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Platelets 

Platelets are small (2-3 µm) anucleated cell fragments produced from megakaryocytes in the bone 

marrow [1]. A healthy person has around 200 million platelets per milliliter of blood [2], which circulate 

in the blood at a resting, discoidal shaped condition for around 10 days [1]. Activated platelets play a 

crucial role in the hemostatic process, by stopping the blood loss after vascular and tissue injury [3]. In 

addition, they contribute to the vascular occlusion in venous and arterial thrombosis, and they play 

regulatory roles in other vascular processes such as inflammation and tumor metastasis [4, 5]. Hence, 

study of the platelet activation mechanisms and protein composition is an important topic in life 

science. 

Platelet functions in hemostasis 
Hemostasis can be understood as a dynamic and complex interplay between platelets, coagulation 

proteins and components of the blood vessel wall. The hemostatic process can be divided into three 

phases: initiation, amplification and propagation [3].  

In the initiation phase, injury of the vasculature results in exposure of collagen from the extracellular 

matrix, at which von Willebrand factor (VWF) binds present in the blood plasma and released from the 

vascular endothelial cells (Figure 1). At high-shear flow conditions, circulating platelets interact with the 

collagen-bound VWF via the glycoprotein Ib-IX-V complex [3]. This interaction slows down the cells, 

allowing them to stably adhere to collagen via both integrin α2β1 and glycoprotein VI. The latter collagen 

receptor-induced platelet signaling and activation, resulting in a change of shape from discoidal to 

roundish and in the formation of pseudopodia. 

As a part of the amplification phase, activated platelets secrete their granular contents, including ADP, 

and produce thromboxane A2 (TxA2), both of which activate and recruit additional circulating platelets 

[6]. The released ADP binds to the purinergic receptors P2Y1 and P2Y12, which are coupled to the GTP-

binding proteins, Gqα and Giα, respectively. Activation of the P2Y1 receptors leads to Ca2+ mobilization 

and initial platelet aggregation through phospholipase Cβ stimulation [3, 7]. Activation of the P2Y12 

receptors via Giα activates a phosphoinositide 3-kinase signaling pathway that is required for activation 

of the αIIbβ3 integrin, which is the main fibrinogen receptor on platelets. Integrin activation is a 

prerequisite for the rapid fibrinogen-mediated aggregation of platelets into a thrombus. The paracrine 

agent TxA2 binds to the platelet thromboxane-prostanoid receptor (TP), which signals via the G12/13α 

and Gqα proteins, stimulating Rho kinases (ROCK) and phospholipase Cβ, respectively. Activated 

phospholipase Cβ generates second messengers that raise the cytosolic Ca2+ concentration, stimulating 

platelet change shape and secretion.  
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Figure 1: Initiation phase of VWF/collagen-mediated platelet activation. In the initiation phase of hemostasis, flowing platelets transiently (1) 

and stably (2) adhere to VWF, and become activated through interaction with collagen by GPVI (3). In the amplification phase, the platelets 

produce the autacoids ADP and TxA2 (4), which activate other platelets via specific signaling pathways (5). Abbreviations: adenylyl cyclase (AC), 

glycoprotein VI (GPVI), phosphoinositide 3-kinase (PI3K), phospholipase C-β (PLCβ), P2Y1 and P2Y12 purinergic receptors, thromboxane A2 

(TxA2), Rho kinase (ROCK), thromboxane-prostanoid receptor (TP). 
 

An effect of ADP-induced Giα stimulation is abolishment of the formation of cyclic AMP and, 

accordingly, of silencing of the platelet inhibitory cAMP/protein kinase A pathway (see below).  

During the initiation phase of hemostasis, also subendothelial tissue factor becomes exposed to the 

blood stream. This exposure triggers a series of coagulation-activating events, leading to thrombin 

generation (Figure 2). Tissue factor interacts with factor VII(a), which forms the extrinsic tenase 

complex, activating factor X into factor Xa. [8]. This ensures the formation of trace amounts of 

thrombin, cleaving the coagulant cofactor precursors, factor VIII and factor V, into the active forms, 

factor VIIIa and factor Va. These cofactors, in the presence of a procoagulant lipid surface, greatly 

enhance the tenase and prothrombinase complexes, respectively, ultimately resulting in the formation 

of nanomolar amounts of thrombin from prothrombin. Thrombin functions as a central coagulation 

regulator, and has multiple prohemostatic functions (Figure 2). It cleaves the N-termini of protease-

activated receptors (PAR-1 and PAR-4) on human platelets. By a ligand-tethered mechanism, the 

cleaved PAR receptors raise the cytosolic Ca2+ concentration in platelets via Gqα and phospholipase Cβ 

activity [3, 9].  
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Figure 2: Initiation of coagulation pathway via tissue factor. Tissue factor exposure (1) triggers an amplification loop via tenase and 

prothrombinase complexes (2-4), producing factor Xa and thrombin, respectively. The amplification involves platelet activation via PAR 

receptors (5); exposure of procoagulant phosphatidylserine at the platelet surface, which by providing additional prothrombinase sites greatly 

enhances thrombin generation (6). Thrombin subsequently produces fibrin clots from fibrinogen, which consolidate the thrombus and ensure 

stopped bleeding (7). 
 

Thrombin furthermore cleaves fibrinogen into soluble fibrin monomers and, hence, starts the formation 

of fibrin fibers. In addition, thrombin amplifies its own formation by converting more factors VIII and V 

into factors VIIIa and Va, respectively [3]. 

In the propagation phase, the massively produced thrombin, together with collagen, causes prolonged 

elevation of cytosolic Ca2+ in platelets, resulting in the surface exposure of negatively charged 

phosphatidylserine [10]. This event is known as the platelet procoagulant response, and is accompanied 

by a profound shape change where the platelets bleb or balloon [11]. Patches of procoagulant platelets 

exposing phosphatidylserine then stimulate massive generation of thrombin. This is required for 

macroscopic fibrin clot formation, also involving the transglutaminase factor XIIIa that cross-links fibrin 

monomers into stable fibrin fibers. Together, these events allow the formation of a stable and compact 

platelet-fibrin thrombus at the site of injury to cease the bleeding [8]. 

Uncontrolled pathological thrombus formation occurs in arteries after rupture or erosion of an 

atherosclerotic plaque. This process is triggered in a similar way by collagen and tissue factor as the 

hemostatic thrombus formation, and involves dysfunction of the endothelium [12, 13].  
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Figure 3: Platelet inhibitory signaling mechanisms. The 

prostaglandins, prostacyclin (PGI2) and prostaglandin E2 (PGE2), 

evoke multiple protein phosphorylation events via protein kinase 

A (PKA). Their receptors on platelets couple via Gsα (GNAS gene) 

to adenylate cyclase, producing cAMP. 
 

 

Accordingly, platelet activation mechanisms contribute to the halt of bleeding as well to the 

development of thrombosis and cardiovascular disease.  

The undamaged vascular endothelium releases several platelet-inhibiting mediators, which keep 

platelets in a quiescent state [14]. Prostaglandin I2 (prostacyclin) as well as prostaglandin E2, released by 

endothelial cells, bind to the Gsα-coupled IP and EP4 receptors on platelets, respectively [15]. This 

results in the production of cAMP, activating protein kinase A [16] (Figure 3). Furthermore, the 

endothelium releases nitric oxide, another platelet antagonist. Nitric oxide binds to soluble guanylyl 

cyclase, which is the only known platelet receptor for nitric oxide, to produce cGMP, activating protein 

kinase G [17]. The protein kinases A and G inhibit the Gqα-phospholipase Cβ signaling pathway, the 

increase of intracellular Ca2+, and the activation of integrin αIIbβ3 [16, 18]. Known mediators are for 

instance: the inositol 1,4,5-trisphosphate (IP3) receptor implicated in cytosolic Ca2+ mobilization; the 

VWF receptor glycoprotein Ibβ; vasodilator-stimulated phosphoprotein (VASP) regulating cytoskeletal 

changes; the Rap1 protein and filamin, both of which involved in αIIbβ3 activation [19]. However, the 

protein phosphorylation networks in platelets are complex, and their regulation mechanisms are still 

poorly understood. 

Platelet proteome and post-translational modifications 
The proteome is defined as the entirety of proteins expressed in an organism, tissue, cell, or organelle at 

a certain time point under defined conditions [20, 20A]. It has become clear that proteomes are very 

dynamic and of high complexity, by comprising multiple structural and regulatory networks. Of the 

approximately 20,000 genes of the human genome [20B], it is estimated that a given cell translates in 

the order of 1,000,000 protein isoforms [20]. The structure and, therefore, the activity, function, 
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interaction and localization of almost all expressed proteins is dynamically modulated by post-

translational modifications (PTM), such as phosphorylation, glycosylation, and N-terminal cleavage. 

In platelets, it is estimated that the proteome comprises an estimated 5,000 proteins, ranging from less 

than 500 copies to over 1,000,000 per individual platelet [21, 22]. Since they lack a nucleus, platelets 

show only limited levels of protein synthesis [22A], but yet are very rich in dynamic Post-Translational 

Modification (PTM). Platelet disorders and consequently their dysfunctions have been attributed to 

altered protein expression levels as well as to altered PTM, in particular phosphorylation changes [23]. 

Mass spectrometry-based proteomics offers the possibility to obtain detailed information on the 

platelet protein composition and on the dynamic changes in PTM, thus allowing better understanding of 

the complex mechanisms of platelet activation in health and disease [24]. 

In 2012 Burkhart et al. [21] published a quantitative map of the human platelet proteome, identifying 

over 4,000 proteins and providing copy number information for 3,600 of those. Analysis of the intra-

and-inter-individual variation indicated that about 80% of the platelet proteome was similar for healthy 

individuals. This was in agreement with the platelet proteome data – although less complete – reported 

by other research groups [25, 26]. The near complete quantitative map obtained further paved the way 

to categorize the cAMP/protein kinase A-dependent phosphorylation events in platelets, as these 

comprise an important part of the platelet phosphoproteome [27]. The present thesis builds further on 

this insight into PTM of platelet signaling proteins. 

Platelet disorders 
Cardiovascular thrombotic diseases, in which platelets play a role and antiplatelet medication is 

beneficial, are still the number one cause of death worldwide, according to the World Health 

Organization [28]. On the other hand, genetically transmitted disorders of platelet function or count 

(thrombocytopenia) are relatively rare [29]. Yet the chronic and debilitating nature of bleeding disorders 

can cause a high burden on patients and their families. In many cases, even next generation and whole 

genome sequencing efforts, have been unable to identify the causes of individuals with bleeding and 

platelet dysfunction [30]. Platelet proteomics can herein contribute to better understanding the biology 

of (abnormal) platelet activation and inhibition in specific individuals. This was aimed for in the present 

thesis, where it was focused on using quantitative proteomics to characterize the phenotypic changes of 

platelets: (i) in a bleeding disorder, the Scott syndrome, and (ii) in normal and abnormal action of the 

cAMP/protein kinase A signaling pathway.  

The Scott syndrome is a very rare, meaning low prevalence in the general population constituiting less 

than 1% of all coagulation disorders [30A], mild bleeding disorder, clinically identified by a reduced 

prothrombin consumption in the blood serum [10, 31]. Scott syndrome platelets, when activated, show 

a greatly diminished capability of supporting thrombin generation as well as fibrin formation, which may 

explain the bleeding phenotype [32]. Genetic material from two independent Scott patients showed 
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deleterious mutations in the ANO6 gene (also called TMEM16F) [33, 34]. This gene encodes for the 

anoctamin-6 protein, serving as a transmembrane Ca2+-dependent ion channel and also as a 

phospholipid scramblase [33, 35]. Scott platelets, when activated with strong agonists (e.g., with 

collagen and thrombin) evoking high cytosolic Ca2+ rises, show an impaired surface exposure of 

phosphatidylserine and, as a consequence, impaired platelet procoagulant activity [36, 37]. Studying of 

Scott platelets thus can provide novel insights into the regulation of the platelet procoagulant response. 

