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Abstract  

Many processes, including alternative splicing and posttranslational modification diversify gene-

encoded proteins. Alternative splicing plays an important role in the regulation and expansion of 

protein functions in response to external and internal signals. Modification of proteins by 

phosphorylation regulates different cellular processes and takes part in a wide range of signal 

transduction pathways. Interplay between these two processes has been reported in different diseases 

such as cancer. Due to tremendous developments in the last decade, phosphoproteomics has gained 

a lot of popularity. Still, it suffers from reproducibility and robustness. In this thesis, a general 

phosphoproteomics workflow was established by careful evaluation of the different steps for 

phosphopeptide enrichment. In addition, the application of two different collision energies for MS2 

fragmentation has improved the sequence coverage of identified phosphopeptides. Moreover, the use 

of a peptide database generated out of the results using standard mass spectrometry (MS) database 

searches has proved to be advantageous for the quantification of multiphosphorylated proteins. This 

workflow was applied to cisplatin-induced apoptotic and control Jurkat T cells, resulting in the 

identification of more than 7,000 phosphopeptides from more than 2,000 proteins. In particular, several 

members of the MAP kinase family were found to be upregulated during apoptosis. Two proteins 

belonging to this family, cyclic AMP-dependent transcription factor ATF-2 (ATF2) and transcription 

factor AP-1 (JUN), were selected and further validated with time course western blot experiments of 

both phosphorylated and non-phosphorylated versions of ATF-2 and JUN. The results showed both 

phosphorylated and nonphosphorylated JUN are upregulated in apoptotic cells. Hence, it is difficult to 

conclude if apoptosis was induced due to upregulation of phosphorylated JUN. This result 

demonstrated that phosphoproteomics data must be further validated with other techniques. 

Proteomics studies focusing on alternative splicing are scarce. To facilitate the analysis of alternative 

splice variants, two customized databases were generated. These customized databases were also 

applied to the phosphoproteomics data to obtain potential insights into the interplay between 

alternative splicing and phosphorylation in Jurkat T cells upon cisplatin-induced apoptosis. In addition, 

the phosphoproteomics workflow was also applied to study urine from patients with indolent or 

aggressive prostate cancer (PCa) and revealed three particular significant changed phosphopeptides, 

supported by targeted analysis using parallel reaction monitoring (PRM). To enable cost-effective 

downstream absolute quantification, a novel approach for targeted protein analysis was established 

based on dimethylation of peptides. A special feature of this approach is that the accuracy to 

determine the amount of endogenous peptides can be validated using two references against each 

other. In summary, a phosphoproteomics workflow has been established to study phosphoproteins 

and was applied to a human cell line and urine samples. Two customized databases were generated 

to study alternative splice variants. A two-point quantification method was developed to determine 

absolute amounts of targeted proteins. It allows an internal quality control of the spike-in peptides 

which is not possible with the commonly used one-point quantification method.  
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1. Introduction

1.1 The diversity of proteins - proteoforms/protein species 

The classic central dogma of molecular biology explains the flow of genetic information from 

deoxyribonucleic acids (DNA) to ribonucleic acids (RNA) to proteins. In this view, the DNA contains 

the information needed to produce all proteins and that RNA is a messenger that carries this 

information to the ribosomes, where the information is translated from a code into the specific protein. 

The total process is called gene expression with two key stages, transcription (DNA to messenger 

RNA (mRNA)) and translation (mRNA to protein). The central dogma was refined after the discovery of 

reverse transcription from RNA to complementary DNA (cDNA) with the exclusion principle, which 

means that there is no information transfer from proteins to DNA [1]. Out of the flow of genetic 

information, the one gene - one protein - one function hypothesis was inferred. In this reductive view, 

the protein fulfills the function fixed in its gene. However, many different protein forms exist which are 

most commonly named “protein species” [2-4] or “proteoforms” [5] and are defined by their exact 

chemical primary structures. Protein speciation can be caused by e.g. Posttranslational modification

(PTM), proteolysis processing, alternative splicing [6, 7], and other processes [2]. This concept 

accepts the diversification of a protein into different protein species. Protein speciation occurs 

presumably for most of the mammalian genes and the number of human protein species has been 

estimated to be in the range of one billion, coded by approximately 20.000 genes [8]. Most importantly,

it has been shown that different protein species of a single protein can differ in their biological 

functions [2, 3]. Consequently, considering only gene expression is not sufficient to correlate the 

function of a protein.

1.2 Increased diversity of gene-coded proteins by alternative splicing 

Alternative splicing is an essential mechanism in generating protein diversity (Figure 1). By alternative 

splicing, different mature mRNAs are created from a premature mRNA sequence by rearranging 

different exon and intron sequences, which consequently lead to translation of different protein species. 

For example in human, around 100,000 protein species with diverse functions produced from around 

20,000 genes are estimated [9]. Combining mRNA-sequencing (mRNA-Seq) and expressed sequence 

tag – complementary DNA (EST-cDNA) data from human tissue revealed that approximately 95% of 

multiexon genes undergo alternative splicing [6]. Interestingly, alternative splicing expand protein-

protein interaction capabilities, because protein-protein interaction profiling of a large number of 

human genes revealed that the majority of isoform pairs share less than 50% of their interactions [10].

The splicing event is carried out by the spliceosome and accessory splicing factors like cis-acting RNA 

element and trans-acting RNA binding proteins (RBPs) such as serine/arginine (SR)-rich proteins and 

heterogeneous nuclear ribonucleoproteins (hnRNPs) [11-13]. More than 300 proteins were found by 

mass spectrometry (MS) to be associated with splicing complexes [14]. Therefore, aberrant gene 

splicing such as mutations near or at the splice site [15] or the inefficient intron removal [16] could lead 

to progression of various diseases including cancer [17-20]. In addition, alternative splicing also 
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controls apoptosis and replication of different infectious viruses [21, 22]. Hence, targeting these events 

could be a potential therapeutic strategy to prevent the virus from replication and send infected cells to 

the apoptotic process.  

 
Figure 1: The most common alternative splicing events 

a) Alternative splicing at the 5’ end. b) Alternative splicing at the 3’ end. c) Mutually exclusive exons, 
where an exclusive exon is selected from two or more exons in the pre-mRNA during alternative 
splicing. d) Cassette exons, which are independently included (cryptic) or excluded (skipped) during 
alternative splicing. e) Intron retention, where alternative splicing fails to exclude the intron sequence. f) 
Alternative promoters, when it occurs in conjunction with alternative splicing. g) Polyadenylation 
signals, when it occurs in conjunction with alternative splicing. Broken lines linking exons represent 
splicing events. The blue box represents a cassette exon. A: polyadenylation site; SS: splice site. The 
figure is adapted from [23].  

A few proteomics studies for the targeted identification of alternative splice variants (ASVs) have been 

reported by using modified databases. Up to 608 unique splice variants were identified in mice 

employing the ECgene database with more than 10 million entries of all potential protein sequences 

[24, 25]. Using another database, GenoMS, constructed from in silico digestion of data from Ensembl, 

Vega and Augustus, 53 alternative splice isoforms and 10 novel protein-coding mouse genes were 

discovered [26]. In another study, 939 ASVs were identified from 2,983 splice-variant-specific peptides 

in epidermoid carcinoma A431 cells utilizing a tool named SpliceVista [27]. SpliceVista maps MS-

based proteomics data and splice variant identification by retrieving gene structures and translating 

sequences from alternative splicing databases (EVDB and ECgene). 
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1.3 Protein phosphorylation 

Phosphorylation is one of the best studied PTMs and plays an essential role in various cellular 

processes in most organisms. It has been reported that up to 70 % of human proteins exist in their 

phosphorylated forms [28, 29]. Hence, phosphorylation could presumably be the most frequent PTM. 

The phosphate group is added to the substrates by protein kinases and removed by protein 

phosphatases (Figure 2). More than 500 human genes encode for protein kinases and approximately 

200 for phosphatases have been reported [30]. These two types of enzymes work together to regulate 

signaling pathways and cellular processes [31]. The reversible phosphorylation has mostly been found 

on serine (Ser), threonine (Thr), and tyrosine (Tyr) residues in eukaryotic cells, while histidine (His) 

and aspartic acid (Asp) are the primary substrates in prokaryotic cells (Figure 2). In eukaryotic cells, 

phosphotyrosine (pTyr), phosphothreonine (pThr), and phosphoserine (pSer) account for around 2%, 

12% and 86%, respectively [28]. These phosphorylated residues are crucial players in cellular signal 

transduction, governed by signal propagation and modulation along the phosphorylation-controlled 

signaling cascades and networks [32, 33]. The signaling networks are orchestrated in an intricate and 

multidirectional manner due to an enormous level of complexity of PTMs. In particular, the function of 

a protein could be regulated by the crosstalk of different PTMs on the same protein in a sophisticated 

communication pattern [34]. In fact, it was discovered that different PTMs exhibit the tendency to 

cluster within protein sequences at structural domains [35]. PTM crosstalk for phosphorylation has 

been described first with O-linked N-acetylglucosamine (O-GlcNAc) [36], but has been significantly 

extended to other PTMs, e.g. for acetylation, ubiquitinylation and sumoylation, due to newly developed 

approaches for large-scale PTM analyses [37-42]. 

 

Figure 2: Phosphorylation mechanism and phosphorylated amino acids. 
(A) Phosphate groups are added to the substrates by protein kinases and removed by protein 
phosphatases to regulate the function of proteins. (B) The common forms of phosphorylated amino 
acid side chains: phosphoserine (phosphoSer (pS)), phosphothreonine (phosphoThr (pT)), and 
phosphotyrosine (phosphoTyr (pY)) in eukaryotes, and phosphohistidine (phosphoHis (pHis)), and 
phosphopaspartic acid (phosphoAsp (pAsp)) in prokaryotes. The figure is adapted from [43]. 
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1.4 Phosphorylation and alternative splicing 

Both phosphorylation and alternative splicing play essential roles in response to diverse cellular 

signals. A compelling question is how quickly alternative splicing can change splicing sites in response 

to external stimuli. Changes in splicing sites in less than one hour without requiring protein synthesis 

have been observed [44]. Changes in alternative splice site selection was observed when the activity 

of kinases and phosphatases acting on splicing factors was affected using inhibitors, mutations and 

knockdown experiments [45-47]. A principal mechanism was proposed where reversible 

phosphorylation regulates the individual interaction of regulatory splicing proteins. This mechanism 

leads to a change in splicing site by receiving external stimuli and sending a signal through 

phosphorylation-dependent signal transduction pathways to sequentially manipulate numerous 

splicing factors and splicing complexes (Figure 3).  

 
Figure 3: Alternative splicing is regulated by phosphorylation events. 

External stimuli such as growth factors and stress signals activate different signaling transduction 
pathways through various protein kinases. These kinases in turn phosphorylate different RNA binding 
proteins (hnRNPs, SR proteins, SPF45, and SAM68), hence manipulating their splicing activity. 
SAM68 is regulated by extracellular signal-regulated kinase (ERK) and non-receptor tyrosine kinases 
(nRTKs) in order to manipulate its activity. Similarly, the activity of several SR proteins (SRps) is 
regulated by localization of SR protein kinases (SRPKs) and cyclin-dependent like kinases (CLKs) 
upon phosphorylation through the PI3K-AKT pathway. The localization of hnRNPA1 or SPF45 are 
regulated by the activated kinases like the mitogen-activated protein (MAP) kinases p38 or c-Jun N-
terminal kinase (JNK), hence modulating its splicing activity [48]. 

Phosphorylation changes the interaction between regulatory splicing proteins and other proteins and 

RNA. The SR proteins contain RNA binding motifs to recognize exonic splicing enhancers which have 

highly degenerate nucleotide sequences and are widely distributed in the transcribed genome. The RS 

domains serve as protein-protein interaction modules that recruit other components of the splicing 
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machinery [49]. RS domains are rich in serine and arginine residues and changes in phosphorylation 

has an effect on these interactions [50]. Changes of intracellular localization of several splicing factors 

between the cytosol and the nucleus are also affected by reversible phosphorylation (Figure 3). 

Moreover, intranuclear localization of splicing factor can be regulated by phosphorylation. For example, 

SR proteins accumulate in speckles in the nucleus and can be released by Cdc-2-like kinases, which 

results in changes in splice site selection [45]. In addition, splicing factors are targets of several 

kinases in the cytosol and nucleus. On the other hand, SR proteins and hnRNPs can be 

dephosphorylated by phosphatases (e.g., PP1α,-β,-γ) which influences alternative exon usage [51].  

1.5 Phosphorylation in apoptosis 

Phosphorylation takes part in major signaling cascades and networks that govern fundamental 

processes like cell division, migration, proliferation, differentiation, and survival [52]. In addition, the 

fundamental importance of phosphorylation is also known to be involved in the regulation of apoptosis 

[53-56]. Programmed cell death by apoptosis is an essential process for the homeostasis of organisms 

(Figure 4). Several diseases and proteins involved in this process are targets of chemotherapy 

research [57, 58].  

 
Figure 4: Different steps in apoptotic cell death. 

During apoptosis, normal cells start to shrink and the chromatin condenses, followed by membrane 
blebbing and disintegration of organelles. Subsequently, the nucleus and organelles collapse and the 
membrane progresses in blebbing leading to the formation of apoptotic bodies. Finally, these apoptotic 
bodies are engulfed by macrophages and undergo phagocytosis, which avoids an inflammatory 
response as in necrosis [59] .  

Apoptosis can be triggered in a cell through either the extrinsic or the intrinsic pathway (Figure 5). The 

extrinsic pathway is initiated by the binding of a ligand to a death receptor. For example, interaction of 

the CD95 (Fas/Apo-1) receptor with Fas ligand (FasL) triggers the formation of a death-inducing 
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signalling complex (DISC) that includes the adaptor molecule Fas-associated protein with death 

domain (FADD), which in turn recruits procaspase-8. Aggregation of procaspase-8 releases active 

caspase-8, which results in the activation of either effector caspases (caspases-3, -6, and -7) or the 

mitochondrial pathway via BID cleavage.  

The intrinsic apoptotic pathway can be induced as a response to stress such as heat shock and DNA 

damage. Central to the intrinsic apoptotic pathway are the mitochondria and the B-cell lymphoma 2 

(Bcl-2) protein family. Members of the Bcl-2 family function as regulators of caspase activation by both, 

pro-apoptotic and mitochondria-associated anti-apoptotic proteins. Pro-apoptotic Bcl-2 family 

members in the cytoplasm, e.g., BAX, BAK and BID, bind to the outer membrane of the mitochondria 

and promote the translocation of cytochrome c into the cytoplasm. Following the release, cytochrome 

c forms a complex in the cytoplasm with APAF-1, dATP, and procaspase-9, called the apoptosome, 

which activates caspase-9 and allows the activation of effector caspases. Furthermore, other proteins 

translocate from the mitochondria to the cytoplasm during activation of the intrinsic pathway as 

Smac/Diablo and Omi/HtrA2to block the inhibitor of apoptosis proteins (IAP). 

 
Figure 5: Apoptotic signaling pathways. 

In response to different stimuli, apoptosis is induced by either the extrinsic pathway or intrinsic 
pathway. The two pathways can also crosstalk via the cleavage of Bid by caspase 8. The figure is 
modified from Thiede and Rudel [60]. 

The apoptotic caspases can be divided into initiator (caspase-8, -9 and -10) and executioner 

(caspase-3, -6, -7) caspases. Activated initiator caspases activate executioner caspases, which finally 

cleave more than 1,000 cellular proteins [61]. Caspase phosphorylation/dephosphorylation plays an 
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essential role in the control of apoptosis [62]. Caspases are targets of several kinases [63]. Moreover, 

caspase-mediated cleavage of kinases can amplify the execution of apoptosis, whereas cleavage of 

phosphatases can lead to the opposite effect [64]. 

