [27]: class I (p > 0.75), class II (0.5 < p ≤ 0.75) and 179 

class III (p ≤ 0.5).  180 

The raw data (“ProteinGroups”, the “Phospho(STY)sites” files) were initially processed using an 181 

in-house tool. Incorrect identifications (“Reverse”, “One site”, and “Contaminant” hits) and not 182 

consistent identifications were filtered out: only protein groups or phosphosites detected in at 183 

least three of the four biological replicates in almost one analytical group (MG132-treated or 184 

control) were considered to assess significant changes. Missing values were estimated from the 185 
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dataset based on two criteria for each sample, depending on whether one or more missing values 186 

were observed for each entry: when two or three values were available, the missing value was set 187 

to a random value within an interval of 1/4 of the entire sample standard deviation centered on 188 

the entry average. When only one or no values were available, random values within an interval 189 

of 1/4 of the standard deviation of all sample values centered on the global minimum value of all 190 

samples in the dataset were imputed. The minimum dataset value and sample standard deviations 191 

were determined once before any imputation and applied to all subsequent imputations to avoid 192 

drift. Consequently, whole sample standard deviation and dataset minimum value only depended 193 

on the starting dataset for each entry calculation.  194 

For the quantitative proteome and phosphoproteome analyses the filtered data were processed 195 

with the Perseus software platform (http://www.perseus-framework.org). Log2 transformed LFQ 196 

intensities of protein groups and phosphosites intensities were centered by subtracting the 197 

median of the entire set of protein groups LFQ intensities /phosphosite intensities per sample 198 

(column). To determine if a change in phosphosite abundance truly reflected the regulation of the 199 

phosphorylation status of a protein and not a general change in the abundance of the 200 

phosphoprotein, phosphosite intensities levels were normalized to the overall protein abundance 201 

[28]: the Log2 transformed and centered phosphosite intensities were normalized by subtracting 202 

the Log2 transformed and centered LFQ intensities of the corresponding proteins.  203 

The mass spectrometry proteomics data were deposited in the ProteomeXchange Consortium via 204 

the PRIDE [29] partner repository with the dataset identifier PXD009100 using the following 205 

reviewer account details: Username, reviewer29134@ebi.ac.uk, Password: khSkx0f1.  206 

 207 

Downstream bioinformatics analysis.  208 
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MaxQuant Output file hits were represented by a group of proteins (group of IDs) sharing the 209 

same set or a subset of peptides of the best-match leading protein. For bioinformatics analysis, 210 

only the leading protein was considered. 211 

To compare kiwifruit proteins with those of Arabidopsis, the Actinidia proteins accession 212 

numbers were converted into Arabidopsis proteins accession numbers using IKGC 213 

(http://bioinfo.bti.cornell.edu/cgi-bin/kiwi/home.cgi), with the annotation controlled manually. 214 

Functional classification and enrichment analysis were performed using the open-source 215 

software package agriGO v. 2.0 (http://systemsbiology.cau.edu.cn/agriGOv2/index.php) and the 216 

Actinidia protein database from the IKGC as background. SEA (single enrichment analysis) and 217 

comparisons were performed using a false discovery rate threshold of 0.01 and 0.05 for the 218 

global protein/phosphoprotein datasets and differentially regulated/differentially phosphorylated 219 

protein datasets, respectively. Significantly enriched phosphorylation motifs were extracted from 220 

class I phosphosites using the open-source program Motif-X (http://motif-221 

x.med.harvard.edu/motif-x.html). The peptide sequences were centered on modification sites 222 

(phosphoserine or phosphothreonine) and aligned, including six amino acids up- and downstream 223 

of the site of modification. The number of occurrences was set to 20, and the probability 224 

threshold was set to P<10-6. The IKGC Actinidia database was uploaded as background data. 225 

Known motifs and probable kinases were searched in the PhosphoMotifFinder 226 

(http://www.hprd.org/serine_motifs) database and in the literature [10, 12, 28, 30-32]. 227 

 228 

Statistical analysis. 229 

Statistical analysis of data was performed using Student’s t-test in the GraphPad Prism package.  230 
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For proteomic and phosphoproteomic data an Anova based multiple sample test with 231 

permutation-based false discovery rate cutoff of 0.05 was performed in the Perseus software in 232 

order to analyze the proteins changing in relative abundance and phosphorylation status between 233 

analytical groups (MG132-treated and DMSO-treated).  234 

Protein fold change (FC) ratio, expressed as Log2FC, is defined as the Log2 of protein abundance 235 

in the treatment minus Log2 protein abundance in the control. Only changes with Log2FC ≤ −0.6 236 

or Log2FC ≥ 0.6 were considered biologically relevant, respectively.  237 

The Perseus software was also used for principal component analysis (PCA), plot scattering, and 238 

hierarchical clustering analysis. 239 

Results 240 

Inhibitory effects of MG132 on pollen germination.  241 

The MG132 concentration of 40 µM was used because significantly inhibits pollen germination 242 

and tube growth without inducing cell death [13, 18]. As shown in Fig. S1A, in the presence of 243 