Albright hereditary osteodystrophy (AHO) is a disorder, characterized by a heterozygous inactivating 

mutation in the GNAS gene locus, which leads to hypofunction of the Gsα protein [38]. The AHO 

syndrome is inherited from the mother and diagnosed with pseudohypoparathyroidism type Ia (PHPIa) 

[39, 40], while the paternal transmission without hormone resistance is classified as 

pseudopseudohypoparathyroidism, PPHP [41]. Patients with AHO syndrome suffer from mental 

retardation, abnormal postural and facial features, brachydactyly (short fingers) and subcutaneous 

calcifications.  

It has been shown that platelets from AHO patients display a low responsiveness to the IP receptor 

agonist iloprost (prostacyclin analogue) or the EP receptor agonist prostaglandin E1 [42]. This seems to 

point to an aberrant (impaired) cAMP/protein kinase A signaling pathway in such platelets. However, 

better investigation of AHO platelets is needed to understand this pathway of platelet inhibition and the 

possible consequences for the patient. 

Proteome analysis by mass spectrometry 
Proteomics analysis for the investigation of platelet disorders and mechanisms requires the use of a 

workflow that is sensitive and reproducible regarding platelet isolation, sample preparation, digestion, 

and analysis [23]. High sensitivity is required to address the complexity of the biological system of 

thousands of proteins and sometimes only subtle changes, while reproducible sample processing and 

analysis is required to detect valid but subtle changes in these levels. Protein complexes can be analyzed 

(top-down) by tandem liquid chromatography-mass spectrometry (LC-MS/MS) [43-45]. However, the so-

called bottom-up proteomics approach allows higher sensitivity and better coverage of the whole 

proteome (Figure 3). 

In a bottom-up proteomics workflow [46], the isolated proteins are enzymatically cleaved (usually with 

trypsin) into multiple peptides prior to analysis [47]. This allows more complete chromatographic 

separation, ionization, detection and identification of analytes in a mass spectrometer. In addition, the 

identification of peptides through database searches is straightforward [48]. Typically, a trypsin-digested 

cell (platelet) lysate results in 105 of peptides (Figure 4). The digested samples can be directly analyzed 

by LC-MS/MS, using long chromatographic gradients and state-of-the-art mass spectrometers [49, 50]. 

However, a prior fractionation step can be necessary for higher coverage and better quantification of 



13 
 

proteomes with high complexity and dynamic range. A common procedure is to use high-pH reversed 

phase chromatography for fractionation after protein digestion, prior to applying LC-MS/MS [51, 52]. 

In the present thesis, the latter method was adapted to study platelet proteome changes between 

healthy and diseased individuals. High-pH reversed phase was used for fractionation in the first 

dimension, after which samples were analyzed by LC-MS/MS with low-pH reversed phase 

chromatography (low-pH RPC) in the second dimension. This two-dimensional approach provides a good 

orthogonality [53, 54], because at high pH preferentially basic peptides are retained, whereas at low pH 

acidic peptides are longer retained [54]. Furthermore, to compensate for the not complete 

orthogonality of the two-dimensional RPC approach, samples can be fractionated using a concatenation 

approach to combine early, middle, and late eluting peptides for the LC-MS/MS samples [53, 55], as 

depicted in Figure 4. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Global proteome analysis. The total of proteins is isolated from a cell or tissue. Enzymatic digestion generates a complex mixture of 

peptides. This can be fractionated by high-pH RPC in a concatenated manner, prior to mass spectrometric analysis using LC-MS/MS to obtain a 

higher coverage of the proteome in analysis. 

 

Analyzing the phosphoproteome 
Protein phosphorylation is a reversible PTM controlled by the interplay of protein kinases and 

phosphatases. Virtually all cellular processes are controlled by protein phosphorylation changes, 

including signal transduction, metabolic maintenance and cell division. Also in platelets, it is well-

established that protein phosphorylation and dephosphorylation regulate the various activation and 

inhibition pathways [23, 27].  
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Despite their biological importance, phosphorylation sites of a protein are usually sub-stoichiometric, in 

a way that they are only phosphorylated to a minor degree. Consequently, in bottom-up proteomics, 

phosphopeptides are significantly underrepresented; and enrichment techniques are required to obtain 

sufficient material for the identification and quantification of specific phosphorylation sites. Several 

enrichment procedures have been used successfully for phosphoproteomics studies, i.e., immobilized 

metal ion affinity chromatography (IMAC) [56, 57], metal oxide affinity chromatography (MOAC) [58, 

59], strong cation exchange chromatography (SCX) [60], electrostatic repulsion–hydrophilic interaction 

chromatography (ERLIC) [61], phospho-tyrosine immunoprecipitation [62] and Ti4+/Zr4+-based IMAC 

[63]. 

For the present studies, a combination of TiO2-MOAC with hydrophilic interaction liquid 

chromatography (HILIC) was employed [58], as this method has appeared to be valuable in the 

Sickmann laboratory for detailed analysis of the changes in the platelet phosphoproteome. It is a 

sensitive and selective method to enrich and separate peptides containing phosphorylated serine, 

threonine, and/or tyrosine residues [58]. After enrichment, 80-90% of the non-phosphorylated peptides 

are removed from the digest, thus facilitating analysis of the phosphorylated peptides by LC-MS/MS 

[58]. The enriched sample is fractionated with HILIC to reduce its complexity (Figure 4), and to increase 

the rate of quantified and identified phosphopeptides [58, 64]. Conventional HILIC uses the combination 

of a polar stationary phase with a hydrophobic (mostly organic) mobile phase, and thereby provides a 

better retention of hydrophilic analytes [65]. In particular, the hydrophilic phosphopeptides are more 

retained than non-phosphorylated peptides, and are fractionated [66]. 

Analyzing the N-terminome 
 
Another PTM implicated in the regulation of multiple functions of platelets and other cells is N-terminal 

protein cleavage, for instance as caused by the Ca2+-dependent cytosolic proteinase calpain [67, 68]. 

Hence, there is an increasing interest in studying such proteolytic events in biological samples. The most 

promising strategy is mass spectrometry analysis of N-terminal peptides, representing the translated 

protein N-termini as well as the neo N-termini from cleavage products [69]. However, the proteolytic 

events may occur only in sub-stoichiometric abundance in a cell, thus again requiring a prior enrichment 

step (Figure 5). 

Several strategies for such sample enrichment have been developed in the past years. These include: 

combined fractional diagonal chromatography (COFRADIC) [70], terminal amine isotopic labeling of 

substrates (TAILS) [71], phospho-tagging of internal peptides in combination with TiO2-based depletion 

(PTAG) [72], and charge-based fractional diagonal chromatography (ChaFRADIC) [73]. 

In this thesis, activities of the endoproteinases calpain and caspases were analyzed by employing 

ChaFRADIC to enrich N-terminally cleaved peptides (Figure 6). Peptide fragments containing the N-

terminus of a protein can be specifically labeled to later distinguish them from the bulk of trypsin-
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cleaved peptides [73]. Such labeling is performed using the method isobaric Tag for Relative and 

Absolute Quantification (iTRAQ), which also allows multiplexing and quantification of up to eight 

different samples per MS experiment (see below).  

 
 

Figure 5: Activation of proteases leads to the generation of cleaved proteins with neo N-termini and/or C-termini. As proteolysis is involved 

in many regulatory processes in a cell, there is an increasing interested in studying this type of PTM. Pre-enrichment of N-terminal peptides has 

demonstrated to be an optimal strategy to study endogenous proteolytic events because: (i) most proteases will generate a neo N-terminus, 

and (ii) the enrichment strategy compensates for the low stoichiometry of the PTM.  

 

The labeling efficiency for primary amines (protein N-termini and lysines) has been optimized to 90%. 

Note that after digestion with trypsin, only peptides ending with an arginine are generated, because 

trypsin does not cleave iTRAQ labeled lysines.  

ChaFRADIC is an enrichment strategy based on a diagonal two-dimensional separation in a strong cation 

exchange (SCX) HPLC column at pH 2.7. At this low pH, the net charge of (tryptic) peptides can well be 

predicted [73A, 73B], because Arg, Lys, His and N-termini (hence, iTRAQ-labeled Lys and N-termini) are 

positively charged, whereas carboxylic groups are mostly protonated remaining uncharged. Considering 

the pKa values of Asp (3.65) and Glu (4.25), at pH 2.7, also these carboxylic groups are approximately 

90% protonated [73C]. The HPLC separation is optimized so that peptides with theoretical charge states 

of +1 to +4 and >+4 are significantly enriched in fractions after the first dimension separation. 

Considering the low prevalence of this PTM, each fraction still comprises less than 1% of N-terminal 

peptides. 
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Subsequently, each fraction is treated with trideutero N-hydroxysuccinimide acetate (D3NHS-acetate), 

which specifically reacts with the still free N-termini of internal peptides. The deutero-acetylation 

reaction also reduces the theoretical net charge state of the unwanted internal peptides. Upon re-

chromatography (second dimension) of each fraction under the same conditions, the internal, deutero-

acetylated peptides shift to earlier retention times (e.g., from fraction +3 to fraction +2), whereas the N-

terminal peptides retain their retention times (Figure 6). Accordingly, the N-terminal peptides can 

selectively be collected, and be analyzed by LC-MS/MS. Hence, if a protein is cleaved by 

endoproteinases in a specific sample, the isobaric mass spectrum will indicate upregulation of the neo 

N-terminal peptide. 

Quantitative analysis of the proteome 

Isobaric tags for relative and absolute quantitation (iTRAQ) can also be used for quantitative proteomics 

[73D], i.e., for direct comparison of the amounts of proteins present in various samples. By adequate 

combining stable isotope labels, in iTRAQ analyses up to eight trypsin-treated protein samples can be 

compared [74]. The iTRAQ reagent mostly reacts with primary amines, e.g., the N-termini and lysines of 

the peptides. As a possible side reaction, the iTRAQ reagent is capable of O-acylation of the 

hydroxylated amino acids residues Ser, Thr and Tyr, particularly in certain His containing sequences 

[74A]. The tag consists of a reactive group (N-hydroxy succinimide moiety reacting with primary amines) 

and two stable isotope-containing regions, i.e., the reporter ion and the balancer group (Figure 7). By an 

adequate incorporation of stable isotopes of carbon, nitrogen and oxygen atoms in the reporter and 

balancer groups, eight different isotope labels can be obtained with isobaric properties, maintaining an 

overall mass for all tags of 304.3074 Da [75].  

Trypsin digests from up to 8 samples can be labeled with the 8 individual (isobaric) iTRAQ labels, and 

then be multiplexed, in order to generate one sample for the quantitative LC-MS/MS analysis. A peptide 

that is present in all 8 samples will be indistinguishable during LC separation, and produce a single joint 

precursor ion in the MS scan (Figure 8). However, upon fragmentation, the individual reporter groups 

are released, thus generating eight signals in the low mass range of the MS/MS spectrum, which hence 

reflect the relative abundance of the peptide in the eight different samples [76]. 
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Figure 6: Scheme of ChaFRADIC approach for N-terminal peptide enrichment. A fraction with a theoretical charge +3 is shown as an example. 

Four samples are generated with endoproteinase activity, and 4 control samples without. After labeling the proteins from all 8 samples by 

iTRAQ reagent, combining, and tryptic digestion, a highly complex mixture of peptides is generated. This is subjected to ChaFRADIC. In the first 

dimension, peptides are separated according to their theoretical net charge at pH 2.7 into fractions from +1 to +5. After collection, each 

fraction is treated with d3-NHS-acetate, with which only the free N-termini of internal peptides react, thus leading to a reduction of their 

theoretical net charge state. After re-chromatography, the internal peptides are depleted, as they shift into an earlier elution window. After 

fragmentation of the 8 isobaric iTRAQ labels, relative abundancies of N-terminal peptides in all 8 samples are obtained.  
 

