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Abstract

Protein phosphorylation regulates the functions of proteins in many ways and has an impact on the
regulation of signal pathways in the cell. In the last two decades, after label-free quantitative (LFQ)
phosphoproteomics was introduced to analyze the protein phosphorylation in complex samples, major
improvements of phosphosites identifications were established. Regardless of these developments in the field of
phosphoproteomic, the progressing in robustness, throughput, and reproducibility of analyzing protein
phosphorylation is still needed. We implemented in the LFQ phosphoproteomics analysis process of the Fe-IMAC
phosphopeptide enrichment followed by porous graphitic carbon (PGC) and strong anion exchange (SAX)
chromatographies. In our study, we analyzed the phosphoproteome of the fission yeast Schizosaccharomyces
pombe. We identified 8353 phosphosites from which 1274 were newly identified. Results give us a significant
increase of the known phosphoproteome and bring a better understanding of how the protein kinases work in the
fission yeast S. pombe.

Keywords: LFQ phosphoproteomics; SAX; PGC; Schizosaccharomyces pombe

Introduction and Objectives

Protein phosphorylation is a reversible post-translational modification able to control
many protein functions [1-3]. Mass spectrometry (MS) is a technique to identify protein
phosphorylation and analyzes phosphoproteome. This approach brings benefits such as high
throughput and sensitivity [4-7]. In the past two decades, label-free quantitative (LFQ)
phosphoproteomics has become the most frequently used strategy to analyze phosphorylation
of proteins [8-10]. The LFQ strategy has no limitations in the numbers of analyzed samples or
replicates [11-13]. Regardless of the significant robustness, phosphoproteomics is restricted by
the low abundance of phosphoproteins relative to whole-cell proteome, various phosphopeptide
enrichment techniques are used [6]. The one of the most frequently metal-based methods is
immobilized metal affinity chromatography (IMAC), which uses metal cations Fe®* as the
affinity reagents for the negatively charged phosphate groups [14-16]. Due to complexity of
the analyzed samples, the enriched phosphopeptide samples are usually further processed by
subsequent fractionations, such as strong anion exchange chromatography (SAX) or porous
graphitic carbon chromatography (PGC) [12]. PGC chromatography separates phosphopeptides
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based on their different hydrophobicity [17]. SAX separates peptides primarily based on their
net charge and phosphopeptides are strongly retained because of acidic groups [18].
Optimization of the LFQ phosphoproteomics analysis is still necessary. Evolving and progress
in this approach lead to an increase in the robustness and identification rate. Our objective in
this study, was to optimized protocol for LFQ phosphoproteomics analysis of the whole-cell

extract of the fission yeast S. pombe.

Materials and methods

The overnight culture of the fission yeast S. pombe strain (h-) was diluted in 1 L of
YE+5S media to OD660=0.15 and grown at 25°C till OD660=0.8. The cells were collected by
filtration using and immediately frozen in liquid nitrogen. The yeast cell powders were made
by grinding yeast cells in a cryogenic grinder. We prepared 4 biological replicates (Fig. 1). One
gram of the yeast cell powder was lysed in 1.5 mL ice-cold lysis buffer with 8 M urea in the
presence of phosphatase inhibitors. Following, the 4 samples with proteins were reduced
(Dithiothreitol), alkylated (Chloroacetamide), and digested by TPCK-trypsin to peptides. The
digestion was stopped by the addition of 1% trifluoroacetic acid. Peptides were oxidized with
200 mM H20». The samples were then desalted and precipitated with ethyl acetate. For
phosphopeptide enrichment, the samples were loaded onto a Fe-IMAC column connected to an
FPLC chromatographic system. Prior to use, the column was charged with Fe** ions. For the
separation of phosphopeptides to fractions, an analytical column Hypercarb Porous Graphite
Carbon (PGC) connected to an HPLC chromatographic system was used. Based on the
chromatogram, the sample was divided into 8 fractions, dried by vacuum centrifugation, and
measured. For hydrophilic strong anion exchange (hSAX) separation, the Accela LC system
equipped with a SAX column was used. Based on the chromatogram, the sample was divided
into 9 fractions which were desalted using C18 solid-phase extraction cartridges, dried by
vacuum centrifugation, and measured. LC-MS/MS analysis of phosphopeptides was performed
on LTQ Orbitrap Elite mass spectrometer equipped with Ultimate 3000 RSLC nano-HPLC
system (Dionex, Germany) and nano-spray source. The resulting raw data files were processed
using MaxQuant (v 1.5.5.1) with a built-in Andromeda search engine. The statistical analysis
of MaxQuant output tables was performed by the Perseus software platform (v 1.5.5.3), which

helps in the interpretation of protein quantification and post-translational modification data.
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Fig. 1. Workflow of label-free quantitative (LFQ) phosphoproteomics analysis- The procedure
consists of the following steps: protein extraction, phosphopeptide enrichment (Fe-IMAC), PGC and SAX

fractionations, LC-MS/MS analysis, protein identification, and in silico analysis.