40 µM MG132, tube emergence and elongation decreased by 35%, as previously reported [13, 244 

18]. The marked accumulation of ubiquitin-protein conjugates and the depletion of the ubiquitin 245 

monomer confirmed that the ubiquitin proteolytic system was impaired (Fig. S1B).  246 

 247 

Total proteomic profiling of Actinidia pollen treated with MG132.  248 

To explore the molecular events controlled by the proteasome during pollen germination and 249 

tube growth, we analyzed the total proteome from Actinidia pollen treated with MG132 250 

compared with the control.  251 

LC MS/MS analysis and MaxQuant data processing allowed to detect 3300 protein groups 252 

(Table S1). Among them, 2169 protein groups were identified in at least three of the four 253 



biological replicates in almost one analytical group (Table S2). The LFQ intensities of the 2169 254 

consistent protein groups were centered, as described in Materials and methods, and considered 255 

for further data processing. We performed PCA analysis to point up the relationships among 256 

groups of variables indicated in our data set. Figure S2A shows that sample replicates belonging 257 

to the same treatment, have been grouped much closer than those exposed to the different 258 

treatments (MG132 or DMSO). This result indicates that the effect of proteasome inhibition by 259 

MG132 is detectable at the proteome level. The similarities among the samples was also assessed 260 

by scatter plotting and determination of the Pearson coefficient. The biological replicates sharing 261 

the same treatment revealed an average Pearson correlation of 0.98 (Fig. S2B), indicating that 262 

the germination conditions, the chemical treatments and the mass spectrometric analysis were 263 

highly reproducible. By contrast, the average correlation value between MG132 and DMSO-264 

treated samples was approximately 0.93, suggesting that MG132 affects the pollen germinating 265 

proteome profile. These observations were further confirmed by the clustering analysis. The LFQ 266 

intensities were grouped using the hierarchical clustering algorithm of the Perseus software. The 267 

experimental groups (MG132- and DMSO-treated samples) are clearly separated according to 268 

the expression level in each replicate (Fig. S2C).  269 

Among the 2169 protein groups identified, the statistical analysis revealed that 88 were up- and 270 

61 down-accumulated (Anova multiple sample test, FDR< 0.05, with Log2FC ≤ −0.6 or Log2FC 271 

≥ 0.6) after proteasome inhibition, corresponding to 6.8% of the total protein groups (Table S3).  272 

To assess the quality of our analysis, we compared the 1623 Arabidopsis counterparts of our 273 

proteome dataset with an atlas of Arabidopsis pollen proteins obtained by combining the lists of 274 

Arabidopsis pollen proteins and transcripts cited in the literature [8, 33]. The comparison 275 



revealed that 1513 (93%) protein species had been previously detected in Arabidopsis pollen, 276 

whereas 110 have never been reported as pollen-related proteins (Table S4). 277 

MapMan analysis showed that the kiwifruit pollen proteins and the differentially regulated 278 

protein species primarily belong to the categories RNA and protein metabolism, metabolism of 279 

lipids and amino acid, signaling, cell wall organization and development (Fig. S4). The agriGO 280 

SEA analysis showed that the over-represented Gene Ontology (GO) categories in the 281 

differentially regulated protein dataset were carbohydrate and protein metabolic processes (Fig. 282 

2). 283 

 284 

Proteasome activity regulates the phosphoproteome during kiwifruit pollen germination.  285 

To determine if MG132 affects the phosphoproteome in a quantitative and qualitative manner, 286 

we enriched protein extracts obtained from MG132- and DMSO-treated samples using a 287 

commercial kit (Qiagen). The amount of proteins recovered in the phosphoprotein enriched pool 288 

from MG132-treated samples was 1.5-fold higher than that obtained from the control run in 289 

parallel (Fig. 3A).  290 

To gain deeper insight into the effects of proteasome inhibition on the pollen phosphoproteome, 291 

we applied a tandem MOAC approach [34] for enrichment of phosphorylated proteins and 292 

peptides (Fig. 1). Using this approach, more than 70% of the peptides identified were 293 

phosphorylated (1657 out of 2157) compared to the 0.4 % (61 out of 14834) detected in the 294 

unenriched samples.  295 

MaxQuant analysis identified 1891 phosphopeptides containing 2095 phosphosites (Table S5). 296 

To eliminate false positives, we considered only the phosphosites present in a minimum of three 297 

of the four biological replicates in almost one analytical group (MG132-treated or control). We 298 



obtained an analytical set of 1299 unique phosphopeptides containing 1572 phosphosites (Table 299 