 

 

 

Figure 7: Properties of individual isobaric probes used for an 

8-plex iTRAQ reagent. Labeling of 8 protein digests with 

different iTRAQ labels (molecular masses of reporter ions and 

balancer groups are indicated) will create eight isobaric 

versions of each peptide. As these are not distinguished by 

overall mass, this allows easy multiplexing and quantification 

based on MS/MS spectra. 
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In one MS/MS scan, the peptide can be sequenced based on so-called b- and y-ions, and also be 

quantified based on the reporter ions [77]. 

Even though iTRAQ has been widely used in quantitative discovery studies, it has as a drawback ratio 

distortion due to co-fragmentation of peptide ions during MS analysis [78]. In the experiments of the 

present thesis, this effect is reduced by fractionation techniques aimed to reduce sample complexity, 

such as high-pH RPC for the complete proteome; HILIC for the phosphoproteome; and SCX for the N-

terminome. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Fragmentation of an iTRAQ labeled peptide. Due to the isobaric nature of the 8 stable isotope tags, a peptide that is present in all 8 

samples will appear as a single precursor in an MS scan. This peptide will be selected for fragmentation, so that the 8 different reporter ions are 

released, allowing relative quantification of the peptide in each of the 8 samples.  
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Aims and thesis outline 
 In this thesis, quantitative proteomics, phosphoproteomics and N-terminomics approaches are applied 

to study the activation and inhibition processes of platelets from healthy subjects and patients with 

platelet-related disorders. In addition, novel proteomics methods are developed for such studies. 

Chapter 1 gives a general introduction on (i) the roles and mechanisms of platelets in controlling 

hemostasis; (iii) the platelet disorders studied in this thesis; and (ii) modern proteomics approaches that 

can be applied to elucidate the platelet-regulatory mechanisms. Chapter 2 provides an opinion article, 

discussing current challenges faced in phosphoproteomics. Emphasis here is on the improvement and 

drawbacks of sample preparation for phosphoproteomics, distinct enrichment techniques, as well as 

various methods of fragmentation, identification and quantification of phosphopeptides. In Chapter 3, 

an improved ChaFRADIC workflow is described, intended for the optimal analysis and quantification of 

endoproteinase activities in relevant cells. Main goals are to assess the technical variation due to the 

use of iTRAQ protein labeling, and to determine the benefit of applying multiple enzymes for digestion. 

This work is performed with protein aliquots of the plant Arabidopsis thaliana, which are individually 

labeled with iTRAQ reagent and multiplexed. Protein digestion is performed with trypsin, GluC or 

subtilisin. Coverage of the N-terminome is determined, as well as efficacy to detect relevance for the N-

end rule degradation pathway (NERP). In Chapter 4, it is aimed to assess the quantitative proteome, 

phosphoproteome and N-terminome of platelets from the last accessible Scott patient, such in 

comparison to the platelet proteomes of control subjects. Notably, this is the first study that applies 

three levels of quantitative MS-based proteomics on a single patient sample. Extended analysis allows 

characterization of the molecular mechanisms underlying the signaling cascade of the platelet 

procoagulant response, which is defective in Scott platelets. In Chapter 5, another platelet-related 

signaling aberration is studied using proteomics. Platelets from a patient with AHO syndrome and a 

possible defect in protein kinase A-mediated protein phosphorylation are analyzed for quantitative 

phosphoproteomics using iTRAQ. Functional experiments are performed to detect impaired 

responsiveness of the platelets to prostaglandin E1 and iloprost. Proteomic analysis provides detailed 

insight into the protein kinase A phosphorylated substrates and the altered signaling phosphorylation 

events in the syndromic platelets. This work helps to identify novel biomarkers for diagnosis of 

abnormalities of the cAMP and protein kinase A pathway. Chapter 6 investigates the phosphorylation 

kinetics in platelets in more detail. Platelets from healthy subjects are, in a time-resolved manner, 

incubated with (stimulatory) ADP and/or (inhibitory) iloprost. The phosphopeptides are quantified in 4-

plex iTRAQ-based LC-MS analyses. Temporal profiles of phosphorylation changes for multiple proteins 

are also linked to relevant platelet functions, including aggregation, degranulation and cytoskeletal 

reorganization. In addition, in this chapter, a targeted MS method, parallel reaction monitoring (PRM), is 

applied – as an alternative for Western blotting – to validate specific changes in protein or 
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phosphopeptide abundance. Chapter 7 introduces an approach to simultaneously analyze proteins, 

lipids and metabolites by MS, which is termed SIMPLEX (SImultaneous Metabolite, Protein and Lipid 

EXtraction). The main goal is demonstration of the suitability of such a method. As a proof-of-concept, 

the changes in these molecular classes are studied in mouse OP9 cells treated with with rosiglitazone, 

which is an activator of peroxisomal proliferator-activated receptor gamma (PPARG). In Chapter 8, the 

major results of this thesis are discussed in a broader perspective. 
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Abstract 

Despite continuous improvements quantitative phosphoproteomics still faces challenges that are often 

neglected, for instance partially poor recovery of phosphopeptide enrichment, assessment of 

phosphorylation stoichiometry, label-free quantification, poor behavior during chromatography, and 

general limitations of peptide-centric proteomics. Here, we critically discuss current limitations that 

need consideration in both, qualitative and quantitative studies. 

 

Abbreviations:  

CID, collision induced dissociation; ERLIC, electrostatic repulsion-hydrophilic interaction liquid 

chromatography; ETD, electron transfer dissociation; FASP, filter-aided sample preparation; HCD, higher 

collision induced dissociation; HILIC, hydrophilic interaction liquid chromatography; IMAC, immobilized 

metal ion affinity chromatography; iTRAQ, isobaric tag for relative and absolute quantification; LC-MS, 

liquid chromatography online mass spectrometry; MOAC, metal oxide affinity chromatography; MS, 

mass spectrometry; PTM, post-translational modifications; SCX, strong cation exchange 

chromatography; SDS-PAGE, sodium dodecylsulfate polyacrylamide gel electrophoresis; SILAC, stable 

isotopic label by amino acids in cell culture; TMT, tandem mass tag. 
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Introduction 

Protein activity is mainly modulated by dynamic reversible (and irreversible) post-translational 

modifications (PTM) [1]. Phosphorylation is a reversible PTM involved in numerous regulatory 

mechanisms in eukaryotic cells, such as cell division, apoptosis, response to extracellular signals and 

growth factor stimulation [2], and is regulated by the interplay of protein kinases and phosphatases [3, 

4]. 

The fundamental importance of protein phosphorylation and the continuous development in the field of 

protein mass spectrometry render phosphoproteomics a valuable tool in current life science, allowing 

the study of regulatory changes over time and/or between conditions. However, despite its routine use 

in many laboratories around the world several limitations still have to be faced [5, 6]. Among those are 

(i) the dynamic range of cells and the analysis of low abundant proteins, (ii) the low stoichiometry of 

phosphorylation, (iii) potentially impaired digestion efficiency [7], (iv) phosphopeptide losses during 

sample preparation and chromatography [8-11], (v) impaired ionization efficiency of phosphopeptides, 

(vi) the peculiar behavior of the labile phosphate group upon collision induced dissociation, often 

resulting in poor quality MS/MS spectra that can impair both identification of the peptide sequence and 

the (vii) correct localization of the phosphorylation sites [12-14], and (viii) the general limitations of 

peptide-centric proteomics [15]. 

Taken together, these issues can complicate the identification and quantification of phosphopeptides 

(and particularly phosphorylation sites) compared to their non-phosphorylated counterparts, and can 

produce wrong, misleading and inaccurate identification and quantification results. Nevertheless, some 

issues can be (partially) addressed by improved methods for sample preparation, phosphopeptide 

enrichment, MS analysis, and computational analysis of MS-derived phosphoproteomics data [16]. 

Sample amount, sample preparation and noise 
Phosphorylation is a fast and dynamic process that, like any enzyme-driven biochemical reaction, can be 

prone to errors [17]. Consequently, it is conceivable that within a cell certain levels of protein 

phosphorylation might occur without major functional relevance. However, for a given site the degree 

of phosphorylation, i.e., the stoichiometry that reflects how many copies of a protein are 

phosphorylated at that amino acid at a given time point, might represent a threshold that may 

distinguish relevant from non-functional phosphorylation events. Therefore, it may be argued which 

share of the 10,000s of phosphorylation sites identified from mg amounts of cell lysate in recent studies 

is functional. Obtaining temporal profiles of protein phosphorylation upon specific treatment may be 

one strategy to dissect and interpret the huge amount of data obtained using modern 

phosphoproteomics approaches [18, 19]. 
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Moreover, sample preparation steps prior to LC-MS analysis can have a huge impact on the final results. 

Recently, Mertins and co-workers [20] investigated phosphoproteomic profiles of cancer tissue after 

defined ischemic events. The global proteome and most of the phosphorylation sites were unchanged 

after 60 min; rapid phosphorylation changes could be observed for one-fourth of the 

phosphoproteome, particularly in pathways relevant in cancer. Thus, it is recommended to exhaustively 

examine and optimize protocols for sample collection before analyzing the phosphoproteome. 

Popular sample preparation protocols such as filter-aided sample preparation (FASP) involve the use of 

urea, which is a potent chaotropic agent [21, 22]. However, if used without care, urea can easily induce 

artificial carbamylation of primary amines, thus reducing identification rates and interfering with several 

stable isotope labeling strategies [23]. Especially in case of low complexity, samples are sometimes 

separated using SDS-PAGE followed by silver staining, in-gel digestion and LC-MS analysis in order to 

identify phosphorylation sites. As demonstrated by Gharib and co-workers, certain silver staining 

protocols can induce artificial sulfation which is almost isobaric to phosphorylation and thus can be 

easily mistaken for the latter [24].  

Generally, when looking for quantitative changes in protein phosphorylation upon specific 

treatment/stimulation of samples, special attention has to be paid to the experimental design in order 

to (i) guarantee maximal reproducibility, (ii) not induce alterations of phosphorylation profiles, (iii) 

reduce sample losses, especially for low sample amounts, and (iv) not introduce artificial modifications. 

Phosphorylation stoichiometry, digestion efficiency and 
peptide-centric phosphoproteomics 
As mentioned before, during sample preparation in proteomic studies there are initial and crucial steps 

that directly affect the reliability of the final results. Are the cells effectively lysed and is the activity of 

endogenous kinases and particularly phosphatases inhibited? Is the sample properly digested? The 

underlying steps should be carefully controlled, as they are important for the success of proteomics 

studies [16, 25, 26]. 

For shotgun proteomics and phosphoproteomics, trypsin is the protease-of-choice due to its availability, 

high specificity and cleavage properties, resulting in peptides with homogenous properties such as an 

average length of about 14 amino acids [25, 27]. However, proteolytic cleavage can be strongly impaired 

in proximity of phospho-amino acids, leading to missed cleavage sites and complicating 

phosphoproteome analysis. We recently evaluated this effect in detail using synthetic phosphopeptides, 

demonstrating that it depends not only on the position of the phospho-amino acid, but also on its very 

nature (Ser/Thr/Tyr). Thus, a reduced digestion efficiency can be partially compensated for by using 

improved digestion conditions, such as the addition of organic solvents or by simply increasing the 

amount of protease [7]. It is recommended to make use of a relative high concentration of trypsin up to 
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1:20 (enzyme: protein, wt: wt), whereas the often used concentration of 1:50 or even 1:100 can lead to 

a substantially reduced cleavage efficiency and therefore loss of sensitivity. 