Results and discussion

Mass spectrometry analysis of PGC fractionated samples identified 2760 protein groups,
13248 peptides, and 5149 phosphosites. In SAX fractionated samples we identified 2905
protein groups, 16338 peptides, and 5875 phosphosites. Overall, 22240 peptides belonging to
3139 proteins and 8353 phosphorylation sites were identified (Tab. 1). We were able to enlarge
the coverage of S. pombe proteome by 7%. Employing PGC fractionation the coverage of

phosphoproteome by 30% was reached, contrast to to only SAX fractionation.

Tab. 1. Summary of identified protein groups, peptides and phosphosites in samples after Fe-IMAC
phosphopeptide enrichment followed by PGC and SAX fractionations

Protein groups Peptides Phosphosites
Samples
PGC SAX PGC SAX PGC SAX
SPAC1 2575 2820 10245 14509 3690 4629
SPAC2 2581 2758 10813 13529 4213 4522
SPAC3 2512 2753 9597 13909 3628 4802
SPAC4 2463 2705 8855 12999 3628 4725
_ 2760 2905 13248 16338 5149 5875
Unique
3139 22240 8353

We also identified 1274 new phosphorylation sites, that had not been previously found,
(search against the S. pombe reference PomBase database, https://www.pombase.org, 2020-12-
07). 662 of these phosphosites were only identified only by PGC fractionation and 407
phosphosites by SAX fractionation. This represents a significant increase to the
phosphoproteome of the fission yeast S. pombe. Our results showed that from 6251
phosphorylation sites identified by PGC and SAX method, 2875 phosphorylation sites differ
significantly. These findings are visible in a HeatMap (Fig. 2). In the PGC fractionated samples,
the intensities were increased in 1801 sites, compared to SAX fractionated samples, increased

in 1065 phosphosites.
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Intensity

Fig. 2. Heat map of the identified phosphosites- Representation of significantly different phosphorylation sites
identified after PGC or SAX fractionations of S1-S4 replicates. The phosphosites with increased intensities are
marked in red, and phosphosites with lower intensities are marked in green.

We found that PGC fractionated samples are enriched with the Rafl kinase substrate
motif and Phosphorylase kinase substrate motif. The highest values of enrichment factor were
detected for samples prepared by SAX fractionation with the BARD1 BRCT domain-binding
motif and PAK2 kinase substrate motif. In the case of GO terms in PGC fractionated samples,
the most enriched biological processes were the Regulation of GTPase activity, and the cell
compartment Cell division site. The SAX fractionated samples showed the highest value of
enrichment factor for Cell septum, and Cell cortex part. These GO terms represent processes
involved in regulation of cytokinesis, the process essential for cell growth, development, and
differentiation. Great benefit of our study was newly-identified phosphorylation sites of
proteins belonging in cell division and cytokinesis cell processes [19-21]. We found that Rga2,
is phosphorylated on S127 and T989. Likewise, we identified novel S590 and S699
phosphosites for Rga6, and S3 phosphosite for Rga4. Similarly, Gefl, was detected to be
phosphorylated on T160 and S275. Additionally, we discover that Spnl is phosphorylated on
uncharacterized S17, and Sid2 or Agsl is phosphorylated on uncharacterized S19, S121, and
S125, or S1136 and S1670, respectively.
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Conclusion

To conclude, we demonstrated here the optimized strategy for LFQ phosphoproteomics
analysis of the whole-cell extract of the fission yeast S. pombe. We showed that Fe-IMAC
phosphopeptide enrichment followed by the PGC and SAX fractionations provides a
reproductive and efficient strategy that enables detailed analysis of the S. pombe
phosphoproteome. In addition, more studies of the biological role of the newly identified
phosphomodifications and the identification of the protein kinases are needed. It might have a

great benefit and shed light on understanding the regulation of various cellular processes.
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