S6). Of these, 90.3% are phosphoserine (pSer), 9.0% are phosphothreonine (pThr) and 0.7% are 300 

phosphotyrosine (pTyr) (Fig. 4A). The intensities of the 1572 consistent phosphosites were 301 

centered, as described in Materials and methods.  302 

This dataset was submitted to the PCA analysis. In figure S3A the first principal component 303 

(PC1: 79.4%), the second (PC2: 6.5%) and the third (PC3: 4.8%) show the separation between 304 

experimental groups (MG132- and DMSO-treated samples) and the similarity of biological 305 

replicates. The reproducibility of the phosphopeptide enrichment step was also demonstrated by 306 

the average Pearson value of 0.92 obtained among the four biological replicates performed for 307 

each treatment. By contrast, the average Pearson correlation value between MG132-treated 308 

pollen and the control was 0.52, indicating that proteasome inhibition greatly alters the pollen 309 

phosphoproteome (Fig. S3B). The intensities hierarchical clustering (Fig. S3C) confirmed the 310 

separation between the experimental groups (MG132- and DMSO-treated samples).  311 

Among the 1572 phosphosites, 1392 (88%) had a localization probability >0.75, indicating that 312 

the detection of phosphosites using our strategy is highly robust. The 1572 phosphosites 313 

correspond to 711 unique proteins groups (Fig. 4B, Table S6). Most of them (85%) contain one 314 

to three phosphosites, 13% contain four to seven phosphosites and 2% contain more than seven 315 

phosphosites (to a maximum of 15; Fig. 4C). Among phosphoproteins identified in kiwifruit 316 

pollen, 564 share high similarity with Arabidopsis proteins (At homologs), 337 (60%) are 317 

present in a Phospho atlas (based on the PhosPhat and P3DB databases) and data from Mayank 318 

et al. [10] and 227 have never been reported as phosphorylated proteins (Table S7). Our 319 

comparison of the 564 At homologs in our phosphoproteome dataset with proteins in the pollen 320 

atlas revealed a subset of 52 At homologs not previously reported as pollen proteins (Table S4). 321 



The functional categorization of these phosphoproteins using MapMan revealed an enrichment in 322 

the categories protein metabolism, RNA and DNA processing, signaling, and development (Fig. 323 

S3). Accordingly, the percentage of transcription factors and kinases/phosphatases was much 324 

higher in the phosphoproteome than in the proteome (Fig. 4D).  325 

We subjected our 1572 quantifiable phosphosites to the Anova multiple sample test (Table S6) 326 

and we found 405 phosphosites which were significantly different (FDR<0.05) in abundance 327 

between MG132 and control samples (Table S8). We did not set a fold change threshold in the 328 

analysis of phosphosites because, in our opinion, even small differences in post-translational 329 

modifications, if statistically significant, may be relevant from the biological point of view. For 330 

603 phosphosites (out of 1572, in bold in Table S6), we also quantified the matching proteins in 331 

the proteome experiment, allowing us to normalize the phosphosite intensities to the abundance 332 

of the corresponding total protein (Table S9). The Anova multiple sample test (FDR<0.05) 333 

performed onto normalized data revealed that 178 phosphosites were indeed differentially 334 

regulated (104 down- and 74 up-accumulated) in terms of phosphorylation status in response to 335 

proteasome inhibition (Table S9). Therefore, our differentially phosphorylated protein dataset 336 

includes, in addition to the 93 proteins corresponding to these 178 phosphosites, the proteins 337 

corresponding to the 258 differentially regulated phosphosites (in red in table S8) for which we 338 

failed to identify the corresponding proteins in the total proteome.  339 

The analysis of this differentially phosphorylated protein dataset by using agriGO software 340 

showed that the over-represented Gene Ontology (GO) categories were nucleotide and RNA 341 

metabolism, cytoskeleton organization, pollen tube development, biological regulation, and 342 

spliceosome, among others (Fig. 2). 343 

 344 



Motif enrichment and kinases. 345 

Using the Motif-X tool and considering only the high-abundant phosphosites serine (Ser) and 346 

threonine (Thr), we searched for the dominant phosphorylation motifs in our phosphoprotein 347 

dataset compared with the kiwifruit genome database IKGC (http://bioinfo.bti.cornell.edu/cgi-348 

bin/kiwi/home.cgi) as a background. We identified 39 over-represented phospho motifs, 349 

including 29 phospho-Ser motifs and 10 phospho-Thr motifs (Table S10). Eight phospho motifs 350 

were enriched by MG132 treatment (shown in red in Table S10). The kinase families that 351 

recognize these enriched motifs are: mitogen activated protein kinases (MAPKs), cyclin-352 

dependent protein kinases (CDKs), AGC kinase family protein kinases C/A/G (PKAs/C/G), 353 

calcium-dependent protein kinases, receptor-like protein kinases (RLKs), SNF 1-related protein 354 

kinases (SnRKs) and casein kinases II (CKII). Several kinases belonging to these families were 355 

identified in the kiwifruit pollen proteome and phosphoproteome.  356 

We detected two putative MAP kinases (Achn252431, Achn028141), one CDK (Achn146301), 357 

the putative homolog of receptor protein kinase CLAVATA1 (Achn214861) and two RLKs 358 