This interference of proteolytic digestion by protein phosphorylation can strongly affect the 

determination of phosphorylation stoichiometry. To determine, for a given protein, how many 

copies/which share is phosphorylated at a given position is still one of the most challenging issues in the 

field of phosphoproteomics. One strategy to assess the degree of phosphorylation is based on the usage 

of synthetic stable isotope labeled analogues of endogenous phosphopeptides and their non-

phosphorylation counterparts, in order to absolutely quantify both versions and thus assess the relative 

phosphorylation degree [28]. However, an impairment of digestion can strongly interfere with this 

strategy. For affected phosphorylation sites, trypsin digestion can be up to 10 times more efficient in 

absence of phosphorylated residues, such that the mere comparison of phosphorylated and non-

phosphorylated peptides after trypsin digestion can lead to wrong results. In other strategies, the 

sample is split in two aliquots, one of which is treated with phosphatase prior to LC-MS. An increase of 

the non-phosphorylated peptide signal upon treatment with phosphatase can then be used to deduce 

the degree of phosphorylation [29]. Also here, impaired digestion efficiency can affect the quantitative 

results. Even more importantly, after phosphatase treatment, different phospho-isoforms of the same 

peptide can contribute to the same non-phosphorylated signal and therefore cannot be distinguished. 

These shortcomings are a direct consequence of the general limitations of peptide-centric shotgun 

proteomics. Although often neglected in phosphoproteomics, peptides rather than phosphorylation 

sites are quantified. As a consequence, the apparent up-regulation of a specific phosphopeptide does 

not necessarily correlate with an increase of a particular phosphorylation site (Figure 1). 

One strategy to address these issues may be the use of alternative proteases [30, 31]. This also comes 

with the advantage that areas of the proteome that have been inaccessible due to generation of too 

long or too short peptides may be analyzed by shotgun proteomics. Already in 2001, Lehman and 

colleagues speculated that trypsin may not be the method-of-choice for analyzing protein 

phosphorylation – as it can often generate large peptides with low quality MS/MS spectra –, and they 

demonstrated that the broad specificity of the protease elastase can yield better results. In this context, 

we evaluated whether under optimized conditions the non-specific serine protease subtilisin may be 

useful for large-scale phosphoproteomics. 

Indeed, subtilisin enables reproducible digestion and furthermore grants access to new phosphorylation 

sites that are “hidden” from conventional tryptic digestion [32]. However, the peptide centric nature of 

typical bottom-up workflows might not allow completely solving the aforementioned problems for 

large-scale phosphoproteomics 
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Figure 1 Peptide-centric bottom up proteomics can lead to ambiguous results. (A) Upon stimulation of cells an increase in 
the signal of a specific phosphopeptide can be induced by: phosphorylation of the previously non-modified amino acid, i.e., an 
increased phospho-rylation stoichiometry (i), or especially after prolonged time of stimulation an increased expression of the 
protein itself, whereas the stoichiometry remains unchanged (ii). (B) The down-regulation of a specific phosphopeptide does not 
necessarily result from a decrease in the abundance of the corresponding phospho-rylation site (i), but could be induced by the 
phosphorylation of a another residue within the same peptide, leading to an increase in the intensity of the doubly 
phosphorylated peptide (ii), that might even escape detection via mass spectro-metry. (C) PTM crosstalk can further interfere 
with the detection of phosphorylation sites. An apparent down-regulation of phosphorylation (i) might be the consequence of an 
additional PTM on the same peptide (ii), this, however, would usually escape detection. pS = phosphorylated Ser, uK = 
ubiquitinated Lys. 

 
The need for enrichment 
The sub-stoichiometric abundance of protein phosphorylation has led to the development of specific 

enrichment techniques, which are nowadays typically applied on the peptide level in order to 

specifically target phosphopeptides. Among those, the most popular protocols make use of immobilized 

metal ion affinity chromatography (IMAC) [33-35], metal oxide affinity chromatography (MOAC), using 

TiO2 [36], strong cation exchange chromatography (SCX) [37], strong anion exchange chromatography 

(SAX) [38, 39], electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) [40, 41], 

phosphotyrosine immunoprecipitation [42], or combinations of those methods. Novel methods and 

protocols for enrichment are frequently published. However, all these methods have in common that 

they work best when combined with optimized and reasonable sample preparation and LC-MS analysis 

workflows. Then, in combination with state-of-art instrumentation, phosphopeptide yields in the range 

of 100 sites per 1 µg of sample can be obtained [38, 41, 43]. In general, the aforementioned methods 
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for enrichment can have different preferences, in that they more efficiently enrich specific subsets of 

the phosphoproteome and thus may be combined to yield a higher coverage. Particularly, methods that 

primarily enrich but not additionally fractionate, such as IMAC and MOAC should be combined with 

subsequent (or prior) fractionation, e.g., by hydrophilic interaction liquid chromatography (HILIC), SCX 

[18] or high pH-RP [44]. Notably, ERLIC provides both, highly selective enrichment and fractionation at 

once (e.g., separating singly from multiply phosphorylated peptides). Generally, phosphopeptide 

enrichment is accompanied by the loss of information about the non-phosphorylated counterpart and 

therefore cannot readily be used for determining stoichiometry. 

Challenges in separation, fragmentation and identification of 

phosphopeptides 
Several properties of phosphopeptides complicate their analysis by LC-MS. Metal ions on the surfaces of 

the HPLC flow path, or within solvents can lead to losses due to the formation of phosphopeptide-metal 

ion complexes, which can be partially circumvented by the addition of EDTA to the LC buffers [45]. In 

this context, Lehmann and co-workers investigated in detail the effect of additives given to the sample 

before LC-MS analysis. They demonstrated that citrate can overcome the adsorption of 

phosphopeptides to surfaces and is compatible with LC-MS [10]. Especially multi-phosphorylated 

peptides can smear substantially during reversed phase chromatography, which in severe cases can 

dramatically impair their identification (Figure 2). Another frequently discussed issue is the ionization 

efficiency of phosphopeptides. Using synthetic peptides Steen et al. [46] showed that lower 

ionization/detection efficiencies of phosphopeptides compared to their counterparts could not be 

substantiated. In LC-MS some phosphopeptides showed better ionization/detection than their cognates. 

In contrast, Choi et al. [11] demonstrated that ionization/detection efficiency negatively correlates with 

the number of phosphorylation sites, which, however, could be a consequence of poor 

chromatography. Indeed, both studies agree that in complex mixtures with non-phosphorylated 

peptides, phosphopeptides show reduced ionization efficiencies. Another issue that complicates 

phosphopeptide identification is the labile character of the phospho-ester bond which, depending on 

the type of fragmentation used, can severely impair and alter the fragmentation behavior when 

compared to non-modified peptides [13]. Still, the most popular technique to induce fragmentation of 

peptide ions is collision-induced dissociation (CID) [47], which can be categorized into two subclasses, 

ion trap CID and beam-type CID [48], as conducted in quadrupoles. In ion traps upon excitation, 

peptides experience hundreds of light collisions with an inert gas, each collision transferring internal 

energy to the peptide. As the phospho-ester bond is highly labile, it tends to break first, leading to a so-

called neutral loss of phosphoric acid (98 Da) from the precursor. Phosphopeptide CID MS/MS spectra 

are often dominated by this neutral loss signal and show only minor fragmentation. Moreover, ion trap 
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CID is often accompanied by additional neutral losses of water. In beam-type CID (also called higher 

energy CID or HCD) an electrical potential is used to accelerate peptide ions towards the inert gas, 

leading to fewer but higher energy collisions. Consequently, the presence of the neutral loss precursor is 

substantially reduced leading to richer fragmentation patterns.  

Beside the fragmentation mode, the occurrence of the neutral loss precursor depends on peptide 

sequence and charge state (more prominent for +2 than +3 charge states), with phosphotyrosine 

showing only minor neutral losses of 80 Da, corresponding to meta-phosphoric acid. Beside the neutral 

loss of the precursor ion, fragment ions containing the phospho-amino acid can be present as intact 

(i.e., with phospho moiety) and neutral loss form, both in ion trap and beam-type CID. Notably, neutral 

losses of phosphopeptides reduce spectrum quality, as the overall signal intensity is distributed over 

more fragment ions when compared to non-phosphorylated peptides, therefore also complicating 

spectrum identification. Indeed, for two peptides sharing the same sequence but having different 

phosphorylation sites, such as IsAS and ISAs (lowercase indicating the phospho-amino acid), the 

occurrence of neutral losses can complicate the exact localization of the phospho moiety substantially 

(Table 1). 

In contrast, electron transfer dissociation (ETD) can preserve labile side chain modifications such as 

phosphorylation [49], and can therefore facilitate phosphopeptide identification. However, ETD 

fragmentation works best with charge states above +2, is less efficient than CID and thus slightly less 

sensitive. The recently introduced EThcD combines ETD and HCD to generate both b/y and c/z ions and 

provides data-rich MS/MS spectra that can yield higher peptide sequence coverage and more confident 

localization of phosphorylation sites [50]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2 Column performance affects detection of multiply phosphorylated peptides. A set of synthetic peptides, KVTQTIITLK, 
KVtQTIITLK, KVtQTIItLK, KVtQtIItLK (lower case letters indicate phosphorylation sites) was analyzed by LC-MS on the same instrument on 
a new main column (A), and after 1.5 months of use (B). Even with an optimal LC system (A), the full width at half maximum (FWHM) 
increases slightly with the number of phosphorylation sites. However, with column ageing (B), the FWHM of the triply-phosphorylated 
peptide is further increasing, resulting in a reduced maximum intensity and therefore loss-of sensitivity. While the given example still 
shows a relatively good separation considering the number of phosphorylation sites, non-optimal LC conditions can lead to FWHM in 
the min range, and consequently to a complete absence of multiphosphorylated peptide identifications in complex samples. 
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Table 1. Under CID conditions, different phospho-isoforms can produce the same m/z for different b- and y-ions 

 

 

 The two phosphorylated peptides IsAS and ISAs can produce b- and y-ions that are isobaric but have a different origin (labeled in dark grey), 
owing to the neutral losses of phosphoric acid (H3PO4) and water (H2O). For instance, IsAS y1-H2O and ISAs y1-H3PO4 at 88.0393 m/z are not 
distinguishable. Besides, both peptides also share isobaric b- and y- ions of the same origin (light grey). Theoretical fragment masses were 
calculated using MS Product (http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msproduct). 

 

Localization of phospho-amino acids 
Although fragmentation modes such as beam-type CID, ETD, and EThcD yield data-rich fragmentation 

spectra that facilitate the localization of phospho-amino acids, common search algorithms still can 

incorrectly localize the phosphorylation site within a given peptide sequence. Thus, in the past decade a 

couple of algorithms [12, 18, 51-53] that focus on a more reliable localization have been developed and 

have substantially improved the quality of phosphopeptide identifications. But even with improved 

algorithms, peptide spectrum matches can be prone to false positive identifications. Thus, 

phosphorylation site localization can be wrong [54] and – owing to differences in quality and 

signal/noise – even redundant MS/MS spectra of the same synthetic phosphopeptide can yield different 

phospho-amino acid localizations or probabilities. This issue particularly complicates label free 

quantitative phosphoproteomics, as discussed below. 

Importantly, public databases with PTM information can still contain site localizations that either have 

not been validated with specific algorithms or have not reported certain probabilities, and thus might 

include a substantial amount of wrong or non-confident phosphorylation sites. With the introduction of 

guidelines for uploading LC-MS raw data to open repositories [55, 56] for most proteomics journals, and 

IsAS ISAs
m/z fragment ion m/z fragment ion

88.0393 y1-H2 O 88.0393 y1-H3PO4

106.0499 y1 159.0764 y2-H3PO4

159.0764 y2-H20 183.1128 b2-H20

177.0870 y2 186.0162 y1

183.1128 b2-H3P04 201.1234 b2

246.1084 y3-H3PO4 246.1084 y3-H3PO4

254.1499 b3-H20 254.1499 b3-H20

281.0897 b2 257.0533 y2

326.0748 y3-H20 272.1605 b3

344.0853 y3 326.0748 y3-H20

352.1268 b3 344.0853 y3

359.1925 MH-H3PO4 359.1925 MH-H3PO4

439.1588 MH-H20 439.1588 MH-H20

457.1694 MH 457.1694 MH
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very recently the possibility for automated and quality controlled reanalysis of such large-scale data sets 

[57], the quality of data in public databases should improve considerably. 