The Bcl-2 family can be divided into anti-apoptotic proteins (BCL-2, BCL-XL, BCL-w, MCL-1, BFL-

1/A1), pro-apoptotic pore-formers proteins (BAX, BAK, BOK), and pro-apoptotic BH3-only proteins 

(BAD, BID, BIK, BIM, BMF, HRK, NOXA, PUMA). The best studied phosphorylation events are known 

from BCL-2, BCL-XL, and BAD. The activity of anti-apoptotic proteins BCL-2 and BCL-XL are subject to 

phosphorylation leading to inactivation of their survival function [65-67]. The best studied 

phosphorylation sites of pro-apoptotic human BAD are at three sites: Ser-75, Ser-99, and Ser-118 [68]. 

The pro-apoptotic activity of BAD is inactivated in the phosphorylated form at Ser-75 and Ser-99, 

whereas dephosphorylated BAD is active and binds to pro-survival BCL-2 family members at the 

mitochondria. This BAD activation is followed by the oligomerization of the pro-apoptotic BCL-2 

proteins BAX and BAK, which results in cytochrome c release, caspase activation and apoptotic death 

[68]. In addition, phosphorylation of BAD at Ser-99 and Ser-118 changes its conformation, preventing 

its association with the hydrophobic groove of the pro-survival BCL-2 and BCL-XL proteins [69]. BAD 

can be phosphorylated by different kinases, which take part in many different signaling cascades. 

These phosphorylation events have shown to improve tumor cell survival and drug resistance in 

cancer, making phosphorylated BAD targets in cancer therapeutic strategies [68]. On the other hand, 

several phosphorylation sites of BAX have been described under different experimental conditions. 

Notably, the majority of BAX phosphorylations are from single reports, and various effects on 

apoptosis were reported [70].  

A few quantificative phosphoproteomics studies of apoptotic cells have been reported in different cell 

lines (bronchial epithelial, ovarian cancer and oral cancer) with different apoptosis inducers (cadmium 

chloride, gossypol, gamma-bisabolene, and staurosporine). These studies employed different 

proteomics approaches such as TiO2-phosphopeptide enrichment/LC-MS/label-free quantification 

(LFQ), protein array and protein topography and migration analysis platform (PROTOMAP) [71-74]. 

We have performed a stable isotope labeling with amino acids in cell culture (SILAC) based analysis 

of tyrosine phosphorylation of cisplatin-induced apoptotic Jurkat T cells [75]. Cisplatin is a 

chemotherapeutic drug used for the treatment of a variety of human cancers, including ovaries, testes, 

head and neck [76]. Cisplatin binds chromosomal DNA forming both inter- and intra-strand 

crosslinking, leading to inhibition of DNA replication, transcription and consequently to DNA damage. 

Subsequent activation of cellular stress responses leads to activation of the mitogen-activated protein 

kinase (MAPK) stress-induced pathways have been suggested as one of the main mechanisms by 

which cisplatin induces apoptosis in cancer cells [76].  

1.6 Phosphoproteomics in urine 

The analysis of phosphoproteomes in biological fluids represents a unique opportunity to discover 

novel insights that could lead to improved diagnostic and therapeutic approaches. Secreted 

phosphoproteins from damaged cells have been observed and evidences suggest that 
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phosphorylation can occur in extracellular spaces through the action of ectokinases [77, 78]. The 

routinely used biological fluids involved in phosphoproteomics include serum/plasma, urine, saliva, 

cerebrospinal fluid, and bronchoalveolar lavage fluid [79]. Phosphorylation profiles of different 

biological fluids together with other molecular data could be utilized to construct better networks using 

system biology approaches [80].  

Urine contains the proteins from the blood filtered by the kidney and other proteins originating from the 

kidney. Hence, it reflects the physiological status of the kidney and urogenital tract. In contrast to blood, 

which has a mechanism to minimize changes and to keep the internal environment homeostatic, urine 

has no homeostasis mechanism and thus is more likely to reflect changes. Notably, the organism-

specific homeostasis mechanism of blood eliminates many potential biomarkers, especially in the early 

stage, and the biomarkers exist only for a short period of time. Urine contains the cleared molecules of 

blood and thus it is more likely to discover changes. A major advantage of urine is that obtaining the 

sample from patients is simple and noninvasive. Even though the protein concentration in urine from 

healthy humans is rather low with < 0.1 mg/mL [81], it is rectified by the ease of collecting large 

volumes. This makes urine a suitable source to study phosphoproteomes of PCa patients. Despite of 

the presence of various phosphatases and the low abundance of phosphoproteins in urine, more than 

200 phosphorylation sites corresponding to more than 100 proteins were identified in a few studies 

[82-84]. The relatively low number of phosphorylated peptides might be even an advantage to analyze 

potential biomarkers because the data analysis is significantly simpler compared to thousands of 

phosphopeptides identified in cell lines. However, urine shows a greater fluctuation due to food, drugs, 

daily activities, exercise, stress and other physiological and environmental factors. On the other hand, 

it has been shown by intra-day, inter-day, inter-individual, and inter-gender proteome analyses that 

many proteins were constantly present with relatively stable abundances [85]. Pre-analytical factors 

such as collection mode, processing/handling, storage, and biological variable must be considered for 

the collection of any type of body fluid [86]. For urine, the main methods for sample collection are first 

morning urine, second morning urine, 24 h collection, and random collection, either first-pass or mid-

stream. In clinical practice, random collection is the most rapid proceeding. The protein amount is 

higher in 24 h and first-morning urine but also bacterial contaminants. Urinary proteome analyses have 

not revealed the best collection method. Several variables must be considered for urine processing, 

such as centrifugation steps, pH adjustment, the use of proteinase inhibitors, pre/post-processing 

delay, temperature and the use of bacterial preservatives [87]. Centrifugation at low speed or filtering 

is recommended to remove debris and to reduce bacterial contaminations. Also, addition of sodium 

azide and boric acid are used against bacterial growth. Degradation of proteins due to proteases have 

not been detected up to 24 h at 4° in frozen urine. Adjustment of the pH to 7.0 has been proposed to 

reduce precipitation during storage, but 2-DE gel analysis suggested that this was not necessary [88]. 

Long term storage at -70°C is recommended [89], and a few freeze-thaw cycles seem not to affect the 

reproducibility of proteome analyses [90]. The use of proteinase inhibitors is unclear because certain 

agents can modify proteins. The addition of phosphatase inhibitors to urine has not been 

systematically investigated. For phosphoproteome analyses of cell lines and tissues, phosphatase 

inhibitors are typically included during lysis [91]. The instability of phosphoproteins could lead to 
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unspecific findings that are not representative of the in vivo state. A stabilizing chemistry should be 

employed to prevent negative or positive fluctuation in phosphorylation status [92]. Therefore, 

standardized protocol should be implemented for the handling of human samples especially biological 

fluids in phosphoproteomics studies [90, 93-95]. However, patients obtain plastic containers to collect 

their urine and thus, beside random collection, it might be logistically difficult to include phosphatase 

inhibitors in clinical practice.  

1.7 Phosphoproteomics workflow  

Prior to mass spectrometry-based techniques, phosphorylation was mainly studied by two-dimensional 

polyacrylamide gel electrophoresis (2D-PAGE), 32P labeling or Edman sequencing. The latter is mainly 

suitable for studying single proteins, while the others require handling of radioactive isotopes and are 

relatively time-consuming and low-throughput. The introduction of mass spectrometry has shifted the 

field of proteomics in general and phosphoproteomics in particular to a new level, where thousands of 

phosphopeptides can be identified confidently in a short period of time [96]. Moreover, advances in MS 

instrumentation and data processing such as higher sensitivity, shorter duty cycles, and higher mass 

accuracy and resolution, together with phosphopeptide fractionation and enrichment methods, further 

transformed phosphoproteomics into a high-throughput application. Typical MS instruments are on-line 

coupled with liquid chromatography (LC), where the complex phosphopeptide mixture is separated on 

the LC column by reversed-phase C18 material before entering the MS instruments [97-99].  

An overview of workflows and techniques used for phosphoproteome analyses is presented in Figure 

6. The samples can be obtained from different sources such as biological fluids, cell lines and tissues. 

In cell culture, proteins can be metabolically labeled using SILAC. Proteins can be isolated from 

various sources by protein precipitation or separated by gel-based electrophoresis. The proteins can 

be digested into peptides with trypsin or other endoproteinases. The phosphopeptide mixture can be 

further fractionated using chromatographic material (e.g., high pH reversed phase C18 

chromatography (HpH), hydrophilic interaction liquid chromatography (HILIC), electrostatic repulsion 

hydrophilic interaction chromatography (ERLIC), strong cation exchange (SCX), strong anion 

exchange (SAX) and weak anion exchange (WAX)). Phosphopeptides can be enriched by removing 

other nonphosphorylated peptides by enrichment methods (e.g., immobilized metal ion affinity 

chromatography (IMAC), titanium dioxide-IMAC (Ti-IMAC), metal oxide affinity enrichment (MOAC) 

and immunoprecipitation (IP)). The enriched phosphopeptides are then separated by LC and analyzed 

by MS for both identification and quantification of the phosphopeptides. Different types of MS 

instruments exist, but typically hybrid instruments with quadrupole and orbitrap mass analyzers are 

used. For quantification, a variety of approaches exists. It can be divided into absolute (multiple 

reaction monitoring/selected reaction monitoring (MRM/SRM)) and relative (with or without stable 

isotopic labeling) quantification techniques. The separate steps of phosphoproteome analysis will be 

discussed in detail in the following sections.  
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Figure 6: Overview of workflows for phosphoproteomics. 

Proteins from cell lysates are digested by trypsin or other proteases in this example. Phosphopeptides 
can be fractionated with chromatographic methods (HILIC, ERLIC, SCX, SAX, and WAX). Specific 
enrichment of phosphopeptides is performed with IMAC, Ti-IMAC, MOAC or IP. Quantification can be 
performed either relative or absolute. Identification is achieved by LC-MS analysis to acquire MS (MS1) 
and MS/MS (MS2) spectra. The mass spectral information is used for phosphopeptide identification 
and quantification by database searches [100].  
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1.7.1 Protein digestion 

In proteomics experiments, proteins are most commonly digested with the endoproteinase trypsin. 

This endoproteinase cleaves C-terminal of lysine and arginine residues, if not followed by a proline 

residue. The average length of the generated peptides using trypsin is well suited for LC-MS analysis 

[101]. Positive charges of tryptic peptides are at the basic amino acid residues of lysine and arginine 

and the N-terminal amino group. Proteins can be digested in-solution or in-gel, depending on the 

workflow and sample type. Proteins can also be digested by other endoproteinases such as Arg-C, 

Asp-N, chymotrypsin, Glu-C, Lys-C, and Lys-N. These endoproteinases cleave after different amino 

acid residues and can be used in combination with trypsin to improve sequence coverage to enhance 

identification rates [102]. Improved reproducibility and an increased number of phosphopeptides have 

been observed by pre-digestion or co-digestion with Lys-C [103] and therefore a mixture of trypsin and 

Lys-C was used in this thesis.  

1.7.2 Phosphopeptide fractionation and enrichment approaches 

In general, phosphorylated proteins are present in significantly lower amount compared to their 

corresponding nonphosphorylated proteins [104, 105]. Hence, enrichment is an essential part to study 

phosphorylated proteins. For the study of phosphorylated proteins, the enrichment is commonly 

performed at phosphopeptide level with IMAC, MOAC, Ti-IMAC, and IP (Figure 6 and Table 1) [106]. 

Besides IP, these approaches are primarily based on the fact that the phosphate group contains two 

adjacent oxygen atoms which lead to strong bidentate interactions with metal ions in different chemical 

environments [107]. 

For IMAC, the phosphate group interacts with metal ions and chelating ligands on a solid support 

(Figure 7). A variety of metal ions have an enhanced affinity for phosphopeptides using IMAC, e.g., 

Fe3+, Ga3+, Al3+, Zr4+ and Ti4+ [108, 109]. The metal ion is immobilized on iminodiacetate (IDA), 

nitrilotriacetic acid (NTA) or phosphate/phosphonate groups. Agarose gels are commonly used as 

solid support, but other materials such as magnetic microspheres and other nanoparticles have been 

reported [110-112]. IMAC is performed at pH 2-3 to retain phosphopeptides and to reduce non-specific 

binding by protonation of acidic, histidine-containing, and non-polar peptides. In addition, organic acids 

like acetic acid and high concentration of acetonitrile are added for the same purpose. The retaining 

peptides are eluted off the resin with basic buffers of pH 11. However, strongly acidic 

nonphosphorylated peptides can remain, and monophosphorylated peptides can escape IMAC 

enrichment [113, 114]. In summary, IMAC enrichment is an efficient method to reduce the complexity 

of the sample by removing mostly nonphosphorylated from phosphorylated peptides.  

MOAC is based on the interaction of metal oxides with phosphate groups (Figure 7). Although different 

metal oxides can be used for MOAC, only TiO2 beads have been widely used for phosphoproteomics 

studies. For TiO2 enrichment, the affinity binding between the metal oxide surface and phosphate 

groups is much simpler and more stable by removing the complexing agent as in IMAC. It is also 



12 
 

known to have a higher affinity towards multiphosphorylated peptides. The TiO2 enrichment workflow 

is relatively similar to IMAC and with careful optimization has markedly improved phosphopeptide 

enrichment from complex samples [115, 116]. A small number of acidic or nonphosphorylated 

peptides are still observed in the enriched fractions [115], demonstrating a common issue of MOAC 

and IMAC enrichment. The workflow can be automatized using magnetic nanoparticles to reduce 

sample loss during sample preparation steps. In this approach, magnetic particles are first coated with 

oxides of alumina, zirconia or titania, and then used to retain phosphopeptides during enrichment [117, 

118].  

The wide varieties of parameters in enrichment methods often result in diverse phosphopeptide 

identifications. These parameters include beads used for enrichment, protein-to-beads ratio, 

incubation time, loading, washing and elution buffers [53, 78]. Therefore, a careful optimization of the 

enrichment approach is required for successful isolation of phosphorylated peptides while employing 

these types of resins. In this thesis, TiO2 beads were employed to enrich phosphopeptides due to its 

proven efficiency. In addition, different parameters such as the ratio of beads to protein concentration, 

loading buffer, washing buffer, elution buffer and incubation time were optimized.  

 

 

Figure 7: Phosphopeptide enrichment by IMAC and MOAC. 
The protein digest including phosphopeptides is loaded and phosphopeptides bind to the immobilized 
IMAC or TiO2 resins. The nonphosphorylated peptides and other components of the digestion buffer 
are not bound in the loading process or removed during the washing steps. Finally, the phosphorylated 
peptides are recovered during the elution step [107].  
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Combining IMAC and MOAC allows a better coverage of phosphopeptides. Therefore, sequential 

elution from IMAC (SIMAC) was developed to obtain three fractions: the flow through, 

monophosphorylated, and multiphosphorylated peptides [119, 120] (Figure 8). This method is typically 

combined with the TiO2 approach, which binds effectively to monophosphorylated peptides from IMAC. 

However, the SIMAC method is experimentally more demanding than using only IMAC or MOAC and 

requires strategic optimization of loading and elution buffers. 

 

Figure 8: Phosphopeptide enrichment by SIMAC. 
The SIMAC strategy employs IMAC to enrich multiphosphorylated peptides, which bind stronger to the 
IMAC resins at low pH and can be eluted off IMAC resins at high pH. On the other hand, the 
monophosphorylated peptides bind weaker to IMAC resins and are eluted off the IMAC resins at low 
pH around 1. Hence, the flow through, washing steps and the acidic elution fractions from IMAC can 
be used to go through a second round of enrichment using TiO2 beads to specifically enrich 
monophosphorylated peptides [120].  