(Achn023871, Achn115291), whose phosphorylation status was regulated by proteasome 359 

inhibition. Moreover, one AGCK (Achn069131) and the putative SnRK2 (Achn157571) were 360 

regulated in terms of both abundance and phosphorylation status, whereas the regulatory subunit 361 

of a putative SnRK1 (Achn365051) was regulated only in terms of protein abundance.  362 

 363 

MG132 induces the accumulation of ubiquitin-conjugated proteins in the pollen phosphoprotein 364 

pool.  365 

Western analysis with an antibody against ubiquitin revealed the presence of ubiquitinated 366 

proteins in the phosphoprotein-enriched pool. Interestingly, there was an almost twofold increase 367 



in the content of ubiquitin conjugates after proteasome inhibition (Fig. 3B), suggesting that, 368 

during pollen germination, a portion of the phosphorylated substrates undergoes ubiquitination 369 

and subsequent degradation.  370 

After trypsin digestion, the ubiquitin-conjugated proteins release peptides containing a di-glycine 371 

fragment covalently attached to the ubiquitinated lysine. We detected 34 ubiquitination sites 372 

(Table S11). Among them 22 were unambiguously detected and correspond to 19 proteins (Table 373 

S12). Anova multiple sample test (FDR<0.05) revealed that 12 ubiquitination sites 374 

(corresponding to 10 phosphoproteins) were differentially regulated (8 up- and 4 down-375 

accumulated) in MG132-treated pollen compared to the control (Table S12). Five of these 376 

proteins (Achn111131, Achn200011, Achn222861, Achn304201, and Achn380731) were 377 

significantly upregulated in terms of both ubiquitination and phosphorylation. This type of 378 

analysis is obviously limited since no enrichment for ubiquitin conjugated proteins was 379 

performed, being beyond the scope of the present study; however, it provides evidence that the 380 

two post translational modifications can coexist on the same substrate.  381 

 382 

Discussion 383 

Inhibition of the proteasome reduces pollen tube emergence and elongation and causes pollen tip 384 

swelling and branching, suggesting that proteasome-mediated protein turnover is essential for 385 

pollen germination and polarized tube growth [13-15]. In agreement with this observation, both 386 

proteasome activity and protein levels of several proteasome subunits have been reported to 387 

increase in the germinating with respect to mature quiescent pollen [13, 35]. Although the 388 

proteasome is responsible for the degradation of the majority of intracellular proteins, 389 

surprisingly MG132 treatment did not cause dramatic changes in total protein abundance, 390 



confirming the findings of Vannini et al. [18], and observations made in mammalian cells [36, 391 

37]. One possible explanation is that only the steady-state level of short half-life proteins is 392 

affected by proteasome inhibition; these polypeptides are usually low-abundant regulatory 393 

proteins, hardly detectable within the whole proteome.  394 

Interestingly, proteasome inhibition had a greater effect on the pollen phosphoproteome than it 395 

did on the total proteome. The simplest reasonable explanation is that this fraction is indeed 396 

enriched in proteins with regulatory function which may be subjected to direct or indirect 397 

proteasome control.  398 

Phosphorylation is an important modification which allows rapid control of the activity of 399 

signaling and regulatory proteins [38]. Many studies have demonstrated that proteasome 400 

inhibitors can alter signaling pathways and suppress the degradation of multiple phosphorylated 401 

signaling molecules [39, 40]. Almost half of the phosphorylation sites identified in our 402 

experimental system resulted differentially regulated in terms of phosphorylation status by 403 

proteasome inhibition when normalized to total protein levels. Some proteins with multiple 404 

phosphorylation sites showed different regulatory trends, providing evidence for the complexity 405 

of the effects of proteasome inhibition on phosphorylation patterns during pollen germination 406 

(Fig. 5). Accordingly, 14 kinases and 6 phosphatases belonging to MAPK, RLK, CDK, CDPK-407 

SnRKs and PP2C families were found changed in their phosphorylation status after MG132 408 

treatment (Table S13). Phosphorylation of MAPK, RLK and CDPK kinase families was found to 409 

occur in tobacco pollen during the transition from the quiescent to the activation state [12]. 410 

Moreover, the phosphorylation motif enrichment analysis onto the differentially phosphorylated 411 

protein dataset revealed a significant abundance of [S*PxR] motif recognized by CDKs and 412 