Phosphopeptide quantification 
Quantitative phosphoproteomics allows elucidating changes in protein phosphorylation between 

different samples. Several MS-based quantification methods have been used for this purpose, including 

chemical and metabolic stable-isotope labeling strategies such as iTRAQ [58], tandem mass tag (TMT) 

[59], dimethyl or SILAC [60, 61]. Generally, SILAC is well-suited for quantitative phosphoproteomics in 

cell culture experiments; however, in contrast to chemical labeling techniques SILAC cannot be directly 

used for clinical samples such as blood cells, biopsies or primary tissue [19, 20].  

Label free quantification represents an increasingly used approach for quantification, which on the one 

hand has no general limitations with regard to the number of samples or replicates, but on the other 

hands demands a great deal of the experimental design and quality control to ensure reproducibility 

and to avoid the introduction of biases. 

Primarily label free phosphoproteomics not only requires a reproducible sample preparation and LC-MS 

analysis with minor deviations in retention times and elution profiles, but furthermore has to deal with 

the issues of confident phosphorylation site localization. This is particularly challenging, as different 

phospho-isoforms of the same peptide can have highly similar retention times or even (partially overlap) 

in their elution profiles, rendering discrimination across multiple runs extremely difficult [62]. 

Recently, Graaf and co-workers performed label free phosphoproteomics of 108 samples based on Ti+4-

IMAC, analyzed the samples using decision tree-based ion-trap CID or ETD fragmentation to obtain data-

rich MS/MS spectra, and performed the data analysis using MaxQuant [63] to assess the 

phosphorylation site localization [64]. As such, studies demand a great deal of reproducibility and 

quality control, chemical labeling techniques that allow multiplexing might facilitate the reliable 

quantification of phosphopeptides across samples.  

Conclusions 
Here, we described several issues that have to be faced in modern phosphoproteomics in order to 

generate robust and reliable data. Although some of those have been partially addressed and solved in 

recent years, they still represent common pitfalls when doing quantitative phosphoproteomics. Owing 

to the large amount of data generated in current (and past) phosphoproteomics studies and their 

impact on public protein databases and in the literature, it is imperative that researchers pay special 

attention to the quality and reliability of the study design, experimental procedures and obtained data. 

Otherwise, even despite the use of state-of-the-art equipment, protocols, and software tools flawed 

data can be easily generated. This is particularly important with the advent of clinical studies that (i) are 

often limited in sample amount, (ii) generally have a much higher variation than the bulk of cell culture-
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based phosphoproteomic studies, and (iii) consequently are much more demanding in terms of robust 

protocols and data. Considering the time, money, and effort spent for studying just a single 

phosphorylation site and its function, it is mandatory to constantly and critically assess the applied 

strategies. 
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Abstract 

We applied an extended charge-based fractional diagonal chromatography (ChaFRADIC) workflow to 

analyze the N-terminal proteome of Arabidopsis thaliana seedlings. Using iTRAQ protein labeling and a 

multi-enzyme digestion approach including trypsin, GluC, and subtilisin, a total of 200 µg per enzyme, 

and measuring only 1/3 of each ChaFRADIC-enriched fraction by LC-MS, we quantified a total of 2,791 

unique N-terminal peptides corresponding to 2,249 different unique N-termini from 1,270 Arabidopsis 

proteins. Our data demonstrate the power, reproducibility, and sensitivity of the applied strategy that 

might be applicable to quantify proteolytic events from as little as 20 µg of protein per condition across 

up to eight different samples. Furthermore, our data clearly reflect the methionine excision dogma as 

well as the N-end rule degradation pathway (NERP) discriminating into a stabilizing or destabilizing 

function of N-terminal amino acid residues. We found bona fide NERP destabilizing residues 

underrepresented, and the list of neo N-termini from wild type samples may represent a helpful 

resource during the evaluation of NERP substrate candidates. 

 

Abbreviations: 

ChaFRADIC, charge-based fractional diagonal chromatography; d3-NHS, trideutero N-

hydroxysuccinimide; FDR, false discovery rate; LC, liquid chromatography; MAP, methionine 

aminopeptidase; MS, mass spectrometry; NERP, N-end rule degradation pathway; NME, N-terminal 

methionine excision; RSD, relative standard deviation; PSM, peptide spectrum match; TEAB, 

tetraethylammonium bicarbonate. 
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Introduction 

Proteolysis is an irreversible post-translational modification inducing the hydrolysis of the peptide bond 

and consequently the generation of novel (neo) protein N- or C-termini. Proteases are not only involved 

in mere protein degradation such as in the lysosome or proteasome, but also act as precise regulators of 

cellular homeostasis [1, 2]. Thus, proteolytic cleavage can induce fundamental changes in the three-

dimensional structure of a protein leading to an altered localization, interaction or activity and thus 

function [3]. The processes that are regulated by proteolysis are as diverse as ubiquitous: protein 

translocation into organelles is mainly controlled by N-terminal signaling or transit presequences that 

are instrumentalized for post-translational import into nucleus, mitochondria, or chloroplasts [4]. 

Importantly, the great majority of organellar proteins are imported post-translationally from the 

surrounding cytosol [5-7]. After import, the N-terminal presequence of the preprotein is removed by 

specific proteases and the identity of neo-N-terminal amino acids may determine the half-life and 

overall stability of the protein in accordance with the N-end rule degradation pathway (NERP) of 

targeted proteolysis [7-12]. Many proteins including zymogens or signaling components (e.g., trypsin 

and pepsin in mammalian digestion, glucohydrolases and cysteine proteases in plant defense and 

programmed cell death, or mammalian insulin and plant ethylene transmitting components) are initially 

translated into pre- or pro-forms and can reach their active state only after correct processing via 

limited proteolysis. 

Importantly, proteolytic processes are also one of the main components of the cellular protein quality 

control system. For example, they are involved in the pathogenesis of many human disorders, as 

demonstrated for amyloid beta A4 protein and its role in Alzheimer’s disease [13-16]. In the past few 

years, it has been demonstrated that all five classes of proteases (serine, cysteine, aspartate, threonine 

and matrix metalloproteases) are involved in various steps of tumor initiation, growth, metastasis and 

invasion of cancer cells [17-20].  

Also in plants, proteases are involved in general proteostasis and dozens of physiological processes 

including – but not limited to – organ development, aging, immunity, stress response and defense, and 

organelle biogenesis and maintenance [21, 22]. Moreover, the MERPOS database 

(http://merops.sanger.ac.uk, [23]) lists more than 800 proteases or candidates with suggested protease 

function in the currently best-studied plant model organism Arabidopsis thaliana. Five hundred of these 

proteins lack both functional and mechanistic characterization. The determination of cleavage sites and 

the fates of proteolytic products can be a key to biological function and the identification of neo N-

termini generated upon proteolytic action may thus not only identify protease substrates but even more 

lead to the crucial in vivo evidence of exact cleavage sites.  

Therefore, detected (neo) N-termini can be related to stabilizing/destabilizing effects, e.g. according to 

N-terminal processing, which can generate NERP substrates from precursors in a multi-enzyme reaction 
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cascade [9, 10, 12, 24]. This occurs either via N-terminal methionine excision (NME) by methionine 

aminopeptidases in the cytosol, plastid or mitochondrion [24-26], by acetylation [27, 28], deamidation 

by N-terminal amidases [29-32], or arginylation by arginyl-tRNA transferases [33, 34] in the cytosol or 

nucleus. In animals and yeast, many of these target proteins are metabolized after endoproteolytic 

cleavage [9, 10, 12]. NERP exists in an ubiquitin-dependent form in nucleus and cytosol and probably in 

an ubiquitin-independent one in plastids and mitochondria. In the latter, protein stability dependent on 

the N-terminal amino acid sequence was shown [35] and NERP is suggested to rely on proteases specific 

for N-terminal recognition and degradation like in bacteria [36]. In mammals and plants, NERP is a 

hierarchical, metabolic cascade based on recognition of primary (Ndp; basic type I: R/K/H, 

aromatic/hydrophobic type II: F/Y/W/L/I), secondary (Nds; Cox/D/E), and tertiary (Ndt; C/N/Q) 

destabilizing residues. According to current models, after removal of Met1 in proteins starting with 

Met1 and Cys2 (MC-starting proteins), Cys can be non-enzymatically oxidized to mimic D/E side chains 

[37, 38] and only very recently, a plant-specific mechanism involving highly specialized plant cysteine 

oxidases was demonstrated [39]. N/Q can be deamidated by two specific N-terminal amidohydrolases 

(N-terminal amidases; NTAN1, NTAQ1; [29-32]. Arginyl-tRNA transferase attach an N-terminal Arg to 

Nds [34, 37, 40], and Ndps are recognized and ubiquitinated through selective mechanisms by E3 Ub 

protein ligases, so-called N-recognins [9, 10, 12]. One prominent example for a substrate passing the 

entire NERP cascade is Drosophila DIAP1 which is metabolized by all four enzymatic steps [41]. 

The directed analysis of protein N-terminal peptides representing (neo) N-termini is a promising way for 

understanding the involvement of proteolytic cleavage coupled to targeted protein metabolization, 

eventually ubiquitination and degradation in health and disease, but also in general development and 

growth. The development of sensitive and quantitative methods to study these sub-stoichiometric post-

translational modifications is therefore imperative in order to study samples that are limited in their 

amounts, such as clinical samples or material which is difficult to enrich. 

However, as in proteomic bottom-up approaches proteins are proteolytically digested in vitro prior to 

LC-MS analysis, peptides representing the mature or processed protein N-terminus, i.e. N-terminal 

peptides or neo N-terminal peptides, are not readily accessible owing to the vast excess of internal 

peptides in complex proteomes [42]. Thus, different strategies to specifically enrich N-terminal peptides 

have been developed over the past years including biotinylation-based approaches [43-45], COFRADIC 

[44, 46], TAILS [47], immunoaffinity-based strategies [48], PTAG-strategy [49], and ChaFRADIC [50]. One 

aim was to increase the coverage of N-terminal peptides while concurrently reducing the required 

sample amounts.  

Recently, we introduced charge-based fractional diagonal chromatography (ChaFRADIC) [50], which is 

based on the same principle as COFRADIC [46]. It however makes use of strong cation exchange (SCX) 

instead of reversed phase chromatography. Notably, the FRADIC methods combine two-dimensional 

diagonal chromatography with a chemical or enzymatic derivatization step in between to induce 
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retention time shifts of particular peptide subspecies, for either enrichment or depletion purposes [46, 

50-58]. 

For ChaFRADIC, after blocking of primary amines on the protein level followed by subsequent 

proteolytic digestion, a SCX at pH 2.7 is used to separate peptides into distinct charge state fractions. 

The relevant primary amines are either free ε-amino groups of internal Lys residues or the much less 

frequent α-amines of the native or processed protein N-termini. These fractions are separately deutero-

acetylated in order to induce a charge state reduction of the in vitro generated ‘internal’ peptides 

having free neo α-N-termini, whereas blocked native α-N-terminal peptides do not react and retain their 

charge. The induced charge state shift can be used in a second SCX step under the same conditions to 

enrich for N-terminal peptides that elute in the same charge state fraction as before [50]. In our initial 

approach, we used dimethylation on the protein level for blocking primary amines and introducing 

stable isotope labels for relative quantification of up to three different samples [59]. Thus, ChaFRADIC 

allowed us to study N-terminal proteomes using only few µg of sample per condition. Here, we present 

an extended ChaFRADIC approach which enables differential analysis of up to 8 different conditions 

using iTRAQ-8plex (isobaric tag for relative and absolute quantitation). We used 6 x 100 µg of lysate 

from Arabidopsis seedlings for protein iTRAQ labeling and split the multiplexed sample in 3 aliquots that 

were digested with either trypsin, GluC or the unspecific serine protease subtilisin [60] to increase the 

coverage of accessible protein N-termini (Figure 1). Thus, a total of 200 µg of protein was used for each 

individual 6-plex experiment, indicating that 8-plex approaches with only 20-40 µg per condition will be 

possible. We used this experimental design to validate (i) the technical variation of the iTRAQ-based 

ChaFRADIC strategy as well as (ii) the potential of using different proteolytic enzymes, in particular a 

non-specific protease, and to (iii) analyze the N-terminal proteome of Arabidopsis wild type seedlings. 