Phosphopeptides can also be enriched by immunoaffinity [121, 122]. In immunoaffinity enrichment, 

phosphotyrosinylated peptides exhibit antigenic properties which can be utilized to isolate these 

peptides by the use of phosphotyrosine-specific antibodies [121, 123]. Antibodies against 

phosphoserine- and phosphothreonine-containing peptides have a much lower specificity than anti-

phosphotyrosine-specific antibodies and hence found limited application [122]. Furthermore, 

recombinant Src homology 2 (SH2) domains for affinity purification of phosphotyrosine-containing 

peptides have been established [124]. Recently, so-called superbinder-SH2 domain variants with three 

amino acid substitutions (sSH2) were reported to have a 100 fold or greater affinity for 

phosphotyrosinylation than natural SH2 domains [125]. Recently, specific monoclonal and polyclonal 
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antibodies were employed to target different LRRK2 (leucine-rich repeat protein kinase 2) 

phosphorylated Rab proteins in different cell lines and tissues. The results showed high level of 

selectivity and specificity of monoclonal antibodies towards a range of endogenous phosphorylated 

Rab proteins. This could hold great potential for targeted phosphorylated Rab proteins in clinical MS 

experiments in human samples [126].   

Fractionation of phosphopeptides can be achieved with chromatographic methods such as HpH, HILIC, 

ERLIC, SCX, SAX, and WAX (Figure 6 and Table 1) with high efficiency prior to the analysis by LC-MS 

or prior to IMAC and MOAC enrichment.  

The phosphate monoester has two acidic protons with average low acidic dissociation constant (pKa) 

or isoelectric point (pI) values compared to their counterparts. This property can be employed to 

isolate phosphopeptides by ion exchange chromatography. The average lower pI value of 

phosphopeptides compared to their counterpart is leading to a more negative in-solution charge state. 

A typical tryptic peptide without missed cleavage sites has a net charge of +2 at pH 2.7, because of 

the N-terminal amino acid and the C-terminal arginine or lysine [127]. In the phosphorylated form, the 

same peptide is singly charged. This different charge state can be used as a separation principle by 

SCX chromatography. Using a linear salt gradient, early fractions are enriched in phosphopeptides. 

However, multiphosphorylated peptides are not retained on the SCX column because of their net zero 

or negative charge and thus the flow through fractions must be enriched for phosphopeptide as well 

with e.g., IMAC or MOAC. 

WAX and SAX chromatography requires a pH higher than 6 for the enrichment of phosphopeptides. At 

such a pH value, phosphate groups acquire a second negative charge, which increases their retention 

and enables the enrichment of singly phosphorylated peptides. The peptide mixtures are loaded under 

basic conditions and eluted by lowering the pH with linear gradients or pH steps to pH 2. Most 

nonphosphorylated peptides elute at basic pH, whereas the phosphopeptides are enriched at acidic 

pH [128].  

HpH is orthogonal with LC-MS analysis using low pH reversed-phase chromatography. Off-line HpH 

followed by TiO2 enrichment and LC-MS analysis was shown to be more efficient for the separation of 

peptides compared to charge-based separations [129]. Recently, up to 40,000 phosphorylation sites 

have been identified by combining automated HpH fractionation with TiO2 enrichment [130].  

Hydrophilic interaction chromatography (HIC) has been successfully used to isolate small and highly 

polar phosphopeptides as opposed to traditional reversed-phase liquid chromatography [131, 132]. 

HILIC is a separation technique based on the primary interaction of a peptide and the neutral 

hydrophilic stationary phase by hydrogen bonding. Therefore, HILIC is orthogonal to reversed-phase 

LC. Highly polar phosphopeptides retain on HILIC columns longer than nonpolar compounds [133]. It 

has a higher resolution than SCX but decreased solubility of longer peptides and strong interactions of 

multiphosphorylated peptides. 
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ERLIC is a method that uses an anion exchange column in HILIC mode. ERLIC with HILIC in 

combination with WAX is based on the ionized, negatively charged phosphate groups of 

phosphopeptides which are electrostatically attracted to the positive charge of the weak anion 

exchange stationary phase at acidic conditions [131]. Consequently, phosphorylated peptides are 

retained stronger on the column, whereas nonphosphorylated peptides are only weakly retained.  

Table 1: Overview of the different phosphopeptide enrichment methods. 

Phosphopeptide 
enrichment 

method 
Principle mechanism 

IMAC Negatively charged phosphopeptides bind to IMAC resins at low pH 
and are eluted off the resins at high pH. It has higher affinity in 
enrichment of multiphosphorylated peptides.  

 
TiO2 Negatively charged phosphopeptides bind to the surface of TiO2 

resins at low pH and are eluted off the resins at high pH. It has 
higher affinity in enrichment of monophosphorylated peptides.  

SIMAC Combination of IMAC and TiO2 to enrich both multiphosphorylated 
and monophosphorylated peptides 

IP Immunoaffinity binding between phosphotyrosinylated peptides and 
phosphotyrosine antibodies 

HpH Utilizing a high pH provides good orthogonality to low pH reversed-
phase LC-MS. Does not require an additional desalting step before 
LC-MS analysis as SCX.  

 
SCX Phosphorylated peptides have lower charge states compared to 

nonphosphorylated peptides at low pH, and are separated with a 
liner salt gradient where phosphorylated peptides are eluted first. It is 
usually employed in combination with IMAC or MOAC to enrich 
multiphosphorylated peptides. 

 
SAX/WAX Phosphorylated peptides are enriched at basic pH and eluted off the 

column by linear gradient pH where most phosphorylated peptides 
are eluted at acidic pH.  

HILIC Higher polar phosphopeptides retain on a hydrophilic stationary 
phase through hydrogen bonding which is opposite to the reversed 
phase LC mechanism.  

ERLIC The negatively charged phosphate groups of phosphopeptides are 
electrostatically attracted to the positive charge of the weak anion 
exchange stationary phase at low pH and retain longer on the 
column than nonphosphorylated peptides.  

 

1.7.3 Mass spectrometric instrumentation for (phospho)peptide analysis 

Mass spectrometry is a well-known analytical technique which analyzes inorganic or organic 

compounds in their ionized states by separating and detecting them based on their m/z (mass-to-

charge ratio) values. A mass spectrometer contains an inlet to introduce the sample into the system, 
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an ion source to ionize the molecules, a mass analyzer to separate and isolate ions and a detector to 

detect ions (Figure 9). The recorded information from the detector is displayed in the data system as a 

mass spectrum, which contains the intensity of the analyzed ion and its m/z value. All the m/z values 

and intensities of all precursor ions can be obtained in the MS spectrum or MS1. Fragmentation of 

precursor ions can be obtained by selecting and fragmenting that ion to generate MS/MS or MS2 

spectra (Figure 9) [134]. With trapping instruments, even further fragmentation can be performed by 

multiple stage fragmentation (MSn).  

 
Figure 9: Components of a mass spectrometer.  

A typical mass spectrometer contains an inlet, an ion source, mass analyzer, and a detector. The 
recorded information is displayed as mass spectrum (MS1 and MS2) through a data system. MS1 can 
be generated by the mass analyzer and specific peptide ions (in red) can be selected and fragmented 
to generate MS2 spectra.  

The development of two soft ionization techniques, matrix-assisted laser desorption/ionization (MALDI) 

[135, 136], and electrospray ionization (ESI) [137], enabled the analysis of large biomolecules. MALDI 

and ESI found widespread applications and therefore John B. Fenn and Koichi Tanaka were awarded 

with the Nobel prize in Chemistry in 2002 for the development of methods for identification and 

structure analysis of biological macromolecules. For MALDI-MS, the samples are prepared by mixing 

the analyte molecule to a matrix solution (e.g., alpha-cyano-4-hydroxycinnamic acid) with a large 

molar excess, followed by drying of the solution and insertion as a solid into the mass spectrometer. In 

the mass spectrometer, the sample is bombarded with short duration pulse of UV wavelength which 

cause desorption and ionization of the matrix and analyte molecule. A strong electric field accelerate 

the analyte ions which enter the field-free drift zone. The masses of the analyte ions can be simply 

determined by the time-of-flight (TOF), because the velocity is proportional to m/z. In proteomics, 

MALDI-MS is typically used in combination with the analysis of relatively pure proteins separated by 

2D gel electrophoresis (2-DE). Identification of proteins within 2-DE protein spots can be achieved by 

in-gel digestion, recording of peptide mass fingerprints by MALDI-MS and database searches against 

in silico digested protein databases [138]. However, the field of proteomics has shifted more and more 

from 2-DE-based approaches to SDS-PAGE to gel-free approaches because of the tremendous 

developments in nanoflow LC and high-resolution mass spectrometry. Because the analyte is 

introduced into the mass spectrometer as a solid using MALDI-MS, it is difficult to combine this 

technology with LC. However, for ESI the sample is introduced into the mass spectrometer as a liquid 

and thus it can be combined with LC. Peptides are protonated by the acid in the buffer, ejected out of 

an electrically charged needle connected to the LC system and dispersed into a fine spray of charged 
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droplets. These droplets carry an excess of charge and are attracted to the inlet of the mass 

spectrometer, which is held at a lower potential. A counter-current flow of dry gas to the droplets cause 

evaporation of solvent from each droplet, decreases its diameter, which increases the charge density 

until the droplets tear apart and produce daughter droplets that finally desorb ions from the droplets 

into the gas phase. These ions are directed into the mass analyzer. The rise of biological mass 

spectrometry involved the development of different mass analyzers such as the quadrupole (Q), ion 

trap (IT), linear ion trap (LIT), time of flight (TOF), Fourier-transform ion cyclotron resonance (FT-ICR), 

and Orbitrap analyzers. Hybrid instruments with different mass analyzers are combined to improve 

instrumental performance even further. The most common combinations of hybrid instruments are 

displayed in Table 2. In this thesis, a Q-Orbitrap was used which combines a quadrupole (Q) and an 

orbitrap analyzer. The quadrupole mass filter is used to either transmit the entire mass range (MS1) or 

to transmit only a defined mass window around a precursor ion for MS2. Ions rotate and oscillate 

around a central spindle-like electrode in the orbitrap analyzer and m/z information is generated by 

Fourier transformation with high resolution [139].  

Table 2: The most common mass analyzer hybrid instruments. 

Mass 
analyzer 

Resolving 
power 
(FWHM) 

Resolution 

(Δ m/z) 

Mass accuracy (ppm) m/z 
range 

Acquisition 
speed 
(Hz) Internal 

calibration 
External 
calibration 

IT-TOF 10,000 0.1 3 5 50,000 10 

Q-TOF 60,000 0.02 0.5 2 20,000 30/100 

Orbitrap 100,000 0.002 <2 <5 4000 10 

Q-Orbitrap 140,000 0.001 <1 <5 4000 12 

LIT-Orbitrap 240,000 0.002 <1 <3 4000 8 

LIT-ICR 750,000 0.0005 <1 <1.2 4000 2 

Q-ICR 2,500,000 0.0002 <0.25 <0.6 10,000 8 

The table is adapted from Holcapek et al. [140]. The most common hybrid instruments are 
sorted alphabetically. The best values from each hybrid instrument are displayed.  

 

A mass spectrometer can be operated in different acquisition modes. Common modes are data-

dependent acquisition (DDA), data-independent acquisition (DIA), and targeted mode. In the DDA 

mode, a certain number of MS2 scans are acquired from each MS1 scan by selection of the most 

intense precursor ions in MS1 within an exclusion time window to avoid redundant analysis of the 

same molecules. In DIA, certain m/z window intervals are set and the entire precursor ions in each 

window are all subjected to MS2, regardless of their intensities. In targeted mode, only certain 

precursor ions are allowed to pass through the first mass analyzer and fragmented in order to obtain 

MS2 spectra. In parallel reaction monitoring (PRM), the m/z values and LC retention times of certain 

precursor ions are known and used to selectively isolate these targeted ions through the first analyzer 

which are subsequently fragmented to generate the MS2 spectra. In this thesis, the DDA and PRM 

mode were employed to analyze our samples.  
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In order to obtain meaningful information about the phosphopeptide sequences and the modification 

sites, the peptide ions in MS1 spectra need to be fragmented into smaller ions to generate MS2 

spectra. The MS2 spectra can subsequently be used for database searches to identify the peptide 

sequence and the phosphorylation site. The three most common fragmentation methods used in 

proteomics are collision-induced dissociation (CID) [141], higher-energy collisionally dissociation (HCD) 

[142], and electron transfer dissociation (ETD) [143]. The traditional CID fragmentation involves highly 

kinetic charged ions colliding with a neutral gas, resulting in breakage at the weakest peptide 

backbone linkage that leads to the forming of predominately b- and y-ion series [141] (Figure 10).  

 
Figure 10: MS2 fragment ions of peptides. 

Different ion series are formed by fragmentation with different approaches. Mainly b- and y-ion series 
are formed by CID and HCD, whereas, ETD induces the formation of c- and z-ion series [144].  

The introduction of a phosphate group at the hydroxyl group of Ser or Thr residues leads to alterations 

in its CID spectra in comparison to the corresponding unmodified peptides. In particular, neutral loss of 

phosphoric acid after collisional activation from the parent ion is the most significant characteristic 

change with a decrease of m/z 97.97 at phosphoserine and phosphothreonine residues [145-147] 

(Figure 11). The fragmentation also depends on the sequence composition of phosphorylated peptides 

like the distribution of basic residues (arginine, lysine, and histidine) or the presence of proline 

residues. For example, at a low collision offset value, with at least one basic residue and no proline, 

neutral loss of phosphoric acid is the most prominent fragment as opposed to peptide sequences with 

proline residues, where the peptide backbone cleavage is more favored [148, 149]. This neutral loss of 

phosphoric acid in CID can be exploited by employing an ion trap, where an extra acquisition of 

MS3 spectra is performed whenever a neutral loss of m/z 97.97 is detected in the MS2 spectra [127]. 

However, this type of multistage MSn experiment not only increases the specificity, but also data 

acquisition time and thus rendering it from being widely applied. Furthermore, rearrangement of the 

phosphate group during subsequent fragmentation could also limit the correct phosphorylation site 

assignment [150]. Consequently, multistage MSn did not show superior results compared to traditional 

MS2 analysis [151]. 
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Figure 11: Typical CID spectra displaying neutral loss of phosphopeptides. 

The figure presents the neutral loss pattern of different phosphorylated amino acids: (pSer) 
FPTEGEpSDEEEDYER (A), (pThr) TLAALEALDpTDGENEEEEYEAWK (B) with a neutral loss of m/z 
97.97 [152]. 

In contrast to phosphoserine and phosphothreonine, phosphotyrosine is much more stable in CID and 

only exhibit a low abundant loss of metaphosphoric acid (HPO3) due to the presence of aromatic 

phosphoric acid esters [147]. Instead, the immonium ion of phosphotyrosine at m/z 216.04 is a specific 

marker ion with high stability [153] (Figure 12). Hence, the MS2 spectra of phosphotyrosine usually 

contain ions with a mass shift of m/z +79.97 compared to the unmodified peptide [154].  

 
Figure 12: Immonium ion of a phosphotyrosine-containing peptide at m/z 216.04. 

The fragmentation pattern differences between A) and B) display that m/z at 216.04 is indeed the 
immonium ion or the specific marker of phosphotyrosine. A) The phosphotyrosine peptide 
TNLSEQpYADVYR showed the immonium ion at m/z 216.04 and a b2-fragment ion at m/z 216.10. B) 
The nonphosphorylated version of the same peptide exhibited only the b2-fragment ion at m/z 216.10, 
confirming that m/z at 216.04 is specific for phosphotyrosine [153].  
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The introduction of HCD fragmentation has been shown to outperform CID in a large-scale 

phosphorylated peptides study [155]. In HCD, peptides are fragmented in an octopole collision cell 

(HCD cell), stored in the C-trap, and injected to the Orbitrap mass analyzer to separate the fragment 

ions. Because of the high resolution of the Orbitrap analyzer, this fragmentation technique allows the 

unequivocal detection of low molecular weight fragmentation products such as immonium ions of 

phosphotyrosine at m/z 216.04 (Figure 12). Furthermore, neutral loss of m/z 97.97 of phosphopeptides 

is less dominant in HCD compared to CID, contributing to an increase of identifiable ions [155, 156].  