[S*P] and [RxxS*] motifs that are typically recognized by MAPKs, AGCkKs, CDPK-SnRKs 413 



families and calmodulin/Ca2+ kinases (CaMK), further supporting the idea that 414 

kinase/phosphatase activity is controlled by the proteasome during pollen germination. Finally, 415 

the evidence that six proteins were differentially phosphorylated and ubiquitinated by MG132 416 

treatment, suggests a crosstalk between phosphorylation and ubiquitin-mediated proteasome 417 

degradation as one of the possible mechanisms through which proteasome activity might affect 418 

the phosphoproteome. 419 

Relatively little is known about kinase activation/deactivation in pollen germination. Moreover, 420 

experimental data directly linking specific kinase activation to their targets have yet to be 421 

established. For this reason, it is possible only to speculate about the possible relationships 422 

between pollen structural alterations reported in the literature and signaling/regulatory molecular 423 

players whose phosphorylation status we found altered upon proteasome inhibition. 424 

 425 

Cytoskeleton organization.  426 

In Picea pollen, MG132 induces depolymerization of F-actin and the disruption of the radial 427 

array of cortical microtubules [15]. It has been postulated that this might occur as a consequence 428 

of a change in the activity/levels of regulatory proteins. The analysis of the phosphoproteome in 429 

MG132-treated kiwifruit pollen suggests that the proteasome may regulate small GTPase-430 

mediated signaling and the activity of actin/microtubule bundling proteins. MG132 indeed 431 

interfered with the phosphorylation status of three RLKs (Achn21486, Achn023871 and 432 

Achn115291) which are known to phosphorylate GTP-binding proteins, thereby inducing 433 

changes in downstream signaling [41, 42]. In Arabidopsis pollen tubes, the Rho-like GTPase 434 

ROP1 controls F-actin dynamics in cooperation with the ROP-interactive CRIB motif-containing 435 

(RIC) proteins RIC4 (F-actin assembly) and RIC3 (F-actin disassembly) [43]. To maintain 436 



polarized growth, the RopGAP protein REN1 interacts with ROP1 and restricts active ROP1 to 437 

the apical cap [44]. After MG132 treatment, phosphoprotein species showing sequence similarity 438 

to REN1 (Achn265851), RIC3 (Achn342471), RIC5 (Achn342471), RhoGDI 1 (Achn341151), 439 

and ARAC7 (Achn312571) exhibited an altered phosphorylation status. In particular, REN1 440 

phosphorylation was reduced, while the RhoGDI phosporylation was increased. Since 441 

phosphorylation of REN1 at Ser267 and dephosphorylation of RhoGDI is thought to be essential 442 

for protein function [41, 12], both proteins might be inactivated upon proteasome inhibition.  443 

Phosphoregulation is an important post-translational modification that modulates the F-actin 444 

crosslinking activity of bundling proteins [10, 12, 30, 45, 46]. In the current study, a change in 445 

the phosphorylation status of three villin (VLN)-like proteins (Achn268281, Achn380731, 446 

Achn09219), one fimbrin-like protein homolog of AtFIM1 (Achn354231), one actin cross-447 

linking protein homolog to Crolin1 (Achn198121) and a homolog of an actin cytoskeleton-448 

regulatory protein (Achn342471) was found in MG132-treated pollen.  449 

Whether the phosphorylation of these proteins promotes or inhibits their activity is unknown. In 450 

this regard, Villin1,4 was among the protein species found to accumulate in a phosphorylated 451 

and ubiquitinated form following MG132 treatment. Based on this evidence it could be 452 

hypothesized that Ser phosphorylation promotes its ubiquitination and subsequent degradation 453 

via the proteasome.  454 

Proteins involved in the regulation of microtubule dynamics [47] were also differentially 455 

phosphorylated. In particular, MG132 treatment reduced the phosphorylation status of a homolog 456 

of the Microtubule Associated Protein 65 (MAP65). CDK phosphorylation of the human MAP65 457 

homolog, has been demonstrated to decrease its bundling activity [48, 49].  458 



Overall, these evidences could at least partly explain the observed altered tip growth and 459 

cytoskeleton dynamics when the proteasome function is inhibited.  460 

 461 

Vesicular transport.  462 

Polarized pollen tube growth also relies on a fine balance between exocytosis of plasma 463 

membrane and cell wall components and endocytosis to recycle excess material [50].  464 

The inhibition of proteasome activity has been shown to cause a disorder in the secretory system 465 

which consequently reduces pollen tube growth [15]. In line with this finding, we detected a 466 

change in the phosphorylation status of proteins involved in clathrin- and non-clathrin-mediated 467 

endocytosis such as one auxillin-like protein (Achn303051), two VHS domain-containing 468 

proteins (Achn284791 and Achn046581) and a putative beta subunit of a coatomer protein 469 