Material and Methods 

Plant material and growth conditions 

Arabidopsis thaliana (L.) Heynh., ecotype Columbia-0 (Col-0) plants were grown aseptically in vitro on 

disposable plastic Petri dishes under long-day regime (16 h light, 8 h dark) at 21 °C for 21 days on 0.5% 

Murashige & Skoog (MS) medium (Duchefa Biochemicals, The Netherlands) containing 1% (w/v) sucrose 

(Pfeifer & Langen, Cologne, Germany) and 8 g/l phytoagar (Duchefa Biochemicals, Haarlen, The 

Netherlands). For aseptic culture, dry seeds were sterilized with chlorine dioxide gas produced from 75 

% (v/v) Eau de Javel (Floreal Haagen, Saarbrucken, Germany) and 25 % (v/v) hydrochloric acid. 

Protein extraction 

Total proteins were extracted from three weeks old plant material by grinding 50 g of tissue to a fine 

powder in liquid nitrogen with mortar and pestle. The ground powder was mixed with 200 ml of ice-cold 

acetone and stirred for 15 min on ice in a 500 ml beaker. 
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Figure 1: Schematic overview of the extended ChaFRADIC workflow to compare different proteases for protein digestion. The workflow 

combined iTRAQ-8plex labeling and usage of three different proteases.  

 

50 ml were filled in a standard 50 ml tube and centrifuged (5000 g, 10 min, 4 °C). The pellets were 

resuspended in 20 ml of ice-cold 10% (w/v) trichloroacetic acid in acetone and sonicated for 10 min in 

an ultrasonic bath. Subsequently, the pellet was washed with 20 ml each of the following solutions (all 

ice-cold): twice with 10% (w/v) trichloroacetic acid in acetone, once with 10% (w/v) trichloroacetic acid 

in water, twice with 80% (v/v) acetone in water. After the last washing step, the supernatant was 

discarded and the pellet dried until all residual acetone has been evaporated. Each pellet was then 

resuspended into 5 ml dense sodium dodecylsulfate (SDS) buffer (30% w/v sucrose, 2% w/v SDS, 5% v/v 

β-mercaptoethanol, 10 mM Tris-HCl, pH 8). Subsequently, 5 ml of phenol were added to each pellet and 

the mixture vigorously vortexed for 10 s. Then, the mixture was centrifuged at maximum speed in a 

swing-bucket rotor at room temperature for 10 min. The phenolic phase was transferred into a new 50 

ml tube. Always two samples were pooled to facilitate downstream processing. Four volumes of 100 

mM NH4COOCH3 in methanol were added and the solution stored overnight at -20 °C. Next day, the 

precipitated protein was pelleted and the pellet washed two times with ice-cold 100 mM NH4COOCH3 in 

methanol followed by two washing steps with ice-cold 80% (v/v) acetone in water. The pellet was dried 

and used for downstream applications. 

Sample preparation 

All solvents used were ULC/MS grade (Biosolve, Valkenswaard, The Netherlands). The dried pellet was 

solubilized in 7 ml of 1% (w/v) SDS, 50 mM Tris-HCl (pH 7.8). Protein concentration was determined 
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using the bicinchoninic acid (BCA) assay (Thermo Scientific, Bremen, Germany). Cysteines were reduced 

with 10 mM dithiothreitol for 30 min at 56 °C and subsequently alkylated with 30 mM iodoacetamide 

for 30 min at room temperature in the dark. Ten volumes of ice-cold ethanol were added to one volume 

(1 mg) of protein. After incubation for 1 h at -40 °C the sample was centrifuged at 18,000 g at 4 °C for 30 

min. The supernatant was carefully removed and the pellet was washed two times with 500 µl of ice-

cold acetone. After centrifugation for 10 min at 18,000 g at 4 °C, the protein pellet was solubilized in 100 

µl of 10% (w/v) SDS and six aliquots corresponding to 100 µg of protein, each, were used for iTRAQ 

labeling.  

iTRAQ labeling on the protein level 

To each sample, 5 volumes of labeling buffer containing 0.5 M triethylammonium bicarbonate (TEAB) in 

20% (v/v) of isopropanol were added. Next, one iTRAQ label [20 µl of label from iTRAQ-8plex labeling kit 

(AB Sciex, Darmstadt, Germany) + 80 µl of isopropanol] was added to each sample. The samples were 

incubated for 2 h at 25 °C. Subsequently, they were pooled, and reactions were quenched by addition of 

60 mM glycine for 10 min at room temperature. Side reactions at hydroxyl groups were reversed by 

addition of hydroxylamine to a final concentration of 130 mM for 10 min at room temperature. The 

multiplexed sample was divided into 3 aliquots corresponding to 200 µg of protein each and samples 

were subjected to ethanol precipitation as described above. 

Proteolytic digestion 

Protein pellets designated for digestion with sequencing grade trypsin (Promega, Madison, WI, USA) or 

subtilisin (Sigma Aldrich, Munich, Germany) were resuspended in 50 µl of 6 M guanidinium chloride, 50 

mM Na2HPO4, pH 7.8, followed by 10-fold dilution with 50 mM NH4HCO3 to reach a final concentration 

of 0.6 M guanidinium chloride. For trypsin digestion, 2 mM CaCl2 and trypsin (1:20, enzyme:protein, 

w:w) were added, and the sample was incubated at 37 °C for 14 h. Subtilisin was added 1:20 and 

digested for 20 min at 56 °C. The protein pellet designated for endoproteinase GluC digestion was 

solubilized in 6 M urea and diluted 15-fold with 50 mM NH4HCO3. Sequencing grade GluC (Promega) was 

added 1:20 and the sample was incubated for 14 h at 25 °C.  

Proteolytic digests were controlled using monolithic reversed phase chromatography, as described 

previously [61]. Generated peptides were desalted using C18 solid-phase tips (SPEC C18 AR, 4 mg bed, 

Agilent Technologies, Ratingen, Germany) according to the manufacturer’s instructions and peptides 

were dried under vacuum, followed by dissolving in 52 µl of SCX buffer A [10 mM KH2PO4, pH 2.7, 20% 

(v/v) acetonitrile]. 

Enrichment of N-terminal peptides using ChaFRADIC 

For the first SCX step, 50 µl (200 µg) of each sample were separated using a flow rate of 80 µl/min on a 

U3000 HPLC system (Thermo Scientific, Bremen, Germany), a 150 x 1 mm Polysulfoethyl A column 

(PolyLC, Columbia, DC USA, 5 µm particle size, 200 Å pore size), and a tertiary buffer system containing 
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SCX buffer A (10 mM KH2PO4, pH 2.7, 20% acetonitrile), SCX buffer B (10 mM KH2PO4, 250 mM KCl, pH 

2.7, 20% acetonitrile), and SCX buffer C (10 mM KH2PO4, 600 mM NaCl, pH 2.7, 20% acetonitrile). An 

optimized gradient was used to efficiently separate the peptides according to their charge states 

combined with automated fraction collection. Following gradient steps were performed: 100% of 

solvent A for 10 min, followed by a linear ramp from 0 to 15% of solvent B in 9 min. After 9 min at 15%, 

solvent B was increased to 30% in 8 min. After 11 min at 30%, solvent B was increased to 100% in 5 min. 

After 5 min, solvent C was increased to 100% in 1 min. After 5 min at 100% of solvent C, solvent A was 

increased to 100% in 1 min and the column was equilibrated for 20 min. Flow-through of the first SCX 

dimension were dried under vacuum, desalted using Poros Oligo R3 reversed-phase (Applied 

Biosystems, Lincoln Centre Drive Foster City, CA, USA) material [62], according to the following 

procedure: conditioning of R3 material with 50 µl of 100% of acetonitrile, followed by equilibration with 

50 µl of 0.1% of trifluoroacetic acid. Samples solubilized in 50 µl of 0.1% trifluoroacetic acid were loaded 

two times onto the R3 material. Bound peptides were washed two times with 0.1% of formic acid, and 

afterwards eluted with 50 µl of 70% (v/v) acetonitrile, 0.1% (w/v) formic acid. Only one third per sample 

was measured by LC-MS. 

The five collected fractions (corresponding to charge states +1, +2, +3, +4, and >+4) were dried under 

vacuum and resuspended in 50 mM Na2HPO4, pH 7.8. Free N-termini of internal peptides were blocked 

by trideutero (d3)-acetylation to induce a charge state shift. Therefore, trideutero N-hydroxysuccinimide 

acetate (d3-NHS acetate, synthesized as described previously [63]) was added to a final concentration of 

20 mM and the sample incubated for 1 h at 37 °C, followed by a second step using 10 mM d3-NHS 

acetate. After 2 h, the reaction was quenched by addition of 60 mM glycine for 10 min, followed by 

addition of 130 mM hydroxylamine for 10 min, both at room temperature. Samples were desalted as 

described above and dried under vacuum. After dissolving, each fraction was separately subjected to re-

chromatography under the same conditions as above. Collected fractions were completely dried under 

vacuum and desalted as described above prior for LC-MS. 

LC-MS analysis 

Dried eluates were resuspended in 45 µl of 0.1% trifluoroacetic acid and one third of each fraction 

applied was analyzed by nano-LC-MS/MS using a Q-Exactive Plus mass spectrometer online-coupled to a 

nano-RSLC HPLC system (both Thermo Scientific). LC separation was performed as described before 

[50], using a linear gradient from 3-42% of solvent B in 90 min. Flow-through fractions from the first SCX 

dimension were analyzed using a shorter 50 min gradient. Samples were measured in data-dependent 

acquisition mode acquiring full MS scans at a resolution of 70,000; the 15 most abundant ions (Top 15) 

were selected for MS/MS at a resolution of 17,500. Target values were set to 1 x 106 for MS and 2 x 105 

for MS/MS scans. Maximum injection times were 120 ms and 200 ms, respectively. 
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A normalized collision energy of 30 was used, and the first fixed mass was set to 100 m/z. For SCX 

charge state fractions +3, +4 and +5, 10% ammonia solution was placed in front of the ion source to 

compensate for increased charge states, as described by Thingholm et al. [64]. For analysis of the flow-

through and +1 fraction, fragmentation of singly charged peptides was allowed, excluding m/z values of 

singly charged ions occurring in previous blank runs. Generated raw data were searched against an 

Arabidopsis thaliana Uniprot database (December 2014; 13,414 target sequences). For peptide 

identification Proteome Discoverer software version 1.4 (Thermo Scientific) was used with Mascot 2.4 

(Matrix Science) as search engine, reporter ion quantifier and percolator nodes. Enzyme specificities 

were set to semi-ArgC (for trypsin) and semi-GluC with two allowed missed cleavage sites, respectively. 

For subtilisin, the enzyme was set to ‘none’. To enable the quantification of both classes of N-terminal 

peptides, those with N-terminal iTRAQ label and those with endogenous N-acetylation, we performed a 

two-step search strategy: First, data were searched with iTRAQ-8plex (+304.2053 Da) as fixed 

modification at Lys and peptide N-termini; second iTRAQ 8-plex of Lys and N-terminal acetylation 

(+42.0105 Da) of N-termini were set as fixed modifications. In both cases, carbamidomethylation of Cys 

(+ 57.0214 Da) was selected as fixed and oxidation (+15.9949 Da) of methionine as variable 

modification. Mass tolerances were set to 5 ppm for MS and 0.01 Da for MS/MS. Identified peptides 

were filtered for high confidence corresponding to an FDR < 1% at the PSM level, and a search engine 

rank of 1. The reporter ion quantifier node was adjusted according to the search settings. The datasets 

can be accessed via ProteomeXchange (PXD001855). 