In ETD fragmentation, electrons derived from aromatic anions are transferred to protonate peptides. 

This results in a charge reduction leading to the breakages at the N-Cα bond and to the formation of c- 

and z-ion series (Figure 11) [143, 157]. Because of the radical-directed cleavage mechanism, ETD is 

well suited to study modified peptides with labile modifications, such as phosphorylation, as they stay 

intact during backbone fragmentation [158, 159]. ETD works best with peptides at charge state +3 or 

higher, in contrast to HCD or CID [160].  

To improve the fragmentation efficiency and sequence coverage, a combination of HCD or CID with 

ETD was applied to phosphoproteomics analysis [160]. A novel fragmentation technique was 

introduced fairly recently, electron-transfer and higher-energy collision dissociation (EThcD), which 

showed better phosphorylation site localization than ETD or HCD [161]. For EThcD, a supplementary 

energy is applied to the fragment ions generated by ETD to obtain more informative spectra. Moreover, 

experimental data in this study have shown that HCD at a normalized collision energy (NCE) of 25 and 

35 revealed complementary peptide populations [115]. Hence, MS instrumental parameters in 

combination with complementary enrichment approaches have a significant influence on the result of 

phosphoproteomics studies.  

1.7.4 Phosphorylation site determination 

Low stoichiometry of phosphopeptides, neutral loss of phosphoric acid (H3PO4) during fragmentation, 

and low intensity MS2 spectra are common factors preventing the reliable phosphorylation site 

determination. A phosphorylation site at phosphoserine and phosphothreonine can in theory be 

detected in the MS2 spectra by fragment ions that contain the phosphorylation sites. This fragment 

ions are split into an ion pair located at m/z +79.97 and m/z -18 compared to an unmodified product 

ion. This portrays the neutral loss of phosphate and the ion series covering the modification site [148, 

149]. The stability of phosphotyrosine leads to the formation of immonium ions at m/z 216.043 of 

relatively high stability [153]. These neutral losses and immonium ions of phosphorylated peptides can 

be used for manual evaluation of MS2 spectra, however, these ions are not always of sufficient 

intensity. In addition, MS2 spectra of isomeric phosphopeptides are often quite similar, in particular if 

the phosphorylation sites are close to each other, which further complicates the site determination. For 

directly adjacent phosphoserine or phosphothreonine residues or multiphosphorylated peptides, it can 

also be difficult to pinpoint the correct phosphorylation site [162] (Figure 13). A feasible approach to 

assign confidentially the modified site is by analyzing synthetic peptides [163]. 
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Identification of (phospho)peptides relies on software tool. Usually, database search engines are used, 

but also de novo sequencing software tools and spectral libraries can be employed as well [164]. 

Individual MS2 spectra reveal multiple candidate peptide spectrum matches (PSMs), ranked by a 

score. The MS2 spectrum must be matched with a certain level of significance to avoid incorrect 

identifications. Usually, the false discovery rate (FDR) is used which is computed through a target-

decoy strategy where the MS2 data are searched against the sequence database and a decoy version 

[165]. Protein inference, i.e. the peptide sequence match to multiple proteins, is a challenge when 

integrating scores and statistical significance. However, unambiguous localization of phosphorylation 

sites is more challenging than identification, in particular when potential sites are in close proximity in 

the peptide sequence with very few discriminatory fragment ions (Figure 13). Similar to the score of 

PSMs, two classes of localization algorithms are available, probability-based localizers (PBLs) and 

search engine difference (SED) scores [166]. The most well-known PBL is the Ascore algorithm which 

measures the probability of correct phosphorylation site localization based on the presence and 

intensity of site-determining ions in MS2 spectra [104]. The Mascot Delta score is a frequently used 

SED and based on the scoring of the database search engine Mascot [167]. The difference in scoring 

can be used to decide whether a phosphorylation site can be localized to a specific residue or not, e.g., 

a difference of 10 in the score corresponds to a factor of 10 in the probability of the peptide sequence 

match. Similar to FDR calculations for peptide identifications, a false localization rate (FLR) through a 

target-decoy strategy should be calculated for phosphopeptides. However, the same principles as for 

the FDR cannot be applied because peptide identifications with incorrect site localizations are not 

random matches [166].   

 

Figure 13: MS2 fragment ions of the same monophosphorylated peptide with two putative 
phosphorylated amino acid residues. 

Localization of a phosphorylation site based on MS2 fragmentation pattern is mainly dependent on the 
ions that can distinguish between potential phosphorylated residues. As in this example, the number of 
phosphorylation site-independent fragment ions is higher than site-specific fragment ions. Hence, it 
can be difficult to pinpoint to the phosphorylation site based on these fragmented ions [162].  
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1.7.5 Challenges of phosphopeptide analysis by LC-MS  

Phosphorylation is the most frequent studied PTM in mammalian cells. In particular, advances in LC 

and MS instrumentation and data processing such as higher sensitivity, shorter duty cycles, and 

higher mass accuracy or resolution, together with phosphopeptide fractionation and enrichment 

methods aided in transforming phosphoproteomics into a large-scale research field [97-99]. Still, 

several major challenges exist such as sequence context preventing efficient proteolysis, bias in 

identification of monophosphorylated peptides, loss of phosphopeptides during LC due to low 

hydrophobicity, sub-stoichiometric amount of phosphopeptides, and missing of nonphosphorylated 

proteins in phosphoproteomics studies.  

Peptide sequences containing of lysine or arginine close to aspartic acid, glutamic acid, 

phosphoserine or phosphothreonine residues, can inhibit cleavage at these sites. This effect was not 

observed with phosphotyrosine residues [168, 169]. The phenomenon can be explained by 

intramolecular ionic interactions between the positively charged lysine and arginine residues with the 

negatively charged phosphate group. In particular, the intermolecular interaction between 

phosphoserine and arginine can form noncovalent complexes with high stability [170]. To circumvent 

this issue, the use of different endoproteinases can improve mapping of phosphorylation sites [171].  

In phosphoproteome studies, most identified peptides are monophosphorylated. This observation 

might occur because of the adsorption of multiphosphorylated peptides on surfaces and metal ions 

during storage, enrichment, and LC-MS analysis. Therefore, surface exposure should be minimized in 

phosphoproteomics workflows. In general, a larger amount of starting material is required in order to 

detect multiphosphorylated peptides [172-174]. Improved detection of multiphosphorylated peptides by 

LC can be achieved by the addition of 50 mM citrate or 0.1-1% phosphoric acid [175, 176]. 

Furthermore, the proportion of identified multiphosphorylated peptides is higher with IMAC in 

comparison to TiO2 beads [177].  

Low recovery of phosphopeptides could occur due to the reduced hydrophobicity in comparison to 

unmodified peptides, which can lead to non-binding of phosphopeptides in the C18-LC column [178]. 

This effect was observed with small phosphopeptides containing around seven residues with no 

hydrophobic residue. Under standard LC-MS conditions, the positively charged basic residues 

generally could overcompensate the decreased hydrophobicity of the phosphate group by charge 

neutralization. In this sense, multiphosphorylated peptides with a higher number of phosphorylation 

sites than basic residues could lead to decreased hydrophobicity or reduced retention time. This 

phenomenon is partly compensated by the fact that phosphorylation sites affect the cleavage by 

endoproteinases [168-170, 179], which often result in an increased frequency of basic residues in 

multiphosphorylated peptides.  

It is generally believed that phosphopeptides have lower ionization efficiency compared to 

corresponding nonphosphorylated peptides due to the negative charge of the phosphate group under 

acidic buffer conditions in positive ion mode. In fact, quantitative data showed that 40%-120% 
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ionization efficiency of phosphopeptides in positive electrospray mode was detected relative to their 

counterparts depending on sequence context and inherent charge states [180-182]. Another common 

issue mentioned in the literature is that ionization of phosphopeptides is suppressed in the presence of 

unmodified peptides [183]. Two datasets were used to test this phenomenon with up to a 100-fold 

excess of the unmodified tryptic bovine serum albumin (BSA) background and other commercial 

proteins. Signal intensities and total ion currents exhibited no significant change regarding the complex 

background in this concentration range [180].  

Substoichiometric distribution of phosphorylated proteins compared to the unmodified protein is a 

profound issue. Consequently, unmodified peptides with higher abundances lead to higher ion 

intensities than the lower abundant phosphopeptide. Hence, it is vital for phosphproteome analyses to 

employ selective phosphopeptide enrichment methods to remove highly abundant unmodified 

peptides as much as possible from complex peptide mixtures. In order to assess the phosphorylation 

degree of a certain protein, both the phosphorylated and nonphosphorylated forms must be quantified. 

Otherwise, phosphorylation-dependent quantitative changes cannot be concluded. However, the 

simultaneous detection of unmodified and modified proteins is often not the case for the majority of 

phosphorylated proteins, where the corresponding nonphosphorylated protein is often missing in 

phosphoproteome analyses [105, 183]. Notably, with further developments in LC-MS, particular in MS 

acquisition speed, it might be possible in the near future to enable comprehensive quantitative 

proteome and phosphoproteome analyses together, as recently shown by the identification of around 

580,000 unique peptide sequences of 12,000 proteins including 10,000 phosphopeptides [184].  

1.8 Quantitative (phospho)proteomics  

The information about phosphorylation sites and their quantity in relation to their unmodified versions 

are essential properties in order to study the functional and regulatory aspects of phosphorylation. 

Quantitative studies in general require sufficient analytical data as they need certain experimental 

confidence. Advancement in data analysis tools of mass spectrometry-based techniques has greatly 

aided quantitative proteomics, because large data sets in an automated and timely manner can be 

analyzed. In this section, commonly employed relative and absolute quantification techniques will be 

discussed (Figure 15).  

1.8.1 Relative quantification 

The relative amount of a protein can be calculated based on the intensity ratio between different 

samples and can be achieved by stable isotope labeling or label-free approaches (Figure 14).  
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Figure 14: General workflows for label- and label-free relative quantification of proteomes. 

The red dots represent phosphorylated amino acid residues, the blue and red squares shows stable 
isotope labeled phosphopeptides. Each color presents phosphorylated peptides in different samples. 
For label-free quantification, peptides are analyzed in two separate LC-MS runs. The identified 
peptides are relatively quantified by either the total ion current (TIC) utilizing MS1 spectra or spectral 
counts using MS2 spectra. In stable isotopic labeling for relative quantification, peptides of samples to 
be compared are labeled differently, mixed together, and analyzed together in a single LC-MS run. 
Subsequently, the peptides are quantified by comparing ion intensities of peak pairs in either MS1 or 
MS2 spectra, depending on the applied labeling technique.  

Stable isotope labeling is performed by incorporating different isotopes of hydrogen (2H; deuterium), 

carbon (13C), or nitrogen (15N) into peptides or proteins. The physical and chemical characteristics of 

the labeled peptides are similar to their unlabeled counterparts. The incorporation of stable isotopes 

leads to mass shifts which are detected by MS. In this way, the relative quantity of peptides of different 

proteomes can be compared simultaneously. Different approaches have been developed for stable 

isotope labeling either by chemical, enzymatic, or metabolic labeling as displayed in Figure 15 [185].  
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Figure 15: Commonly MS-based quantification approaches used in proteomics. 

Different quantification strategies employed in proteomics are presented. Relative quantification can 
be performed by metabolic or chemical labeling, or label-free. Metabolic labeling using SILAC is 
typically performed in cell lines and allows the early combination of the samples to be compared, thus 
reducing experimental errors. Chemical labeling is usually performed after digestion of the proteins 
into peptides. Dimethylation is mostly used for isotopic labeling, and iTRAQ/TMT for isobaric labeling. 
Label-free quantification can be performed on MS1 level using peak intensities or on MS2 level using 
spectral counts. For absolute quantification (termed AQUA), labeled proteotypic peptides are spiked-in 
with known amounts. Modified figure from [185].  

For metabolic labeling using SILAC, one cell population is isotopically labeled with 13C6- or 13C6/15N4-

arginine (Arg-6 or Arg-10) and 13C6- or13C6/15N2-lysine (Lys-6 or Lys-8) and compared to another cell 

population cultured in normal media containing 12C6-arginine (Arg-0) and 12C6-lysine (Lys-0) [186]. For 

the comparison of three proteomes, Arg-0/Lys-0, Arg-6/2H4-Lys (Lys-4) and Arg-10/Lys-8 can be used 

for triplex-SILAC (Figure 16) [187]. Up to five different quantitative proteomes have been analyzed by 

SILAC for quantification of phosphotyrosinylation after immunoprecipitation using isotopes of tyrosine 

in addition to triplex-SILAC [188]. SILAC normally requires at least five cell doublings to ensure full 

incorporation. The signal intensities are then extracted from the MS1 spectra for quantitative analysis 

of different proteomes. SILAC has been widely applied to study changes of phosphoproteomes [189-

191]. Even SILAC labeling of a whole organism such as mice has been shown [192]. Super-SILAC 

was established to compare primary tissue material [193]. The super-SILAC technique uses a mixture 

of SILAC-labeled cells as a spike-in standard for accurate quantification of unlabeled samples, thereby 

enabling quantification of tissue samples. The fundamental advantage of SILAC to other quantification 

techniques is the early incorporation of labels, allowing combination of proteomes prior to sample 

processing steps (Figure 15 and Figure 16).  
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Figure 16: Stable isotope labeling with amino acids in cell culture (SILAC).  

SILAC is used to label cells in different conditions by metabolic incorporation of amino acids with 
different stable isotopes. The labeled proteins are then digested and peptides can be enriched for e.g. 
phosphorylated peptides. These peptides are then quantified by their relative amount in different 
samples based on the intensity levels of the labeled peptides.  

In contrast to SILAC, chemical labeling can be performed with any sample. Chemical labeling can be 

divided into isotopic and isobaric methods (Figure 15).  

Dimethylation of amine groups by reductive alkylation is fast, cheap and efficient. It is applicable to 

virtually any sample [194]. The addition of formaldehyde on primary amines and the ε-amino group of 

the lysine residue generates a Schiff base, which is reduced by the addition of sodium 

cyanoborohydride and reacts with a second formaldehyde [195, 196] (Figure 17A). Peptides can be 

labeled to compare two or three proteomes (Figure 17B) [197, 198]. For this purpose, different stable 

isotopic versions of formaldehyde and sodium cyanoborohydride are used. For the quantitative 

analysis, the relative MS1 intensities of the peptides are determined.  

An important drawback of isotopic labeling techniques is an increase in sample complexity. This 

problem was successfully addressed with the development of isobaric labeling strategies. The isobaric 

labeling reagents, tandem mass tagging (TMT) [199] or isobaric tag for relative and absolute 

quantification (iTRAQ) [200], are composed of three different parts. The first part can be of different 

molecular weights and generates a fragment in MS2 spectra that is used for quantification. The 

second part provides a balance to ensure that the reagent has the same molecular weight for a variety 

of different first parts. The third part supplies a reactive group that is used to attach the reagent 

quantitatively to primary amino groups in all peptides. MS2 spectra of derivative peptides display the 
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fragments of the first part in the low molecular weight region of the spectra (the so-called reporter ion 

region) and integration of these peaks yields relative quantifications. Typically, labeling with iTRAQ 

and TMT reagents is performed on peptide level, but is also feasible on protein level [10, 11]. The 

major advantage of the reporter ion-based isobaric labeling is that up to 10 samples can be quantified 

simultaneously [201]. However, reporter ion-based isobaric quantification has issues contributing to 

reduced precision and accuracy, such as unpredictable and variable level of signal compression by 

co-isolation of peptides during fragmentation, rare fragment ions of the same mass as reporter ions 

and isotopic impurities in the derivatization reagents [202].  

 
Figure 17: Isotopic labeling of peptides by reductive dimethylation. 

A. The reaction mechanism for dimethylation of amines is displayed. B. Relative quantification can be 
used to compare two or three proteomes. The figure is adapted from [203].  