(Achn199041). The regulation of pollen tube endocytosis through post-translational 470 

modifications remains elusive [5]. In mammalian cells, phosphorylation regulates the association 471 

and dissociation cycle of the clathrin-based endocytic machinery. Dephosphins are coordinately 472 

dephosphorylated during endocytosis of synaptic vesicles; notably, blocking dephosphorylation 473 

is known to inhibit endocytosis [51].  474 

Alteration in the phosphorylation status of kiwifruit protein species homologous to Arabidopsis 475 

Type I inositol-1,4,5-trisphosphate 5-phosphatase-like (IP5P12) and phosphatidyl-myo-inositol-476 

4,5-bisphosphate phosphatase SAC2, suggests that phosphoinositides (PIs) homeostasis could be 477 

affected as well by proteasome inhibition. Phosphoinositides are asymmetrically distributed 478 

among diverse endomembranes and function as signaling compounds [52, 53]. PI phosphatases 479 

and kinases help generate and maintain the gradients required for endomembrane trafficking, cell 480 

wall deposition and the control of growth polarity in plants [54]. IP5P12 controls Ins(1,4,5)P3 481 



and Ca2+ levels and is crucial for maintaining pollen dormancy and for regulating early pollen 482 

germination [55]. SAC2 hydrolyzes the 5-phosphate of PtdIns(3,5)P2 to form PtdIns3P, which 483 

has been implicated in vacuolar morphology. Interestingly, the overexpression of SAC 484 

phosphatases results in vacuoles larger than those of the control [56], similar to the vacuolar 485 

phenotype induced by MG132 treatment in Picea pollen [15].  486 

In the differentially phosphorylated protein dataset, we identified few protein species with a 487 

Pleckstrin homology (PH) domain that can bind to phosphoinositides, including Achn231821 488 

(homologous to dynamin-2A [DRP2B]), Achn314541 (homologous to sorting nexin 2B 489 

[SNX2B]), and Achn204251 (homologous to AtPDK1). DRP2B binds specifically to PtdIns3P 490 

and is involved in clathrin-mediated vesicle trafficking from the trans-Golgi to the central 491 

vacuole [57, 58]. SNX2B plays a role in vesicular protein sorting [59]. AtPDK1 might couple 492 

lipid signals to phosphorylation of the activation loops of several protein kinases of the so-called 493 

AGC kinase family.  494 

An increase in the phosphorylation of an oxysterol binding protein (OSBP, Achn180551), and a 495 

VAP (vesicle-associated protein, Achn205791) was observed in kiwifruit pollen after MG132 496 

treatment. These proteins seem to be involved in sterol trafficking at the endoplasmic reticulum 497 

and Golgi interface in plants [60]. In human cells, the Golgi localization of OSBP is regulated by 498 

phosphorylation mediated by a Protein Kinase D [61]. 499 

At the protein level, the inhibition of the proteasome induced the over-accumulation of VPS28-1 500 

(Achn344941), a component of the ESCRT-I complex, as well as a putative nexin (Achn073251) 501 

involved in vesicular protein sorting and the putative vesicle-trafficking protein SEC22b 502 

(Achn360671). Conversely, the levels of the exocyst complex component Sec6 (Achn202541), 503 



protein transport protein SEC31 (Achn134681) and a putative transducin family protein/WD-40 504 

(Achn320091) were decreased. 505 

All these results suggest that altered vesicular trafficking induced by MG132 may be the 506 

consequence not only of the disruption of cytoskeletal dynamics, but also to changes in the level 507 

and/or activity of proteins involved in vesicle transport, exocytosis and endocytosis.  508 

 509 

Cell wall synthesis and remodeling.  510 

Sheng et al. [15] reported a sharp decline in cell wall components in pollen tubes treated with 511 

MG132 with respect to the control, probably due to the inhibition of vesicle transport and/or to 512 

the altered turnover of enzymes associated with cell wall synthesis and remodeling. Consistent 513 

with the latter hypothesis, the steady-state level of both cellulose synthase and pectin 514 

methylesterases (PMEs) significantly decreased in kiwifruit pollen after the same treatment. 515 

Cellulose plays an important role in stabilizing the pollen tube tip wall [62]. Pectins, are 516 

increasingly de-esterified by PMEs in the areas away from the tip to provide mechanical support 517 

to the distal area of the elongating tubes [63]. Thus, alterations in the levels of cellulose and 518 

pectins would explain the apical swelling of the pollen tube and the enlargement of tube 519 

diameters [14].  520 

The observed down-accumulation of arabinogalactan proteins (AGPs) could also play a role in 521 

this process. Indeed, inhibition of AGP function results in tube shortening and malformation in 522 

kiwifruit pollen [64].  523 

 524 

Protein synthesis, folding and degradation.  525 



Inhibition of the proteasome by MG132 reduces the levels of newly synthesized proteins in 526 

mammalian, yeast and plant cells [65-69]. This effect seems to be mediated by the 527 

phosphorylation of initiation factor Eif2 and Eif4 [65-67]. In our experimental system, MG132 528 

treatment altered the phosphorylation status of some proteins bearing strong similarity to the 529 

initiation factors Eif4-like (Achn390151, Achn009851, Achn052611, and Achn295641), eiF2 530 