Data analysis 

For each enzyme, quantified PSM were grouped if they represented the same gene, sequence and 

modification state, to sum reporter intensities of replicate measurements. Summed reporter intensities 

from previous measurements to assess the labeling efficiency (i.e., non-enriched samples) were used to 

normalize for slight systematic variations due to pipetting errors. To scale the data, for each generated 

entry, each of the six reporter intensities was divided by their median. The obtained scaled values were 

used to assess the technical variation of the extended ChaFRADIC workflow (Supplemental Table 1). 

Data for all three enzymes was combined and additional information such as position of the N-terminal 

amino acid, protein function and subcellular localization were taken from Uniprot (Supplemental Table 

2). 

Results 
We extended our previously introduced ChaFRADIC approach by employing a different labeling strategy 

and assessed the technical variation of our workflow as well as the benefit of using different enzymes. 

Using various enzymes for sample digestion prior to LC/MS analysis to increase the coverage of the N-

terminal proteome has been applied previously [7]. However, we wondered whether a protease of 
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broad specificity such as subtilisin might further improve the accessibility of N-terminal peptides and 

therefore lead to a higher number of detected sequences. 

Using a total of 600 µg of sample, split in three aliquots for alternative digestion (trypsin, GluC, 

subtilisin) and notably measuring only 1/3 of each of the five obtained ChaFRADIC fractions per enzyme. 

We searched our raw data against both, the Uniprot Arabidopsis thaliana and the TAIR10 database 

(Uniprot: www.uniprot.org/ and TAIR: www.arabidopsis.org). Whereas, in general TAIR10 yielded larger 

numbers of identified N-termini, 30% of those were not unique to a single database entry owing to the 

presence of many isoforms (Supplemental Tables 1 and 2). Therefore, we decided to discuss all the 

unique Uniprot hits, rather than the TAIR results, as 93% of the identified Uniprot N-termini were also 

present in the TAIR10 results. Thus, we quantified a total of 2,791 unique N-terminal peptides (1% FDR) 

corresponding to 2,249 different unique N-termini from 1,270 Arabidopsis proteins. When assessing the 

technical variation that particularly might arise from differences in iTRAQ protein labeling, we obtained 

relative standard deviations of 8-9% for three enzymes. 

The benefits of a multi-enzyme approach 

To assess the benefit of a multi-protease strategy, we only considered the Uniprot accession and the 

starting amino acid position per quantified PSM group (e.g., F4KIL8; 2), to compare those among the 

three different enzymes. Notably, from the total of 2,249 entries, 82% were identified exclusively with 

one enzyme (Figure 2). Indeed, this low overlap is also reflected by the low overlap on the level of 

protein accessions, where 81% were identified exclusively with one enzyme, supporting the notion of 

improved accessibility of N-termini by the multi-protease approach.  

In our hands, digestion with endoproteinase GluC yielded even more identifications than trypsin, which 

might partially derive from the inability of trypsin to cleave after blocked Lys residues (ArgC specificity) 

and thus the tendency to generate larger and higher charged peptides that are not well-compatible with 

HCD fragmentation. In general, 52% of all identified N-terminal peptides could be identified with GluC, 

41% with trypsin, and 28% with subtilisin. Despite the comparably lower number of identified peptides 

for subtilisin – a consequence of the increased probability to identify random hits in an enlarged search 

space leading to less PSM at a fixed FDR of 1% – the usage of a non-specific protease clearly holds some 

potential to identify novel N-termini, as 66% of the 620 subtilisin-derived N-termini are unique (Figure 

2).  

Low technical variation 

In addition to the assessment of performance and the identification of N-termini, we were also 

interested in evaluating the technical variation of our extended ChaFRADIC workflow, as particularly 

iTRAQ labeling on the protein level is considered to be a critical point. Indeed, the known issue of 

limited accuracy in iTRAQ-based quantification [65-68], particularly in complex samples, might not be 
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that relevant when studying differential proteolytic events. These should induce strong rather than 

slight quantitative changes on the level of enriched N-terminal peptides. 

Nevertheless, a reproducible sample processing procedure is imperative when working with low sample 

amounts. Therefore, for each protease we assessed the relative standard deviation between the six 

iTRAQ reporters for all PSM groups. The median RSD over all quantified N-terminal peptides was below 

10% in all cases, namely 9% for trypsin, 8% for GluC and 9% for subtilisin. However, the occasional 

presence of outliers, where one or sometimes two of the six replicates show a strong deviation clearly 

underlines the need for at least three independent replicates when conducting such studies, in order to 

distinguish artifacts from real proteolytic differences. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Comparison of different proteolytic strategies. (A) Overlap between trypsin, GluC and subtilisin based on protein accessions and 
amino acid starting positions (e.g. F4KIL8;2) of the identified N-terminal peptides. (B) Overlap only based on protein accessions. Venny 
(http://bioinfogp.cnb.csic.es/tools/venny/) was used for visualization. 
 
 

Classification of identified Arabidopsis N-terminal peptides 

Next, we classified the identified N-termini according to their amino acid starting positions in the 

manually curated Uniprot database. As depicted in Figure 3, considering only the most N-terminal 

peptide per protein (according to the Uniprot sequence), 7% of the identified N-termini start with the 

translated N-terminal Met residue at position 1 (both free as well as acetylated), and 31% start at either 

position 1 or 2. Expectedly, the distribution is shifted towards more internal starting positions when 

taking all identified N-termini into account, as these represent endoproteolytic events that can occur 

independent of the protein N-terminus. 

A B 
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Figure 3: Amino acid starting 

positions of the identified N-

termini. Given is the cumulated 

share of N-termini that fall 

within a certain amino acid start 

position. In addition, the 

absolute number of N-terminal 

peptides, when considering both 

all identified N-terminal peptides 

and only the most N-terminal 

one per protein. 

 

 

 

Therefore, we validated how many of those N-termini representing more internal regions of the protein 

sequences might derive from the cleavage of transit, signal, or pro-peptides. Thus, for all 1,270 

identified proteins we extracted the available information about transit (525 proteins), signal (148), and 

pro-peptides (31) from Uniprot (December 2014) and compared the respective positions with our 

identified N-termini (Supplemental Figure 1). Together, these accounted for a total of 681 unique 

protein entries, of which according to Uniprot, most cleavage information was based on prediction 

rather than experimental proof. Although one cannot expect to identify the respective peptides for all 

681 proteins, our data can more or less validate half of those Uniprot entries, however, with slight 

deviations from the predicted amino acid position for some of those (Supplemental Figure 1). This might 

be a consequence of, for instance, imprecise prediction algorithms or the activity of peptidases that 

remove single amino acids, leading to blurry cleavage patterns as recently demonstrated for icp55 in 

yeast mitochondria [7, 50]. 

Proteolytic processing in Arabidopsis seedlings 

After evaluating the quality and confidence of our results, we analyzed the occurrence of specific 

cleavage patterns in the identified N-terminal Arabidopsis peptides. This is particularly interesting for 

those N-termini that do not belong to the previously discussed classes and might rather represent novel 

signal sequences for degradation. Therefore, for each N-terminus identified in this study, we used five 

amino acids N-terminal and five amino acids C-terminal of the respective cleavage site to determine 

potential consensus motifs using IceLogo [69] (Figure 4). Indeed, we observed an overrepresentation of 

Ala, Arg, and Glu at position P1 (nomenclature according to Berger and Schechter [70]), as well as the 

two small amino acids Ala and Ser at position P1’.  

However, we also observed 540 N-termini that were ‘ragged’, i.e., two N-terminal peptides of the same 

protein that were only one amino acid apart, such as for GLYR2 52AYRVYSSLQS and 53YRVYSSLQST. This 

could indicate secondary cleavage events such as demonstrated for icp55 in Saccharomyces cerevisiae 

mitochondria [48, 63], which after removal of the mitochondrial presequence by the mitochondrial 



51 
 

processing peptidase (MPP) can remove a single destabilizing amino acid (in accordance with NERP) 

from the mature N-terminus in order to stabilize the mitochondrial proteome[4, 7, 50, 71, 72]. We 

therefore specifically analyzed those proteolytic events, taking into account only the most N-terminal in 

case of two adjacent N-termini. Again, we found an overrepresentation of Ala and Ser at position P1’, as 

well as a general overrepresentation of Val N-terminal and of Ser C-terminal of the cleavage site (Figure 

4B). Moreover, the acidic amino acids Asp and Glu were underrepresented at the P1 position, whereas 

the basic amino acids Arg and Lys were underrepresented at P1’.  
 

Figure 4: Consensus motif analysis. The y-axis 

(% difference at p = 0.01) reflects the 

over/underrepresentation of the respective 

amino acid as compared to the random 

occurrence in Arabidopsis. The dashed lines 

indicate the (primary #1 and secondary #2) 

cleavage sites. (A) For all identified N-termini, 

5 amino acids N-terminal (if possible) and C-

terminal of the respective cleavage site were 

used to determine a potential consensus motif 

and elucidate the presence of possible 

stabilizing or destabilizing residues according 

to NERP. The graph represents a total of 1,793 

unique N-termini. Ser/Ala/Thr account for 

more than 70% of the P1’ positions, which is a 

>40% difference compared to the random 

occurrence in Arabidopsis. (B) Consensus motif 

for ‘ragged’ N-termini (e.g., for GLYR2 

52AYRVYSSLQS and 53YRVYSSLQST) 

representing potential secondary cleavage 

events, i.e. an initial cleavage and the 

additional removal of the N-terminal amino acid. For the identified cases only the 277 more N-terminal of two adjacent N-termini (e.g., for 

GLYR2 only 52AYRVYSSLQS) were considered to generate the consensus motif. IceLogo was used for visualization [69]. 

 

Consistency with published database entries 

We compared our N-terminal peptides with Uniprot entries that have a Pubmed reference for the 

respective cleavage site (December 2014), we could validate 28/41 transition, 7/9 signal and 4/4 pro-

peptides with exactly the same position identified in our data. For the latter four the identified N-

terminal amino acids were ARA12, a subtilisin-like protease (At5g67360) at Thr107, SESA1, a seed 

storage protein (At4g27140) at Pro84, LACS6, a peroxisomal acyl-CoA synthetase (At3g05970) at Ala39, 

and psbC, a chloroplast-encoded photosystem II component (AtCg00280) at Thr15. 
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Consistency of predictions and novel insights 

Eigthy three of the 402 non-redundant protein N-termini starting at position 1 or 2 retained Met1 

(Figure 5), according to the assumption that MAPs only removes Met if the penultimate residue is 

stabilizing [24-26]. However, also in the case of 4 out of these 83 sequences, Met1 remained at the 

native N-terminal and was not excised although the second residue is permissive for Met removal, i.e., 

Met1 is followed by a stabilizing residue according to NERP. This partial NME was previously observed in 

various species [24, 26]. However, in general, both the Met excision dogma and NERP are reflected in 

our data (Figure 5). The major proportion of N-termini that were generated either through the action of 

MAPs or endopeptidases start with stabilizing amino acids, whereas for 79 out of 83 N-termini starting 

with Met1, the amino acid at position 2 is destabilizing. 

Notably, for two chloroplast-encoded proteins (atpB, ATP synthase subunit beta; and ndhK, AD(P)H-

quinone oxidoreductase subunit K), Met1 is lost despite the penultimate second residues Arg and Asn 

which are possibly destabilizing according to NERP and similar rules depending on the two first N-

terminal residues found in plastid proteins [35] and bacteria [36]. 

 

  
 

 

 

 

 

 

 

 

 

 

 

Figure 5: The Met excision dogma and NERP are reflected in the identified N-termini. All non-redundant identified N-termini were classified 
in: those derived from endopeptidase activity, i.e., starting at amino acid positions >2 (orange), those starting at amino acid position 2, after 
removal of the Met1 residue by MAPs (Met1|X; blue), those with intact Met1 residue (Met1-X; red).  
 