Label-free quantification (LFQ) approaches have gained popularity for quantitative proteome analyses 

including phosphoproteomics [204-207]. Different (phospho)proteomes are analyzed separately, and 

the quantity of the (phospho)protein or (phospho)peptide is compared across different LC-MS runs 

(Figure 14). Quantification using MS2 spectra is employed by spectral counting, where the total 

number of MS2 spectra from each assigned proteins is used for the quantification across different LC-

MS runs [208] (Figure 14). Different spectral counting strategies and statistical tools for spectral count-

based LFQ calculations have been developed, such as the exponentially modified protein abundance 

index (emPAI), absolute protein expression (APEX), and normalized spectral abundance factor 

(NSAF). The experimental design factors and adjustment for protein properties are also part of the 

statistical normalization [209]. The statistical framework QSpec has shown to outperform conventional 

statistical methods in spectral counting [209]. Because the analysis is carried out across different LC-

MS runs, these approaches often require extra normalization steps [210, 211]. Spectral counting is 
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affected by the MS instrument speed and acquisition method, as faster the instrument as higher the 

quality of spectral counting data. For DDA, the dynamic exclusion window is optimized to limit the 

number of MS2 spectra acquired for a peptide. Run-to-run reproducibility of low intense ions can be 

highly variable due to the stochastic nature of DDA, i.e. it can be difficult to determine if the absence of 

a peak is because of the random nature of detection or the absence of the molecule in spectral 

counting quantification. Therefore, using MS1 peak intensities/AUC for LFQ is probably more accurate 

than using MS2 spectral counts. A conventional method is to extract and compare the mass of interest 

across a time window, resulting in the extracted ion chromatograms (XIC) on MS1 level, which is used 

to integrate the LC elution peak of the compound of interest [212]. Different MS1 LC peaks across 

multiple samples must be aligned which requires complex algorithms. In particular, increased 

complexity of samples gives rise to misalignments due to overlapping peaks and limit of detection.  

To alleviate the limitations of DDA, unbiased data-independent acquisition (DIA) approaches were 

developed. For DIA, consecutive survey scans and MS2 spectra for all precursor ions contained in 

predetermined isolation windows are recorded. Thus, a complete and permanent recording of all 

fragment ions of the detectable peptide precursors present in a biological sample is obtained. Different 

methods ranging from the complete m/z range to few Daltons were developed [213]. For example, the 

DIA method sequential window acquisition of all theoretical fragment ion spectra mass spectrometry 

(SWATH-MS) typically acquires repeatedly 32 consecutive 25 Dalton precursor isolation windows 

within m/z 400-1200 in a user-defined retention time window [214]. Typically, the analysis of DIA data 

requires a spectral reference library containing information of retention time, fragment ions and their 

relative intensity, which are used to extract any given peptide from DIA maps using the fragment ion 

chromatograms. Commonly, these reference lists are generated through DDA analyses, which 

requires extra instrument time. Furthermore, the MS2 spectra in DIA are quite complex as they contain 

mixtures of peptides and the interpretation of these chimeric MS2 spectra is challenging despite the 

recent development of bioinformatic software tools for DIA [215]. This perhaps could be more widely 

employed in the future with improvement in computational tools. In summary, breadth of peptide 

identification is higher and instrument setup, and data analysis is easier with DDA, whereas 

reproducibility of peptide identification precision and precision of peptide quantification is superior 

using DIA [216].  

Although LFQ approaches could suffer from experimental errors because the samples are not 

combined (Figure 14), more information is effectively acquired compared to the labeling approaches. 

In LFQ, the samples are analyzed separately, which leads to the identification and quantification of 

less abundant peptides. For LFQ, no additional costs due to labeling arise. Furthermore, technical 

advancements in biostatistical analysis and different normalization strategies have improved the 

output of quantification results.  

1.8.2 Absolute quantification 

For absolute quantification, adding stable-isotope labeled internal standards of known quantity to a 

sample allows the determination of absolute amounts of endogenous peptides. The four main types of 
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standards are peptides (AQUA or SIL peptides) [217], concatemers of peptide (QconCAT) [218], 

truncated proteins (PrEST) [219], and full-length proteins (PSAQ) [220]. Synthetic genes employed in 

biological system together with minimal media containing labeled amino acids were used to 

isotopically label and express quantification concatemer (QconCAT) proteins. These QconCAT 

proteins contain several labeled peptides for targeted proteins and can be used for absolute 

quantification as internal standards. These proteins are added into the analytical samples prior 

digestion to avoid differences during sample preparation [218]. Protein Epitope Signature Tags 

PrESTs are expressed recombinantly in E. coli and consist of about 50-150 amino acids of the target 

protein as well as purification and solubility tags. These protein fragments are designed to have as low 

sequence identity as possible to other proteins. Quantitative PrESTs (QPrESTs) are produced as a 

fusion protein together with a Q-tag in E. coli and heavy isotope-labeled versions of the amino acids 

arginine and lysine are incorporated in the protein sequence. Known amounts of QPrEST can be 

spiked into unknown samples, which is preferably done before enzyme digestion to allow the heavy 

protein standards to undergo the same processing as the endogenous proteins. The similar principle is 

applied in protein standard absolute quantification (PSAQ), but full-length labeled proteins with 

nitrogen-15 isotopes instead of concatenated peptides are required [220]. In practice, AQUA or SIL 

peptides are by far most commonly used for absolute quantification because they can easily be 

produced. Spiking-in stable isotope labeled peptides allows the determination of the amount of 

endogenous peptides and the corresponding proteins by comparing their MS peak areas with those of 

the standards (Figure 18). It has been widely applied to targeted protein analyses, but also for 

phosphopeptides [217, 221-223]. This approach benefits from the large dynamic detection range of 

instruments capable of performing reaction monitoring [224].  

 
Figure 18: Workflow for absolute quantification of protein targets.  

The known amount of a synthetically-labeled peptide is added to the sample of interest. The absolute 
amount of the endogenous peptide (ATarget) is determined by comparing their MS peak (AUC) with 
those of the spike-in peptide (AStandard).  

Proteotypic (or signature) peptides are commonly employed in absolute quantification approaches. For 

each protein, certain numbers of peptides are frequently observed with high abundance and if these 
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peptides are unique, they are considered to be proteotypic [225]. These proteotypic peptides can be 

synthesized and commonly contain a labeled arginine or lysine at the C-terminal end with several 

carbon-13 and/or nitrogen-15 isotopes. This ensures co-elution during LC of the endogenous and the 

isotopically labeled peptide. These peptides are commercially available as so-called AQUA peptides 

[217, 222]. The quantity of the synthetized labeled peptides must be accurately determined by amino 

acid analysis. A specialized peptide standard for phosphopeptides was introduced namely 

"Phosphorus-based absolutely quantified standard" (PASTA) [226]. It is synthesized as mono-

phosphopeptide with at least one serine, threonine, or tyrosine residue and phosphorus-31 is 

quantified by inductively coupled plasma mass spectrometry (ICP-MS) [226].  

Utilizing the information of m/z ratios and retention times, proteotypic peptides can be detected and 

quantified in targeted proteomics approach by reaction monitoring. Targeted proteomics can be 

performed by either selected reaction monitoring (SRM) with triple quadrupole instruments or with 

parallel reaction monitoring (PRM) using Q-TOF or Q-Orbitrap mass analyzers [224] (Figure 19). For 

SRM, the m/z information and the most intense fragment ions in the MS2 spectra, so-called transitions, 

are required [227]. On the other hand, the PRM method detects the entire product ions of a targeted 

precursor ion in a single analysis. Hence, there is no need for transition-assay optimization as in the 

SRM mode [224, 228]. Furthermore, Q-TOF and Q-Orbitrap instruments have a significantly higher 

resolution and mass accuracy than triple quadrupole instruments and have become standard 

instruments in proteomics [229]. PRM has been widely applied to quantify proteins in biological fluids 

and to validate quantification results from other proteomics studies [230-233]. In this thesis, PRM 

together with dimethylation was employed to establish a novel absolute quantification approach. 

 
Figure 19: Reaction monitoring techniques used for targeted proteomics. 

In SRM, triple quadrupole instruments consisting of Q1, q2, Q3 are used. The information regarding 
retention time of peptide precursor ions, their m/z, and the m/z of the most intense fragment ions in 
MS2 spectra is required. For PRM, Q-orbitrap or Q-TOF instruments are used. Information about the 
m/z fragment ions are not required to set up a PRM method, because full MS2 spectra are acquired 
[224]. 



31 
 

1.9 Data analysis of protein phosphorylation 

A general data analysis workflow of (phospho)proteomics after analyzing with the MS instrument often 

involves database searches for peptide/protein identification, phosphorylation site assignment, protein 

quantification, and functional data analysis. As mentioned previously that a typical MS instrument is 

coupled with data system to generate MS spectra that contain the intensities and masses (m/z values) 

of the ionized peptides. These acquired spectra are then searched against different databases 

containing in silico digested peptides encoded from different genome projects using different search 

engines. The identified peptides/proteins are determined by matching experimentally acquired and 

theoretical spectra using different matching algorithms.  

More than 100,000 phosphorylation sites have been reported in different curated databases. The 

advances in mass spectrometry-based techniques and enrichment methods have helped to identify 

greatly low occupancy phosphorylation sites [162]. However, the capacity to detect phosphorylated 

peptides by far exceeds the ability to understand their biological roles. It can also not be excluded that 

physiologically irrelevant phosphorylation sites are identified [162]. Nevertheless, phosphoproteomics 

has contributed immense knowledge to the scientific community including cancer biology, clinical 

applications, cell and tissue analysis, and systems biology [234-236]. Beside the biological relevance 

and insights, technological challenges remain such as phosphorylation site assignment, determination 

of the stoichiometry of modified vs. unmodified protein forms and increasing sensitivity and 

reproducibility [237]. 

In a typical large-scale phosphoproteomics study, thousands of phosphorylation sites can be identified. 

The data analysis is typically performed across certain numbers of replicates and a false discovery 

rate (FDR) of 1% is commonly applied [238]. T-test or ANOVA statistic is usually applied to determine 

which of the thousands of modified sites are differentially phosphorylated and has to be adjusted for 

multiple testing to avoid false positives. This can be achieved by e.g. the Benjamini-Hochberg 

correction with the principle of assigning a certain number of accepted false positive identifications in a 

selected dataset. 

Improved database search algorithms have aided in better phosphorylation site assignments. In 

addition, normalized probability scores for each possible phosphorylation site are used for the 

phosphorylation site determination. The probability-based algorithms include Ascore [104], PTM score 

[33], Mascot Delta Score [167], Phosphoscan [239], PhosphoScore [240], PhosCalc [241], 

PhosphoRS [242], and SLoMo [243]. In addition, machine learning-based techniques employed in 

Phosida can aid to identify phosphorylation sites and their corresponding kinases through in vivo 

phosphorylation data [244, 245]. However, variable results in phosphopeptide identification and 

phosphorylation site assignment remain a challenge even when utilizing the same set of parameters in 

the same sample sets [105]. Even with an ambiguous localization score, manual inspection still plays 

a role in ensuring the quality of data. Hence, instrumentation optimization and MS acquisition strategy 

are notable aspects for further improvements of phosphopeptide analyses.  
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Phosphoproteomics quantification between different sample conditions should be performed carefully 

as an apparent increase in the abundance of phosphorylated peptides does not necessarily imply 

higher phosphoprotein stoichiometry. A simple reason might be increased translation of the protein. 

Another reason might be that an increase in the abundance of a monophosphorylated peptide might 

be due to dephosphorylation of a pre-existing diphosphorylated peptide. On the other hand, a 

decrease of the abundance of a monophosphorylated peptide might be due to dephosphorylation to 

the nonphosphorylated form or phosphorylation to the diphosphorylated form. Other PTMs might also 

contribute to such biases. Consequently, an accurate view of the phosphoprotein would require 

identifying and quantifying all possible protein species/proteoforms of a protein. To approach this goal, 

deep proteome and phosphoproteome analyses are required for large-scale determination of protein 

stoichiometries.  

To extract biological information from large-scale proteomics experiments is a challenging task. This is 

particularly true for phosphoproteomics because changes of phosphorylation sites can be due to 

secondary effects [246]. Functional tools for the interpretation of proteomics data comprise e.g., 

enrichment analysis of gene ontologies (GOs), pathway analysis, protein-protein interaction analysis, 

domain analysis, and PTM motif analysis. GO terms were developed as a unified vocabulary for genes 

and proteins. The functions of genes and proteins are described in three categories, biological 

processes, cellular compartments, and molecular functions. For systematic interpretation of protein 

lists, overrepresentation analyses are typically performed. Thereby, the frequency of individual 

annotations is compared against the annotation frequency of a reference list and statistically tested. 

Several tools have been developed, e.g., DAVID bioinformatics resources [247].   Pathway analyses 

are very useful to cover know processes such as metabolism, signaling pathways, and cell cycle. 

Pathway models are manually curated and included in software tools, e.g., KEGG (Kyoto 

Encyclopedia of Genes and Genomes) and IPA (Ingenuity pathway analysis). Several databases have 

been created to collect protein-protein interactions data, however, low consistency and reliability of 

protein-protein interaction data have been observed [248]. Nevertheless, network analysis of protein 

lists to reveal insights into functional relationships between proteins can be performed with software 

tools such as STRING [249]. Domains mediate key functions such as protein-interactions and 

enzymatic activities and can be detected from protein lists by several methods, e.g., PFAM [250] and 

InterPro [251]. For PTMs, motif analysis can give insight into the relationship of enzymes and 

substrates. Overrepresentation of motifs can be examined with software tools such as Motif-X [252]. A 

more thorough overview of software tools bis given in several reviews [253-255]. Finally, data from 

large scale phosphoproteomics study should be validated using independent experiments 
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2. Aims of the project  

Phosphorylation plays an essential role in various cellular processes in most organisms. 

Phosphoproteome analyses have been improved tremendously during the last decade, however, they 

are still not routine. The first aim of this project was to establish a robust phosphoproteomics workflow 

and it should be reproducibility applied to samples of different complexity. This approach was then 

applied in the first paper to compare the phosphorylation profile of cisplatin-induced apoptotic vs. 

control Jurkat T cells by LFQ (Paper I). The second goal was to generate customized databases for 

the analysis of alternative splice variant-specific peptides. These databases should allow an easy 

access to the peptide sequences (specific for alternative splice variants) which match to the MS data. 

The third goal was to use these databases to investigate the functional interplay between 

phosphorylation and alternative splicing in apoptotic Jurkat T-cells (Paper II). The phosphoproteomics 

workflow in paper I was applied to identify differing phosphopeptides in urine samples of patients with 

aggressive and indolent PCa (Manuscript I). This study was performed to test the effectiveness of this 

workflow in the urinary biological fluid samples. Finally, a two-point quantification method was 

developed to assess quantification accuracy of spiked-in proteotypic peptides. In which, cheaper 

approach with better quality control of the assay should be achieved and can be used for absolute 

quantification of target peptides (Paper IV).  
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3. Summary of the papers  

3.1 Paper I 

Quantitative phosphoproteome analysis of cisplatin-induced apoptosis in Jurkat T cells. Tran, T.T., M. 

Strozynski, and B. Thiede, Proteomics, 2017 Jun; 17(11), 1600470. 

A robust workflow for phosphoproteome analysis was established by evaluating the various steps of 

phosphopeptide enrichment using TiO2 beads and instrumental parameters of the mass spectrometer 

to fragment and identify phosphopeptides in complex samples. The workflow was subsequently 

applied to compare the phosphoproteome profile of cisplatin-induced apoptotic vs. untreated Jurkat T 

cells.  

The ratio between TiO2 beads and phosphopeptides had a profound impact on the number of 

identified phosphopeptides. In addition, loading and washing buffers were carefully examined to 

minimize unspecifically bound nonphosphorylated peptides. Because binding of multiphosphorylated 

peptides to TiO2 beads is much stronger than monophosphorylated peptides, sequential elution steps 

were employed. Following the phosphopeptide enrichment protocol, phosphopeptides were 

fragmented utilizing HCD at two different normalized collision energies (NCEs) to acquire better 

sequence coverage (Figure 1).  