(Achn293871 and Achn080441), the TAF4-like factor (Achn299451) and eIF3 (Achn239121). 531 

Pollen germination and tube elongation depend on continuous protein synthesis [70]. Therefore, 532 

the impairment of protein synthesis may at least in part explain the inhibitory effect of MG132 533 

on germination and tube elongation.  534 

In Picea pollen tubes, MG132 induces dilation of the endoplasmic reticulum (ER), vacuolization 535 

of the cytoplasm and the accumulation of ubiquitinated proteins, especially near the ER 536 

membrane [15]. The chaperone protein CDC48 is an essential factor that is extensively involved 537 

in ERAD (ER-associated degradation) [71]. In mammalian and yeast cells, CDC48 recognizes 538 

multi-ubiquitin moieties on many proteins and targets them to the proteasome [72, 73]. Serine 539 

phosphorylation of CDC48 leads to its reduced association with ubiquitinated proteins, thus 540 

promoting their degradation [74]. Interestingly, we found that MG132 treatment reduced the 541 

phosphorylation of a putative CDC48 (Achn03736). In addition, we detected increased 542 

phosphorylation of a protein homologous to CDC48-interacting UBX-domain protein (PUX1), 543 

which regulates AtCDC48 by inhibiting its ATPase activity and promoting the disassembly of 544 

the active hexamer [75]. It could be speculated that proteasome inhibition creates a negative 545 

feedback loop, leading to a reduction in CDC48 activity to slow the release of ubiquitinated 546 

proteins to the proteasome. Moreover, the retrograde translocation of misfolded proteins from the 547 

ER has been shown to be dependent on functioning cytosolic proteasomes [76]. Thus, treatment 548 



of cells with proteasome inhibitors results in the accumulation of misfolded proteins within the 549 

endoplasmic reticulum. Reduced phosphorylation of calreticulin homologous to AtCALR1 550 

(Achn260371) was found in MG132-treated pollen samples. This protein is a Ca2+-binding 551 

molecular chaperone that facilitates the folding of newly synthesized glycoproteins and regulates 552 

Ca2+ homeostasis in the ER lumen [77]. Phosphorylation/dephosphorylation events have been 553 

postulated to control and modulate the biological activity of the protein. In particular, Trotta et 554 

al. [78] have demonstrated that calreticulin is dephosphorylated by PP2A. Knocking down PP2A 555 

resulted in a strong calreticulin phosphorylation and misregulation of genes involved in the UPR 556 

(Unfolded Protein Response). Thus, dephosphorylation of calreticulin under MG132 treatment 557 

could stimulate its activity as a chaperon to relieve the ER stress induced by proteasome 558 

inhibition. Notably, a PP2A regulatory subunit TAP46 (Achn046981) was among the 559 

phosphorylated proteins accumulated in MG132-treated pollen. Since phosphorylation may 560 

promote PP2A activity [79], it could be hypothesized that this event may be responsible for 561 

calreticulin dephosphorylation.  562 

Changes in the phosphorylation of a putative E2 ubiquitin-conjugating enzyme (Achn389631), 563 

two E3 ubiquitin-protein ligase RING1-like proteins (Achn245461, Achn126221) and one EIN3-564 

binding F-box protein 1 (Achn195831) were detected in MG132-treated kiwifruit pollen. 565 

Phosphorylation can regulate E2 and E3 ligase activity [19]. Thus, the inhibition of the 566 

proteasome could regulate ubiquitin ligase activity by inducing a change in their phosphorylation 567 

status. Finally, we detected an increase in the abundance of proteasome subunits RPN10 568 

(Achn159691) and RPN13-like (Achn368911). Interestingly, the RPN10 subunit mediates the 569 

autophagic degradation of the proteasome following MG132 treatment, presumably to remove 570 

inactive particles [80]. 571 



Among the differentially phosphorylated proteins in MG132-treated pollen, one over-represented 572 

GO category was RNA splicing. Reversible protein phosphorylation plays a key role in 573 

spliceosome assembly and the catalytic steps of splicing [81]. Our data indicate that the 574 

proteasome participates in splicing events during the early phases of pollen germination via 575 

changes in the phosphorylation status of spliceosome components. Although the early stages of 576 

pollen germination and early tube growth largely depend on pre-synthesized mRNA, the 577 

appearance of many novel transcripts during pollen germination has been demonstrated [82]. 578 