The phosphoproteome profiles of four biological replicates of cisplatin-induced apoptotic Jurkat T cells 

were quantified against that of control cells utilizing relative LFQ employing the sum of all MS2 total 

ion current (TIC) values of all spectra assigned to a protein. In addition to the canonical human Swiss-

Prot database, a customized database was generated in order to enable quantification of 

phosphorylation site-specific peptides of multiphosphorylated proteins. As a result, more than 7,000 

phosphopeptides of more than 2,500 phosphoproteins were identified. More phosphopeptides were 

identified at NCE 25 in comparison to NCE 35 (Figure 2). Furthermore, bioinformatics gene ontology 

overrepresentation and KEGG pathway analysis were applied to the up-, down- and non-regulated 

phosphoproteins and phosphopeptides (applying t-test with p < 0.05) and cross-compared. As a result, 

phosphoproteins involved in the MAPK signaling pathway were found to be significantly upregulated 

(Table 2 and figure 3). Two proteins involved in this pathway, transcription factors ATF2 and JUN 

which can form heterodimers, were analyzed by time-course western blotting utilizing different 

phosphorylation site-specific antibodies (Figure 4). The up-regulation of ATF2 phosphorylated at 

threonine-71 comparing control and apoptotic cells was confirmed, but stronger up-regulation was 

found at earlier time points. The up-regulation of JUN was not conclusive due to the up-regulation of 

nonphosphorylated JUN. In conclusion, this study, and a previous study on proteome analysis of 

phosphotyrosinylation under same experimental conditions, provided a comprehensive overview about 

phosphorylation in apoptotic Jurkat T cells. In particular, the phosphorylation status of several proteins 

involved in the MAPK signaling pathway was determined. The phosphoproteomics workflow seems to 

be robust and can be implemented in other large-scale proteomics studies.  
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3.2 Paper II 

Identification of Alternative Splice Variants Using Unique Tryptic Peptide Sequences for Database 

Searches. 

Tran TT1, Bollineni RC1, Strozynski M1, Koehler CJ1, Thiede B1, J Proteome Res. 2017 Jul 7; 

16(7):2571-2578 

Analysis of alternative splice variants (ASVs) by proteomics requires the identification of ASV-specific 

unique peptides. In this paper, an ASV-specific peptide database (Database 1) was created containing 

only tryptic peptides of all human alternative splice variants to exclusively identify ASV-peptides. 

Furthermore, a database (Database 2) of canonical human Swiss-Prot database which contains 

proteins of isoform 1 plus all other ASV-specific peptides was generated for general searches 

(Figure1).  

The established databases were applied to search different datasets from proteome analyses of two 

cell lines for identification of ASV-specific peptides (Tables 1 and 2). In addition, the 

phosphoproteomics dataset from paper I was analyzed, because of the known interplay between 

alternative splicing and phosphorylation and a possible link to apoptosis (Table 1). Notably, several 

proteins involved in the splicing machinery, such as SR and hnRNP proteins were found to be 

phosphorylated and upregulated in our study, suggesting their involvement in regulation alternative 

splicing upon cisplatin-induced apoptosis in Jurkat T cells. Interestingly, fourteen peptides of non-

ASV1 were identified in the control- and cisplatin-treated samples of the phosphoproteomics dataset 

with Mascot ion scores above 30 and six of them were found to show clear quantitative differences 

between different cell states (Table 3). In conclusion, the established databases can be easily 

implemented in typical proteomics identification workflows as shown with the Mascot database search 

engine. The resulting output of the peptide sequences and MS2 spectra allows direct access to the 

necessary information for publishing alternative splice variants of proteins.  

3.3 Paper III 

Urinary phosphoproteome analysis to differentiate of aggressive and indolent prostate cancer. 
Tran, TT., Bollineni, R.C., Llorente, A., Thiede, B, Manuscript. 

Phosphorylated peptides and proteins are potential biomarkers. Therefore, the established 

phosphoproteomics workflow in paper I was utilized to specifically identify potential phosphorylated 

peptides in urine samples of indolent and aggressive prostate cancer patients.  

By analyzing urine samples from individuals with 30 aggressive and 31 control PCa, 295 

phosphorylated peptides of 140 proteins were identified by LC-MS. The same samples were analyzed 

using PRM for the targeted analysis of six of the identified phosphopeptides. Three phosphorylated 

peptides corresponding to IGFBP5, SPARCL1, and TGOLN2 were found and confirmed by PRM to be 

most significantly upregulated between aggressive PCa patients compared to indolent controls.  
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3.4 Paper IV 

Absolute quantification of proteins by two-point quantification using dimethylated proteotypic peptides. 
Tran, TT., Bollineni, R.C., Koehler, C.J., Thiede, B, Submitted manuscript.  

Mass spectrometry can be used for the determination of absolute amounts of target molecules. For 

proteins, addition of isotopically labelled proteotypic peptides in known amounts allows absolute 

quantification of the corresponding target proteins. However, isotopically labeled peptides are fairly 

expensive, which is even more true for phosphopeptides. The aim was to develop a more cost-

effective approach. This approach is based on peptide dimethylation by reductive amination and the 

use of two different stable isotopes for the same peptide as spike-in references. The approach was 

established with three known biomarker proteins and labeling efficiency, linear response and limit of 

detection were determined. The differentially labeled two reference peptides can be used as internal 

quality control and it was shown that the approach can be used for the quantification of proteins in 

serum.  
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4. Result and Discussion 
a. The establishment of a phosphoproteomics workflow 

Several workflows exist for phosphoproteome analyses. The variety of methods often results in 

deviations of the identified phosphopeptides. Phosphorylated proteins are typically present in lower 

abundance relative to their nonphosphorylated counterparts [106, 127]. Therefore, the thorough 

examination of the different steps of the workflow must be performed for successful analysis of 

phosphorylated peptides to establish an effective phosphoproteomics workflow that can be 

reproducibly applied to different types of complex samples. 

A key part is the enrichment of phosphopeptides [97, 98, 256] (Figure 20). The first essential 

parameter in phosphopeptide enrichment is the ratio between the protein and the beads. However, it is 

often overlooked and was in employed only in a few other phosphoproteomics studies [97, 257, 258]. 

In this thesis, several protein-to-bead ratios from 1:1 to 1:6 were tested with IMAC and TiO2 beads. 

The ratio between protein amount and TiO2 beads of 1:4 revealed the highest number of 

phosphopeptides with a low number of other peptides (result not shown). With IMAC beads, the 

identification numbers were inferior compared to TiO2 beads. This is still a matter of debate whether 

IMAC or TiO2 beads are more effective for phosphopeptide enrichment. There are studies that showed 

superior performance of TiO2 beads [259], while other suggested the opposite by using Fe-IMAC [260]. 

In addition, the enriched phosphopeptide sequences were also observed to be unique to either IMAC 

or TiO2 with certain overlapping between these two types of beads [177]. The similar result was 

observed in this thesis however the number of unique identified phosphopeptides in IMAC was too 

little compared to that found in TiO2, with the majority of the identified phosphopeptides covered by 

TiO2. Because of this result, only TiO2 beads were further evaluated for other experimental parameters. 

For the loading buffer using TiO2 beads, acids such as trifluoroacetic acid (TFA), acetic acid, 

phosphoric acid, and formic acid (FA) were tested at different concentrations from 2 % to 6 %, 

suggesting that 6 % TFA is the most favorable. In addition, high concentrations of the organic solvent 

acetonitrile (ACN) of 80 % showed the best results. These results were also observed before in most 

of the well-established phosphopeptide enrichment protocols [97, 261]. 1 M glycolic acid and 5 % 

glycerol were employed as non-phosphopeptide competitors, showing superior results over other 

compounds such as 2,5-dihydroxybenzoic acid (DHB), sodium dodecyl sulfate (SDS), and lactic acid. 

These reagents are composed of carboxylic and hydroxyl groups and have been shown to be efficient 

in competing against acidic peptides for binding sites on TiO2 beads [98, 262]. Moreover, it is possible 

to remove these competitors prior to mass spectrometrical analysis and they can be used in 

connection with the analytical LC column, in contrast to e.g., detergents. Next, the incubation time of 

the phosphopeptides with TiO2 beads for 30 minutes, 1 hour, 1.5 hours, and 2 hours at room 

temperature was investigated. Best results were obtained at 1.5 hours. This differs slightly from some 

other studies, which showed good enrichment results in 30 minutes and 1 hour incubation time [258, 

263]. In our study, increasing the incubation time to 2 hours did not improve the enrichment further 

compared to 1.5 hours. The deviating incubation times might be due to different loading buffer 

conditions.  
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Removing non-phosphopeptides from TiO2 beads was performed by employing different buffer 

conditions in different steps. The loading buffer was employed in the first washing step to effectively 

remove non-specific peptides [98, 262]. In the second washing step, 200 mM ammonium glutamate 

was utilized to further remove non-specifically bound peptides as its effectiveness has been observed 

before [264]. 20 mM ammonium acetate [258] was also tested, however, the result was inferior to 200 

mM ammonium glutamate. Finally, lower concentrations as for the loading buffer of both TFA (2%) and 

acetonitrile (50%) were used to remove non-specifically bound molecules while retaining 

phosphopeptides. The washing protocol was examined by analyzing both the enriched and flow 

through fraction (result not shown).  

Complete elution of the phosphopeptides is essential for comprehensive phosphoproteome profiling. 

The choice of the elution buffers has an influence on phosphopeptide recovery. In the first elution step, 

alkaline buffer was employed containing 10 % of ammonium hydroxide (NH4OH), pH 11 to disrupt the 

binding of phosphopeptides to the TiO2 beads, in stark contrast to the loading buffer with pH 2. The 

second elution step was performed with increased basicity and organic solvent with 15 % of NH4OH 

and 60 % acetonitrile, pH 12.5 [98, 265], because multiphosphorylated peptides are known to bind 

much stronger to TiO2 beads than monophosphorylated peptides [266]. Finally, 1 % pyrrolidine was 

used to effectively elute the multiphosphorylated peptides as enhanced recovery has been observed 

by using this secondary amine [267].  

 
 

Figure 20: Established workflow for phosphopeptide analysis. 
Phosphopeptides can be enriched from a complex mixture of digested peptides by firstly incubating 
with loading buffers and TiO2 beads for 1.5 hours. The nonphosphorylated peptides were removed 
with three washing steps. Subsequently, enriched phosphopeptides were eluted off the beads in three 
steps and applied to LC-MS analysis by HCD fragmentation at 25 and 35 NCE.  
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After successfully enriching phosphopeptides, analytical parameters of the LC-MS analysis were 

evaluated by combining different fragmentation conditions. The use of two different normalized 

collision energy (NCE) values for MS2 fragmentation by HCD revealed complementary results. HCD 

with NCE 25 accounted for 31 % and NCE 35 for 12 % uniquely identified phosphopeptides, whereas 

57 % were found at both NCEs (Figure 2-Paper I). Differences in the average sequence length and 

amino acid compositions were observed between the two different NCE values. The sequence length 

revealed in average longer peptides with 27.4 amino acids at NCE 35 compared to 22.7 at NCE 25. 

Arginines and histidines were overrepresented at NCE 35, whereas the aromatic amino acids 

phenylalanine and tryptophan were underrepresented.  

The established workflow was employed to study phosphorylation profiles of cisplatin-induced 

apoptotic against control Jurkat T cells. In total, 7,360 phosphopeptides of 2,556 phosphoproteins 

were identified in the four biological replicates with 79,595 peptide spectrum matches (PSMs), while 

only 54 phosphopeptides were found in the flow through fractions. This result suggests the convincing 

performance of the workflow. Considering the fact that the experimental design was based on a single 

enrichment step without fractionation, a good balance has been achieved between robustness and 

depth. The workflow could perhaps be further developed in the future by combining with automated 

fractionation to improve the coverage of phosphopeptide identification.  

b. Phosphoproteome analysis of apoptotic cells  

By comparing our findings with other studies of apoptotic cells employing different inducers and cell 

lines, the results showed low level of consistency in terms of detected phosphoproteins [71-74, 115]. 

Gossypol-induced apoptosis was analyzed in an ovarian cancer cell line and 9,750 phosphopeptides 

of 3,030 phosphoproteins were identified, with 33 phosphopeptides of 30 proteins changed comparing 

control versus apoptotic cells [71]. In our phosphoproteome analysis, 26 of these proteins with 23 

consistent peptides were identified, however, only two of these 23 phosphopeptides were found to be 

upregulated, four downregulated and 17 unregulated. Quantitative phosphoproteome analysis of 

staurosporine-induced apoptosis in Jurkat T cells using SILAC combined with qP-PROTOMAP 

revealed 531 apoptosis-specific phosphorylation sites from 1624 phosphoproteins [74]. Comparing 

these proteins with our dataset, 253 common proteins were found, but only 34 have been found to be 

upregulated due to cisplatin-induced apoptosis, seven downregulated and 212 unregulated. On-plate 

phosphopeptide enrichment using TiO2-polydimethylsiloxane coated plates was applied to analyze the 

phosphoproteome profile of human oral squamous cell carcinoma cells by γ-bisabolene-induced 

apoptosis and revealed 358 quantifiable phosphopeptides [72]. Of the 58 proteins reported to be 

upregulated with fold change more than two, 43 proteins were identified in the present study with 42 

peptides covering the same phosphorylated peptide sequences in both studies. However, only two of 

the 42 phosphopeptide sequences were found to be upregulated, 35 unregulated and even five 

downregulated in our study.  
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Considering the different apoptosis inducers used in studies of apoptotic cells (Staurosporine is a 

protein kinase inhibitor, cisplatin a DNA damaging agent, γ-bisabolene from cardamom, γ-gossypol 

from a cotton plant, and cadmium is a heavy metal), probably many of the observed changes might be 

due to other functional processes which occur before apoptosis. However, the involvement of the 

MAPK pathway in apoptosis was repeatedly identified. More time points could be considered in the 

future to systematically analyze and obtain a global view of the changes of phosphorylation leading 

apoptosis. 

c. Phosphoprotein quantification using a database with 
phosphorylated peptides as single entries  

The general practice in quantitative proteome studies is to perform quantification on the protein 

dataset. The data output after database searches with Mascot with Swiss-Prot databases and data 

analysis using Scaffold are summarized on the protein level. However, the unique phosphopeptides 

must be analyzed individually to find changes in multiphosphorylated proteins. This issue is outlined in 

Figure 21. If different phosphopeptides of multiphosphorylated proteins have been identified and the 

quantitative changes of the phosphorylated peptides are different, summing up of the data produces 

incorrect result for the individual phosphorylated peptides. Notably, regulated phosphopeptides can be 

missed if the quantification was performed only on the protein dataset. Therefore, to determine 

differences in the regulation of specific phosphorylated sites within multiphosphorylated proteins, it 

was necessary to generate a phosphopeptide database with single entries out of the results obtained 

using the Swiss-Prot protein database (Figure 21). 

 

Figure 21: A theoretical example of fold-changes of spectral counts using a protein database. 
Quantitative changes in phosphorylation of monophosphorylated proteins can be performed with 
protein databases such as Swiss-Prot. However, multiphosphorylated proteins must be analyzed on 
peptide level, because the different phosphopeptides might have different regulations in the process 
under investigation. In this example, red P indicates changed and black P unchanged phosphorylation 
sites. Summing up all identified spectral counts; a fold change of 12:9 would most likely not be 
recognized as a significant change. Therefore, after the first search with a normal Swiss-Prot human 
database, a database was generated containing only unique phosphorylated peptides as single 
entries. 
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Searching and quantification together with KEGG pathway analysis using this database has revealed 

the upregulation of MAPK signaling pathway in cisplatin-treated cells, while data analysis of the protein 

dataset utilizing the normal human Swiss-Prot database did not exhibit this pathway. This result 

showed that analyzing phosphoproteomics data with identified phosphorylated peptides as single 

entries can be essential to detect changes in multiphosphorylated proteins.  