Indeed, several phosphoproteins involved in transcription whose phosphorylation status was 579 

altered upon proteasome inhibition, such as transcription factors and RNA binding proteins, were 580 

detected. Overall, our data indicate that protein degradation via the proteasome regulates not 581 

only the translation of mRNA already present in the pollen, but also of newly synthesized RNAs. 582 

 583 

Energetic metabolism.  584 

In Picea, MG132 strongly disturbs mitochondrial remodeling and significantly reduces the 585 

mitochondrial membrane potential [15]. In the present study, the levels and the phosphorylation 586 

status of proteins involved in mitochondrial protein import was affected by MG132 treatment. In 587 

particular, levels of TOM 20 (Achn238661) and the phosphorylation status of TOM 22 588 

(Achn246651) were altered after MG132 treatment. Notably, TOM 22 phosphorylation controls 589 

the import and assembly of the TOM complex [83, 84]. Moreover, reduced protein levels of a 590 

putative LETM1 (Achn034101) were found. LETM1 (leucine zipper-EF-hand-containing 591 

transmembrane protein 1) is a mitochondrial proton/calcium antiporter required for the 592 

maintenance of tubular shape and cristae organization in pollen tubes [85]. These observations 593 



further support the evidence that upon proteasome inhibition the bioenergetic function of 594 

mitochondria is impaired.  595 

 596 

Conclusions 597 

Data reported in this paper provide the first global view of how proteasome activity 598 

directly/indirectly contributes to the proteome and, particularly, to phosphoproteome remodeling 599 

during pollen germination. The changes in the levels and/or in the phosphorylation status of 600 

several regulatory protein species outline a molecular framework which could explain the 601 

structural alterations observed under conditions of proteasome inhibition (Fig. 6). They also shed 602 

light on the molecular players within energetic/synthetic pathways and signaling cascades which 603 

are sensitive to an impairment in proteasome function.  604 

 605 
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Figures 

 

 

Fig. 1. Workflow of proteomics experiments. Kiwifruit pollen treated with DMSO or MG132 

was subjected to total protein extraction. An aliquot of the whole protein extract was FASP 

digested for proteome analysis; the remaining sample was used for phosphoprotein enrichment. 

Phosphoproteins were enriched by MOAC, FASP digested and phosphopeptides were further 

isolated by a Ti-IMAC based chromatography. Peptides and phosphopeptides were identified and 

quantified by LC MS/MS analysis.  

 

 



 

Fig. 2. Gene ontology enrichment for biological process of differentially regulated and 

differentially phosphorylated proteins. The analysis was performed in batch for both protein 

datasets using the Single Enrichment Analysis (SEA) agriGO tool. SEA results were compared 

using SEA compare tool. The image contains the most relevant gene ontology (GO) significant 

terms (FDR threshold 0.05). Box color represents significance, ranging from dark red (most 

significant) to light yellow (least significant).  

 

 

 

 



 

Fig. 3. Accumulation of proteins and ubiquitin-conjugated proteins within the phosphoprotein-

enriched pool in MG132-treated pollen. (A) 3 mg of proteins were subjected to phosphoprotein 

enrichment using the Qiagen kit. Protein content in the eluate was determined by the Bradford 

assay and expressed as µg of proteins in the enriched fraction (P-prot) per mg of total proteins. 

Bars represent the average value ± SD. (B) Twenty µg of phosphorylated proteins were resolved 

in SDS-PAGE and immunoblotted with an anti-ubiquitin antibody. A representative image is 

shown. Quantification of ubiquitin-protein conjugates was performed in a Chemi Doc system 

(BioRad) and expressed as % of DMSO-treated sample. Bars represent the average value ± SD is 

shown. Statistical analysis was performed on densitometric values. *p<0.05; **p<0.01 vs DMSO 

control. 



 

Fig. 4. A) Number of phosphorylation sites according to the phosphorylated amino acid (serine, 

threonine and tyrosine) identified. B) Number of protein species unambiguously identified in the 

proteome and phosphoproteome analysis. C) Percentage of identified proteins in relation to the 

number of phosphosites found on the same protein group. D) Number of kinases, phosphatases 

and transcription factors identified in the protein and phosphoprotein datasets expressed as a 

percentage of the total number of identified proteins. 

 

 

 

 



 

Fig. 5. Phosphorylation patterns of four selected phosphoproteins identified in our dataset. “S”, 

“T” and “Y” stands for serine, threonine and tyrosine, respectively; the numbers indicate the 

position of the post translational modification in the protein sequences. “P” in the circle indicates 

unchanged (black), up-regulated (green) and down-regulated (orange) phosphosites after MG132 

treatment.  

 

 

 

 

 



 

Fig. 6. Schematic model summarizing the molecular players involved in the structural alterations 

associated with proteasome inhibition in kiwifruit pollen. P: proteins changing in their 

phosphorylation level; arrows: proteins changing in their abundance. 
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