 

d.  Regulation of phosphorylated MAPK proteins upon apoptosis 
induction in Jurkat T cells  

LFQ of apoptotic vs. control proteomes using the data analysis program Scaffold and applying MS2 

data to find quantitative changes revealed around 400 phosphopeptides to be upregulated and 

downregulated, respectively. T-test was applied with p < 0.05, comparing the phosphoproteomes of 

cisplatin-induced apoptotic and control cells. Comparison of the regulated with unregulated proteins 

revealed 15 proteins involved in the MAPK signaling pathway to be significantly upregulated in 

cisplatin-induced apoptosis (Table 2-Paper I). This is the highest number of proteins found in this 

pathway in connection to apoptosis so far. The comparison with other phosphoproteome studies of 

apoptotic cells revealed low consistency in identified phosphoproteins, however, the involvement of 

the MAPK signaling pathway in apoptosis was found in all of them [71-74, 115]. This is understandable 

as MAPK is one of the main signaling pathways responding to stress-stimuli and DNA damage in 

biological systems. This result is complementary to our previous quantitative analysis of tyrosine-

phosphorylation employing the same cell line and inducer of apoptosis [75]. Notably, some MAP 

kinases (M3K2, M3K7, MP2K2, SRF, and STMN1) contained both unregulated and upregulated 

phosphorylated peptides (Figure 22). This result explains why this pathway was only found to be 

significantly changed after using the phosphopeptide database, but not with Swiss-Prot protein 

database. 

 
Figure 22: Selected identified regulated phosphoproteins involved in the MAPK signaling 

pathway. 
Large normal black lines display phosphorylation sites which were found to be unregulated between 
apoptotic and control cells. Large bold red lines represent phosphorylation sites which were found to 
be upregulated in apoptotic cells.  
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Independent validation experiments are essential to verify large-scale proteomics data. For this 

purpose, western blotting of selected proteins is a commonly applied technique. However, 

commercially available phosphorylation site-specific antibodies are very limited. ATF2 (pS-90, and pS-

112) and JUN (pS-63, pS-73, and pS-243) were selected for validation experiments because several 

phosphorylation site specific antibodies are available (ATF2 pS-90, and pS-112 and JUN pS-63, pS-73, 

and pS-243). Furthermore, these two transcription factors are known to be phosphorylated and 

activated by ERK, JNK, and p38α MAPKs and form heterodimers and homodimers. The heterodimer 

of ATF2 and JUN forms the activator protein 1 (AP1), which is responsible for interacting with specific 

DNA sequences, activation and repression of gene transcription upon external stimuli (Figure 23)[268]. 

 

Figure 23: Heterodimer of JUN and ATF2 constitutes to the activator protein 1 (AP1). 
Upon receiving the signal from external stress stimuli, ATF2 and JUN are phosphorylated by p38 and 
JNK, respectively. This leads to the formation of a heterodimer (AP1) that interacts with a specific DNA 
sequence to induce gene activation or repression.  

The functional roles of phosphorylated JUN at pS-63, pS-73 and pS-243 were elucidated in previous 

studies [268, 269]. In contrast, the roles of phosphorylated ATF2 at pS-90 and pS-112 are unclear 

despite the fact that they were identified in several large-scale phosphoproteomics studies [270-272]. 

JUN was found to be phosphorylated at pS-63 and pS-73 in responses to stress and growth signals. In 

addition, phosphorylation of JUN at pS-243 by glycogen synthase kinase-3 beta (GSK3B) primed by 

dual specificity tyrosine-phosphorylation-regulated kinase 2 (DYRK2) is known to reduce its ability to 

bind to DNA [269]. Interestingly, phosphorylated JUN at Ser-63 was also found to be significantly 

upregulated by cadmium-induced apoptosis in human bronchial epithelial cells, but western blotting on 

the nonphosphorylated JUN was not performed in this study [73]. Time course western blot analyses 

of both phosphorylated and nonphosphorylated of JUN and ATF2 were performed here to verify if the 

phosphorylation events were responsible for the upregulation of phosphorylated JUN and ATF2 or if it 

was due to increased expression of the nonphosphorylated proteins. The results showed upregulation 

of ATF2 (pT-71), JUN (pS-63, pS-73, and pS-243) and nonphosphorylated JUN, whereas 

nonphosphorylated ATF2 was reduced in apoptotic cells (Figure 4-Paper I). This observation means 

that the upregulation of phosphorylated JUN cannot be related to apoptosis. This observation 

emphasizes the importance of analyzing the expression pattern of unmodified protein levels in addition 
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to its phosphorylated versions. The results also showed the value of time course experiments, 

because the major changes of phosphorylated ATF2 occurred before apoptosis.  

e. Customized alternative splice variant-specific databases 

Alternative splicing is a mechanism in eukaryotes by which different forms of mRNAs are generated 

from the same gene [9]. General enrichment methods for ASVs do not exist. Identification of ASVs 

requires the identification of peptides specific for alternative splice forms. To facilitate this, two human 

databases were generated. One of the databases (DB1) contains only unique tryptic peptides specific 

for all alternative splice forms to generally search for all ASVs. The other database (DB2) contains the 

full sequence information of all proteins as isoform-1 and the alternative splice variant-specific 

peptides not deriving from isoform-1 in addition, giving an easy access to non-isoform-1 peptides 

without increasing the database size significantly (Figure 24).  

 

Figure 24: Procedure to generate two databases to analyze alternative splice variants. 
Proteins from the human Swiss-Prot (canonical and isoform) database were compared. To unify the 
accession numbers “-1” was added to the alternative splice variant 1. After in-silico digestion with 
trypsin (without missed cleavage sites) only peptides with at least eight amino acids were kept. These 
peptide sequences were then compared against the tryptic peptides of the whole human proteome to 
remove identical sequences and extract only ASVs. Since, isoleucine and leucine cannot be 
distinguished by mass spectrometry, these peptides were considered identical. The sequence AAAK 
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was added to peptides with N-terminal methionines, because Mascot automatically considers the 
corresponding sequences without N-terminal methionines in the search. Finally, the database (DB1) 
was generated which contains all ASV-specific peptides as single entries. The database search output 
using DB1 enabled an easy access to splice variant specific peptide sequences that match to MS data. 
Furthermore, this database was combined without ASV1 specific peptides with full sequences from 
human Swiss-Prot. This combined database (DB2) can be used as a general database for searching 
LC-MS data. 

LC-MS data derived from in-solution digests of two different cell lines (LNCaP, HeLa) were analyzed 

using these two databases. The results of searching the data with the canonical and isoform Swiss-

Prot (Swiss-Prot + isoform), revealed slightly decreased numbers of proteins, and 2.5 % less PSMs 

were identified using the database containing the isoforms (Table 1-Paper II). On the opposite, the 

search result utilizing DB2 revealed the same level of performance as the normal Swiss-Prot database 

(Table 1-Paper II). Notably, some non-ASV1 proteins were found in these two cell lines using the DB2 

with 43 and 25 for HeLa and LNCaP, respectively (Table 1-Paper II). This result showed that DB2 can 

be used for general database searches and at the same time enables the identification of non-ASV1 

proteins while normal Swiss-Prot can only be used for protein isoform 1. The decreased performance 

of the Swiss-Prot + isoform database was probably due to the doubled size compared to the Swiss-

Prot database (41,144 vs. 20,187 protein entries). The increased search space together with keeping 

1 % FDR, but few additional hits led to a decrease in identified proteins and PSMs. In contrast, DB2 

only contains the normal human Swiss-Prot database plus non-ASV1 specific peptides as single 

entries, leading to a minor increase of potential tryptic peptides and thus only a small increase in the 

search space.  

The search result from DB1 which only contained specific peptides as single entries for ASV proteins 

revealed that around 2.4 % (HeLa) and 2.0 % (LNCaP) of the identified peptides belonged to other 

isoforms than isoform 1. This observation indicates that predominately isoform 1 exists in these cell 

lines. Of the 38 non-ASV1 tryptic peptides also nine ASV1 specific peptides were found, 

demonstrating that several ASVs of the same proteins can coexist in the same cell lines.  

f. The association of phosphorylation and alternative splicing in 
cisplatin-induced apoptotic Jurkat T cells 

Several studies exhibited an association between phosphorylation and alternative splicing in different 

biological systems. Therefore, the two established databases for the analysis of ASVs were also used 

to analyze the phosphoproteomics data from paper I. DB2 performed significantly better than the 

Swiss-Prot + isoform database, however, inferior (7 %-8 % in PSMs) to the human Swiss-Prot 

database containing only protein isoform 1. This difference in performance can be explained by the 

search space compared to the small number of identified phosphopeptides.  

Control and apoptotic phosphoproteomes from Jurkat T cells revealed fourteen non-ASV1 specific 

peptides and six of them showed clear quantitative differences between the two states (Table 3 and 

figure 2 - Paper II). Three of these proteins (elongation factor 1-delta (EF1D), spectrin beta chain 

(SPTB2), nonerythrocytic 1, and zinc finger CCCH-type antiviral protein 1 (ZCCHV)) have been 
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observed in previous studies of apoptotic cells [273-275]. However, the other three proteins (EF-hand 

calcium-binding protein domain-containing protein 4B (EFC4B), Rho guanine nucleotide exchange 

factor 12 (ARHGC), and serine/threonine-protein kinase TAO2 (TAOK2)) have not been reported to 

the Cancer Proteomics database, where data from proteome analyzes of apoptosis studies are 

collected [276-278]. Of the six significantly regulated proteins, only four phosphorylation sites (EFC4B, 

TAOK2, SPTB2, and ZCCHV) were located inside the sequence different to ASV1. Of these four 

proteins, the exact phosphorylation site could be only localized for one phosphopeptide of EFC4B 

(Figure 25).  

 

Figure 25: Regulated non-ASV1 specific phosphopeptides in control and apoptotic Jurkat T 
cells. 

For each protein, the upper box represents the sequence of ASV1, and the lower box represents the 
identified ASV. For larger proteins, only the sequence covering the relevant identified phosphorylation 
sites is shown, indicated by amino acids numbers in front or at the end of the sequences. Blue boxes 
display sequence differences between the ASVs and black boxes correspond to missing sequences. 
Identified sites are displayed with bold lines on top of the sequence, if the site could be ordered to a 
single amino acid, or as gray boxes if the phosphorylation sites could not be ordered to a single amino 
acid. If the identified phosphorylated amino acid residue was found in corresponding sequences 
between the two ASVs, then it was checked if the same site(s) has been reported in the PhosphoSite 
database and is shown as a thin line. In such cases, the different peptide sequences are displayed.  

To elucidate a connection between phosphorylation and ASVs, identified phosphorylated proteins 

(from Paper I) can be considered which are known to play a role in alternative splicing. Notably, 

different kinases and signaling networks induce phosphorylation of SR and hnRNP proteins. This 

modulates the interaction of the modified proteins and with other transporter proteins leading to a 

change in its location. Hence, effecting their interactions with other splicing regulators and mRNA 

sequences can result in changes of splice sites [48]. By searching the phosphoproteome dataset from 

paper I for the term “splicing factor”, 51 entries were found with four up- and two downregulated 

proteins. The results are summarized in Table 3. Interestingly, upregulation of phosphorylated SF3A3 

(Splicing factor 3A subunit 3) and SRSF2 (Serine/arginine-rich splicing factor 2) in cisplatin-treated 

samples were observed in our dataset (Table 3). In addition, another SR-like protein, TRA2B 

(Transformer-2 protein homolog beta) has been found to be accumulated in the cytosol upon its 

phosphorylation in ischemic brain during a stroke. This eventually led to a change in the splicing site 

selection [279]. The phosphorylated version of TRA2B was also found in cisplatin-treated samples in 

our study (Table 3). These SR proteins are known to be highly phosphorylated in their C-terminal 
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region which is rich in serine/arginine dipeptides and contain an RNA recognition motif (RRM). These 

phosphorylation events have been known to be connected to splicing activity [12, 51]. The interaction 

between the modified proteins with nuclear export factors and nuclear receptor transportin families are 

modulated upon phosphorylation, which eventually leads to relocalize these proteins to the sites where 

alternative splicing occurs [280, 281]. This observation suggested that upregulation of phosphorylated 

SF3A3, TRA2B, and SRSF2 regulate alternative splicing events in response to apoptosis.  

Table 3: Upregulated SR and hnRNP proteins upon cisplatin-induced apoptosis in Jurkat T 
cells. 

Uniprot entry  
name 

Phosphopeptide sequence t-test Repl. 
CisPt/
ctrl 

SC 
CisPt/
ctrl 

HNRH1_HUMAN VRGLPWSCSADEVQR 0.0001 4/0 13/0 
HNRH1_HUMAN HTGPNSPDTANDGFVR 0.0043 4/4 79/47 
HNRH2_HUMAN SNSVEMDWVLKHTGPNSPDTANDGFVR 0.011 4/0 29/0 
HNRPD_HUMAN IFVGGLSPDTPEEKIR 0.008 4/3 24/5 
HNRPD_HUMAN FGEVVDCTLKLDPITGR 0.0002 4/1 21/2 
HNRPF_HUMAN YIEVFKSSQEEVR 0.0089 4/0 9/0 
HNRPK_HUMAN KIIPTLEEGLQLPSPTATSQLPLESDAVECLNY

QHYK 
0.0041 4/4 132/57 

HNRPM_HUMAN GNFGGSFAGSFGGAGGHAPGVAR 0.0001 4/1 33/1 
HNRPM_HUMAN MGLAMGGGGGASFDRAIEMER 0.0006 4/0 16/0 
HNRPU_HUMAN GAAKEAAGKSSGPTSLFAVTVAPPGAR 0.0017 4/0 15/0 
HNRPU_HUMAN LQAALDDEEAGGRPAMEPGNGSLDLGGDSA

GR 
0.0001 4/3 108/21 

PP1RA_HUMAN KKVLSPTAAKPSPFEGK 0.0004 4/4 40/18 
ROA1_HUMAN KLFIGGLSFETTDESLR 0.0001 4/0 23/0 
SF3A3_HUMAN GKSLESLDTSLFAKNPK 0.0009 4/0 44/0 
SRSF2_HUMAN SYGRPPPDVEGMTSLKVDNLTYRTSPDTLR 0.0015 4/4 87/31 
TRA2B_HUMAN RPHTPTPGIYMGRPTYGSSR 0.0069 4/3 38/11 

The sequences of the phosphopeptides are shown including the phosphorylation sites in bold red, if 
the MASCOT delta score was >10, or bold italic for 3–10. Numbers are displayed in bold if a difference 
between cisplatin (CisPt) and control (ctrl) of at least two in replicates (Repl.), and a fold change of at 
least two in spectral counts (SC) has been achieved, and if t-test has been p < 0.05. 

Searching for “heterogeneous nuclear ribonucleoprotein” of the phosphoproteomics dataset (Paper I) 

has revealed 43 entries with ten up- and three downregulated proteins. Phosphorylated hnRNP A1 

(ROA1) was found to be associated with nuclear export/import signals, such as nuclear export factors, 

which are responsible for the localization of different splicing regulators [282]. It was suggested that 

the phosphorylation of hnRNP A1 results in its localization in the cytosol and the decrease in 

concentration of hnRNP A1 in the nucleus led to a change in splice site selection due to stress stimuli 

[283]. This phosphorylated protein was only observed in cisplatin-treated samples in our study (Table 

3). Moreover, phosphorylated hnRNP K, which binds with high affinity to its target RNA and impairs 

the 3’ splice site recognition leading to exon skipping of the mentioned RNA [284], was found as well 

to be upregulated in cisplatin-treated cells (Table 3). This result suggests the potential roles of these 

phosphorylated proteins in alternative splicing in response to apoptosis. Several other phosphorylated 

hnRNP proteins were found as well to be upregulated (Table 3). The nonphosphorylated versions of 

these hnRNP proteins and their involvement in regulating alternative splicing have been discussed in 

detail [13, 285].  
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The regulation of alternative splicing by phosphorylation is controlled by different kinases and 

phosphatases. Notably, it was observed that different kinases can recognize distinct regions on SR 

proteins to induce specific phosphorylation, which occurs in different cellular compartments 

representing various functions of SR proteins [51]. Both kinases and phosphatases were searched for 

in our phosphoproteomics dataset. 84 phosphopeptides were found for phosphatases with nine up- 

and six downregulated, and 494 kinase-related specific phosphopeptides were found with 34 up- and 

32 downregulated. For example, PP1RA (Serine/threonine-protein phosphatase 1 regulatory subunit 

10) is a part of the PTW/PP1 phosphatase complex. This protein was found to be phosphorylated and 

upregulated in cisplatin-treated samples (Table 3). The protein phosphatase (PP1) or PPP1CA 

(Serine/threonine-protein phosphatase PP1-alpha catalytic subunit) is known to dephosphorylate SR 

proteins through the conserved PP1-binding motif RVXF in SR proteins [286]. However, 

phosphorylated SF3A3, TRA2B, and SRSF2 were found to be upregulated in cisplatin-treated Jurkat T 

cells. This suggested that the phosphorylation at pSer-313 and pThr-315 of PP1RA could inhibit the 

function of PPP1CA to dephosphorylate SR proteins in response to apoptosis induction. Similar 

examples have been observed previously with protein inhibitor-1 and protein inhibitor-2 

phosphorylated proteins inhibit the activity of protein phosphatase 1 [287, 288]. This observation 

suggests a complex interplay of kinases and phosphatases in controlling the phosphorylation events, 

which in turn regulates alternative splicing events. To further investigate the possible interplay 

between phosphorylation and alternative splicing, the future studies should perhaps focus on 

targeting these important players to specifically quantify them and study their functions. Both 

phosphorylated and unphosphorylated versions in different sample conditions should be employed in 

order to have a better biological understanding of this process. Perhaps targeted validation can be 

employed to confirm these results as for example: targeted validation has been used to confirm the 

phosphorylation of RNA splicing factor THRAP3 upon DNA damage response [289].  

g. Phosphoproteome profiles in urine samples of patients with 
aggressive vs. indolent prostate cancer  

More accurate biomarkers to diagnose PCa with minimal invasive methods are highly demanded to 

reduce the number of missed cases, avoid biopsies of patients with benign pathologies and to follow-

up either active surveillance as well as post-prostatectomy. A test in serum, plasma or urine would 

further reduce costs and patient morbidity. Serum and plasma are very difficult matrices because of 

the extremely high dynamic range of the protein amount (>10 orders of magnitude) [290]. Urine offers 

a valuable source of proteins with a relative stable composition in comparison to other body fluids, 

which are prone to proteolytic degradation. Notably, urine is anatomically much closer related to the 

prostate than blood. The prostate is connected to the urethra and thus molecular changes occurring in 

the prostate should also be reflected in urine. The urinary phosphoproteome has been largely ignored 

due to the presence of various phosphatases and low abundance of phosphoproteins in urine. 

However, various studies have identified more than 100 phosphorylation sites corresponding to more 

than 60 proteins [82, 83]. The relatively low number of phosphorylation sites can be seen as an 

advantage because only peptides which are stable to phosphatases are identifiable and thus have a 
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potential as valuable biomarkers. Therefore, the established phosphoproteomics workflow as 

described in paper I was applied to urine samples of patients with aggressive and indolent PCa.  

Enriched phosphopeptides from 1 ml urine of 30 aggressive cancer and 31 indolent samples led to the 

identification of 295 phosphorylated peptides of 140 phosphorylated proteins. Comparing the 

phosphorylated proteins of our dataset with proteome studies of urine [84, 291-293], more than 80% of 

the proteins were found in these studies (Figure 26).  

 
Figure 26: Overlap of large-scale human urinary proteome analyses. 

The phosphoproteins in this study were compared with four other large-scale human urinary 
phosphoproteomics studies, which employed different strategic approaches to study different 
components of human urinary proteomes.  

The phosphopeptide sequences were also compared against other urinary phosphoproteomics studies 

and the majority of phosphopeptides (76 %) found in our study were unique (Figure 27). A reason for 

the low agreement between the studies is probably the different used phosphoproteome approaches. 

Li et al., used 200 ml of urine and employed protein precipitation with acetone, in-solution digested 

with trypsin, multidimensional liquid chromatography combining SCX and SAX for peptide fractionation, 

and LC-MS analysis using an LTQ Orbitrap [82]. Zheng et al., compared urine samples from pregnant 

and non-pregnant women and employed ultrafiltration of 50 ml urine, protein precipitation with TCA, 

SDS-PAGE, in-gel digestion with trypsin of 22 bands, mTRAQ labeling, and LC-MS analysis using an 

LTQ Orbitrap Velos [84]. Zhao et al., collected 300 ml urine was analyzed by acetone precipitation, in-

solution digested with trypsin, enriched with a TiO2 spin column, and subjected to LC-MS analysis 

using an LTQ Orbitrap Elite [83]. Although in our study significantly less starting material (1 ml vs. > 50 

ml) has been used, the number of phosphopeptides has been better or similar to the other studies, 

indicating that the developed phosphoproteomics approach is effective. Up-scaling of the starting 

material could be a promising option to identify more phosphopepetides, however, in this study we had 

limited access to the samples.  
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Figure 27: The uniqueness of phosphopeptide sequences in urine of prostate cancer patients. 

The phosphopeptide sequences in this study were extracted and compared with other large-scale 
urinary phosphoproteomics studies utilizing different prefractionation methods.  

Five phosphopeptides were identified to be significantly upregulated in urine from patients with 

aggressive PCa compared to indolent PCa by discovery (DDA) and targeted (PRM) LC-MS. These 

five phosphopeptides correspond to G-protein coupled receptor family C group 5 member B 

(GPRC5B), insulin-like growth factor-binding protein 5 (IGFBP5), kininogen-1 (KNG1), SPARC-like 

protein 1 (SPARCL1), and trans-Golgi network integral membrane protein 2 (TGOLN2). Most 

significantly changed proteins, considering t-test and fold changes, have been IGFBP5, SPARLC1, 

and TGOLN2. Considering protein expression reported in Protein Atlas, none of the five proteins is 

particularly highly expressed in prostate. GPRC5B is a retinoic acid-inducible G-protein receptor, 

kininogens are inhibitors of thiol proteases, and TGOLN2 may be involved in regulating membrane 

traffic to and from the trans-Golgi network. A functional correlation could only be found for IGFBP5 

which prolongs half-life of IGF [294] and SPARLC1 which is involved in regulation of IGF transport and 

uptake of IGFBPs [295]. Interestingly, it has been reported that IGFBP5 could be potential biomarker 

for different kinds of cancers including breast cancer [296, 297]. Furthermore, connections of IGFBP5 

to PCa were reported, either be androgen-regulated [298] or androgen-independent [299, 300]. 

Androgen suppressive therapy has been shown to increase IGFBP5 in the bone marrow 

microenvironment and thereby may facilitate the progression of PCa [301]. Interestingly, PSA 

degrades IGFBP5, which then cannot bind to IGF anymore and thus enhances IGF bioavailability 

[302]. SPARCL1 was reported to be downregulated on the transcriptional level in aggressive PCa and 

suppresses metastasis [303] [304] [305]. 

Very few cancer biomarkers have entered the clinic in the last 30 years, despite tremendous technical 

developments [306]. For proteomics, an important issue in biomarker discovery is that secreted 

proteins from tumors are in low abundance compared to the proteins in body fluids. Consequently, 

enriched subproteomes such as phosphoproteomes must be investigated to have a change to find the 

low abundant biomarkers. Successful biomarker discovery can only be achieved together with 

clinicians, bioinformaticians, and biostatisticians and other omics data must be integrated into the 
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analysis. Notably, many requirements must be fulfilled before a biomarker can be used in the clinic. 

Important factors are the i. definition and selection of samples including the identification of biases and 

confounding factors, ii. analytical methods including method performance, repeatability/variance, 

calibration and standardization, iii. experimental design including accuracy, precision, randomization, 

reproducibility, and sample size [307]. As a first step, more samples of larger cohorts with at least 200 

samples from indolent and aggressive cancer, respectively, are required to confirm the promising 

preliminary results of the five candidate phosphopeptides. The ultrafiltration [84] and high-speed 

centrifugation steps [95] could be implemented in future experiments to further remove salt and other 

contaminants while retaining urinary proteins in sample preparation. 

h. The two-point quantification method 

In targeted proteomics, the proteins of interest are known, commonly digested into peptides and 

specifically searched for by the mass spectrometer during data acquisition. Absolute targeted 

proteomics employs known amounts of synthetic stable isotopically labeled peptides which are mixed 

with the analyte and analysed by LC-MS. The selected proteins can be detected with much higher 

sensitivity than in untargeted LC-MS analyses and delivers precise and reproducible quantification of 

proteins of interest in biological samples [308]. 

The proteotypic peptides are typically labeled at the C-terminal arginine or lysine with several carbon-

13 and/or nitrogen-15 isotopes [217, 222]. These peptides are commercially available for 

approximately 1500 € for 1 nmol as e.g. so-called AQUA peptides. In contrast, dimethylation by 

reductive amination requires inexpensive labeling reagents. Typical prices for peptide synthesis of 50 

€ for 1,000 nmol and labeling reagents with less than 1 €, shows that costs for peptides of targeted 

proteomics experiments can be significantly reduced by a factor of more than 10,000. This is 

particularly important for multiplexing experiments and for the analysis of phosphorylated peptides. 

However, the sample must be dimethylated as well which is not necessary when using AQUA peptides. 

The dimethylation of synthetic peptides can be easily performed and controlled. This step must be 

very carefully evaluated, in particular full labeling must be ensured. Nevertheless, dimethylation has 

been proven to be a very robust derivatization method with short reaction time at mild reaction 

conditions, and high efficiency. The synthetic peptides can be labeled and added in two different 

versions e.g. light and heavy and two different amounts, thus enables a two-point quantification of 

endogenous peptides which were labeled as medium (Figure 17). The advantage of the two-point 

quantification method is that the two labeled synthetic peptides can be used as internal controls 

against each other to get more quantitative data and achieve better quality control by determination of 

the discrepancy between the two quantitative points. For this purpose, three proteotypic peptides 

belonging to three plasma proteins; leucine-rich alpha-2-glycoprotein, apolipoprotein A-I, and 

apolipoprotein B-100 were employed to test the two-point quantification method. All three proteins are 

potential biomarkers in serum and plasma for different types of diseases [309-313].  

Assuming that the peak areas of both labeled and unlabeled peptides constitute 100 %, the labeling 

efficiency were evaluated by mixing equal amounts (10 pmol) of light, medium and heavy labeled 
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peptides and analyzed by PRM. This resulted in 99.98 % labeling efficiency of the tree synthetic 

labeled peptides. The similar test was performed for plasma peptides after tryptic digestion with 

medium label resulted in 99.99 to 100 % labeling efficiency.  Even though the relation of unlabeled and 

labeled peaks cannot be directly compared, their intensity ratio indicated a near complete labeling 

efficiency. These results confirmed that dimethylation by reductive amination is highly effective. 

Furthermore, in 2.5 μg of serum, the measured AUC values of the three serum peptides ranged from 

1.086 *105 to 1.254 *109 representing a 104 fold dynamic range. All of the tests were performed with 

three replicates and the coefficient of variation (CV) values of the peak areas between the three 

replicates was compared to evaluate the reproducibility of the employed method. The CV values 

below the threshold of 20 % [314] of synthetic peptides (6 %) and serum peptides (11.5 %) suggests 

that our method is highly reproducible. In addition, the linear response and limit of quantitation (LOQ) 

of each peptide was established in order to ensure accuracy in the concentration measurement in 

which, a dynamic range spanning over seven orders of magnitude from 1 amol to 10 pmol was 

employed. The results show the LOQ of the three synthetic peptides at 8 fmol.  

Actually, it has been shown previously that dimethylated peptides can be used for absolute 

quantification at reduced cost with good performance [315] [316]. Novel in our approach is the use of 

two spike-in peptides as internal controls against each other. If an error in quantification with a single 

spike-in peptide occurs, it is not recognizable and the analyte would be incorrectly quantified. Here we 

have shown that the comparison of the values obtained by two spike-in peptides allows recognizing 

systematic errors because the two references can be treated individually. Such discrepancy (the 

difference between the two standards) in a real experiment could help suggesting repeating the 

experiment. By employing 20% as the threshold for experimental accuracy and reproducibility, it 

allows the determination which experiment must be repeated. This proceeding is a very simple way for 

the quality control of absolute quantification values. Thus, the implementation of the two-point 

quantification approach might have an impact on future clinical proteomics studies, in particular for 

multiple protein targets. Perhaps more data points should be implemented by employing more 

proteotypic peptides for each protein to further improve the quality control of the measurement assay. 

5. Concluding remarks 

Gene-coded proteins are diversified by several processes. In this thesis two of these processes, 

alternative splicing and phosphorylation, were addressed. First, a phosphoproteomics workflow 

establishment with a good balance between throughput, robustness and depth has been achieved. As 

a result, more than 7,000 phosphopeptides of more than 2,500 phosphoproteins in cisplatin-induced 

Jurkat T cells were identified using this workflow. In addition, using two different NCE values at 25 and 

35 in HCD fragmentation offered complementary results, suggesting its effectiveness in obtaining 

better sequence coverage. The use of a phosphopeptide database generated from the result of a 

standard search using proteins from Swiss-Prot was important to find differential regulations within 

multiphosphorylated proteins. This study and a previous paper on proteome analysis of 
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phosphotyrosinylation in the same experimental model provided a comprehensive overview about 

phosphorylation in apoptotic Jurkat T cells. In particular, upregulation of several members of the 

MAPK signaling pathway was observed. Time course Western blotting of ATF2 and JUN showed the 

importance of validation experiments. Moreover, upregulation of several SR and hnRNPs proteins 

were found, which are involved in the regulation of alternative splicing. 

Two new databases were established for general database searches of alternative splice variants. The 

first database (DB1) enables the identification of alternative splice variant specific peptides. The 

second database (DB2) includes the standard human Swiss-Prot database plus non-ASV1. The 

established databases can be easily implemented into the Mascot database search engine. The 

resulting output of the peptide sequences and MS2 spectra allow easy access to the necessary 

information for publishing ASV-specific peptides using DB1. Several regulated non-ASV1 

phosphorylated peptides were identified in cisplatin-induced apoptotic Jurkat T cells by these 

databases.  

The established phosphoproteomics approach has also proved its effectiveness in identifying 295 

phosphopeptides in urine samples of patients with aggressive and indolent PCa. The majority of the 

identified phosphopeptides were unique when compared to other studies in urinary 

phosphoproteomics. Three phosphorylated peptides corresponding to IGFBP5, SPARCL1, and 

TGOLN2 were found by DDA-LC-MS and confirmed by PRM-LC-MS to be significantly upregulated in 

patients with aggressive PCa.  

Targeted absolute two-point quantification of proteins using reductive dimethylation has been 

established employing two different dimethylated proteotypic peptide standards. The method was 

studied with peptides of apolipoprotein A-I, apolipoprotein B-100, and leucine-rich alpha-2-glycoprotein 

without and with serum. In serum, the endogenous protein concentrations were accurately measured 

across four orders of magnitude by the two-point quantification method. Less than 20 % of coefficients 

of variation (CV) values and strong correlation with R2 of 0.99 across three analytical replicates were 

observed. The results showed that the accuracy to determine the amount of endogenous peptides can 

be validated using two references against each other, which cannot be obtained by one-point 

quantification. Because of the significantly lower costs compared to synthetic stable isotopically 

labeled peptides, this approach might be particularly interesting for the absolute quantification of 

multiple proteins.  
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