 

Discussion 
We applied a strategy comprising multiplexed iTRAQ protein labeling, digestion with three different 

proteases, and N-terminal enrichment using ChaFRADIC on total protein samples of wild type 

Arabidopsis seedlings. This approach led to the identification of overall 2,791 unique N-terminal peptide 

sequences with high confidence including 106 sequences of native N-termini according to the predicted 

full-length protein sequence, 430 peptides of sequences which were N-terminally processed by MAPs 

and therefore lost the initiator Met1, and 2,252 sequences of neo N-termini resulting from 

endoproteolytic activities (Figure 5). This gives, per se, novel insights with respect to formerly 
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undetected protease cleavage sites. But this knowledge can theoretically be expanded to possible 

functions of the N-terminal amino acid on in vivo half-lives of the host protein. According to the 

'classical' NERP, Gly, Ala, Met, Ser, Thr, Val are not classified as destabilizing if made accessible at the N-

terminal. Therefore, these residues should be strongly overrepresented along neo-N-termini in wild type 

samples, assuming that NERP is involved in degradation of most if not all protein sequences comprising 

a destabilizing N-terminal residue forming an N-degron. Indeed, Ser (781), Ala (300), Thr (153), Gly (110) 

and Val (94) account for >80% of the 1,768 non-redundant neo-N-termini in our study, with Asp (54) 

following as the next most frequent amino acid. 

The detection of the two theoretically destabilizing residues Arg and Asn in two proteins (atpB and 

ndhK), in contrast, indicates exceptions from NERP such that not every theoretically destabilizing amino 

acid residue per se leads to the formation of an N-degron funneling into NERP. These two targets are 

encoded in the chloroplast genome and may indicate that a possibly destabilizing residue does not 

mandatorily lead to instability, as these particular N-terminal peptides would then have probably 

escaped detection. Comparable results were obtained in a study analyzing the targets of Arabidopsis 

metacaspase-9, where destabilizing and stabilizing residues according to the classical NERP were 

detected simultaneously in wild type samples [73]. 

Recently, also acetylation of the previously listed non-destabilizing residues and even recognition of N-

terminal Met by NERD E3 ligases if followed by a destabilizing residue was shown to lead to protein 

degradation in S. cerevisiae [24, 28]. 

The detection of internal neo-N-termini and proteoforms points to novel substrates of proteases, 

substrates of NERP enzymes, either upstream of E3 Ub ligases or directly on their level, i.e., if starting 

with Arg/Lys/His, and general substrates of the ubiquitin proteasome system. 

If detected (neo) N-termini are to be linked to possible recognition by NERP components, localization of 

the proteins in their processed form is of crucial importance. The mature protein sequences need to be 

accessible for the NERP machinery which to date has only been shown to be functional in compartments 

with an active 26S proteasome, i.e., the nucleus and the cytosol (Supplemental Table 2). Thus, the here 

acquired list of neo N-termini also represents a helpful resource for excluding pseudo-candidates, i.e., 

highly abundant proteins comprising destabilizing N-termini according to NERP from the analyzed wild 

type material. In contrast to an expected low abundance due to degradation, these candidates are 

sufficiently abundant in the sample to be detectable. In downstream experiments investigating NERP 

substrate candidates, these proteins would not be amongst the high priority target candidates because 

they were overabundant in a system with functional protein degradation via NERP. However, this does 

not exclude that also these proteins might be stronger accumulated in the corresponding NERP 

mutants. Therefore, a precise analysis of the N-terminome of dissected tissue or cell types and cell 

compartments after fractionation might represent a safer approach. This highlights the difficulty of 

assigning possible degradation targets to a specific pathway such as NERP. Neither does simple in vivo 
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evidence of a destabilizing residue confirm a protein as instable, nor is a stabilizing residue a clear 

indicator for a long protein half-life. Moreover, targets carrying a possibly destabilizing N-terminal 

amino acid can escape from a degradation mechanism by translocating to compartments where the 

machinery and/or the ubiquitin proteasome system is inactive. Figure 6 summarizes the subcellular 

distribution of all proteins identified in this study according to the SUBA database. 

 

 
Figure 6: Subcellular distribution of identified endopeptidase substrates. All 
proteins for which N-termini with amino acid starting positions >2 were classified 
according to their subcellular localization in the SUBA database [74]. From the 985 
non-redundant proteins, 140 (14%) are localized to the cytosol and nucleus 
(including dual localizations) and therefore theoretically accessible to NERP. Dual 
(NERP) indicates dual localization including either nucleus or cytosol.   
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Supplemental figure chapter 3 

 

 

 

 

 

 

 

 

 

 
 
Supplemental Figure 1: Positional distance between transit/signal/pro-peptide cleavage sites represented in Uniprot and cleavage sites 
identified in this study. All 1,270 identified proteins were screened for the presence of transit/signal/pro-peptide entries in Uniprot. The 
respective cleavage sites were compared to the N-termini identified in this study, taking into account only the most N-terminal peptide 
identified per protein. ‘0’ indicates agreement, whereas negative numbers represent a position more N-terminal (positive numbers more C-
terminal) than the respective Uniprot entry (December 2014). 
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Summary 

The Scott syndrome is a very rare and likely under-diagnosed bleeding disorder associated with 

mutations in the gene encoding anoctamin-6. Platelets from Scott patients are impaired in various Ca2+-

dependent responses including, phosphatidylserine exposure, integrin closure, intracellular protein 

cleavage and cytoskeleton-dependent morphological changes. Given the central role of anoctamin-6 in 

the platelet procoagulant response, we used quantitative proteomics to understand the underlying 

molecular mechanisms and the complex phenotypic changes in Scott platelets compared to control 

platelets. Therefore, we applied an iTRAQ-based multi-pronged strategy to quantify changes in (i) the 

global proteome, (ii) the phosphoproteome and (iii) proteolytic events between resting and stimulated 

Scott and control platelets. Our data indicate a limited number of proteins with decreased (70) or 

increased (64) expression in Scott platelets, among those we confirmed the absence of anoctamin-6 and 

the strong up-regulation of aquaporin-1 by parallel reaction monitoring. The quantification of 1,566 

phosphopeptides revealed major differences between Scott and control platelets after stimulation with 

thrombin/convulxin or ionomycin. In Scott platelets, phosphorylation levels of proteins regulating 

cytoskeletal or signaling events were increased. Finally, we quantified 1,596 N-terminal peptides in 

activated Scott and control platelets, 180 of which we identified as calpain-regulated, whereas a distinct 

set of 23 neo-N-termini was caspase-regulated. In Scott platelets, calpain-induced cleavage of 

cytoskeleton-linked and signaling proteins was down-regulated, in accordance with an increased 

phosphorylation state. Thus, multi-pronged proteomic profiling of Scott platelets provides detailed 

insight into their protection against detrimental Ca2+-dependent changes that are normally associated 

with phosphatidylserine exposure. 

 

Abbreviations: 

ACD, acid-citrate glucose solution; AF, Alexa Fluor; AGC, automatic gain control; ChaFRADIC, charge-

based fractional diagonal chromatography; DDA, data dependent acquisition; FASP, filter-aided sample 

preparation; FDR, false discovery rate; FITC, Fluorescein isothiocyanate; LC, liquid chromatography; 

mAb, monoclonal antibody; MS, mass spectrometry; NAV, normalized abundance value; NR, normalized 

ratio; PPACK, D-phenylalanyl-prolyl-arginyl chloromethyl ketone; PRM, parallel reaction monitoring; 

PRP, platelet-rich plasma; PSM, peptide spectrum matches; SDS, sodium dodecylsulfate; TEAB, 

triethylammonium bicarbonate 

 

Supplemental information of Chapter 4: 

Supplemental Table 1-3: see CD 
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Introduction 
The Scott syndrome is a very rare, moderately mild bleeding disorder, clinically identified by a reduced 

prothrombin consumption of the blood serum. Platelets and other blood cells from Scott patients show 

a deficiency in Ca2+-dependent membrane phospholipid scrambling [1, 2]. As a result, Scott platelets are 

greatly impaired in externalization of the aminophospholipids, phosphatidylserine and 

phosphatidylethanolamine in response to strong, Ca2+-mobilizing agents like collagen/thrombin or 

ionomycin [3-6]. This leads to a severe reduction in the binding of several coagulation factors in Scott 

syndrome platelets, which explains the bleeding phenotype in these rare patients [7]. So far, one family 

and two independent patients with Scott syndrome have been described in the literature. In addition, a 

breeding of dogs with impaired hemostasis is known with the same platelet phenotype [8]. On the other 

hand, the Scott syndrome as a moderately mild bleeding disorder likely is underdiagnosed, since the 

indicative lab diagnostics (prothrombin consumption test or phosphatidylserine exposure) are not 

regularly performed. 

In 2010, a critical role was reported for the transmembrane protein anoctamin-6 (gene ANO6, alias 

TMEM16F), in the Ca2+-dependent phosphatidylserine exposure of platelets [9]. A role of anoctamin-6 in 

Scott syndrome was postulated by the discovery of dysfunctional mutations in the ANO6 gene of two 

unrelated patients [9, 10]. This anoctamin is also known as a Ca2+-dependent ion channel with 

permeability to both chloride ions and cations (10), which activity appeared to be defective in Scott cells 

[5, 9]. A dysfunctional mutation in the ANO6 gene (TMEM16F) was also been identified in a breeding of 

dogs with impaired hemostasis [8]. 

Recent findings however question if a deficiency of anoctamin-6 alone can account for the complex 

phenotype of Scott syndrome platelets. The platelets from a patient with ANO6 mutations and from 

anoctamin-6 deficient mice show a complex phenotype: along with agonist-induced phosphatidylserine 

exposure, closure of activated integrins appears to be affected, as well as calpain-dependent cleavage of 

intracellular proteins and cytoskeletal-dependent swelling of the platelets [6, 11, 12]. Given this, we 

expected that extended proteomics analysis will provide important novel information on the possible 

roles of other proteins than anoctamin-6 in the altered properties of Scott platelets. 

For the present work, we hypothesized that the complex phenotypical changes in Scott platelets are a 

consequence of multiple alterations in the platelet signaling machinery, directly or indirectly related to 

the absent anoctamin-6 expression, and that these alterations may provide insights into the 

mechanisms underlying the important procoagulant response. Thus, we compared platelets isolated 

from healthy controls and a diagnosed Scott patient in terms of functional (procoagulant) activity in 

relation to changes in protein levels, phosphorylation patterns and proteolytic cleavage. Control and 

Scott platelets were therefore activated with (i) thrombin, (ii) convulxin/thrombin, and (iii) ionomycin, 

representing different levels of procoagulant activity. Given major differences in protein expression 
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levels between human and mouse platelets, we confined this work to the human system. 

For the complex proteome analysis, we applied iTRAQ stable isotope labeling in conjunction with TiO2 

phosphopeptide enrichment and high pH reversed phase fractionation, allowing simultaneous 

quantitative analysis of the global proteome and phosphoproteome of (activated) Scott and control 

platelets. Such mass spectrometry-based techniques have previously been used for a separate 

quantification of the majority of proteins [13, 14] and regulated protein phosphorylation sites in 

platelets isolated from healthy subjects [15, 16]. We also applied our recently developed charge-based 

fractional diagonal chromatography (ChaFRADIC) approach to identify neo-N-terminal peptides, 

produced upon proteolytic activity [17-20]. This allowed us to distinguish between calpain- and caspase-

mediated protein cleavages patterns in Scott and control platelets. To our knowledge, this is the first 

time that such a broad combination of proteomics technologies has been used to assess the (post-

translational) protein changes in a human blood cell, here platelets, isolated from, to our knowledge, 

the only available Scott patient worldwide. 

Experimental procedures 

Materials 

Convulxin was purified to homogeneity from crude snake venom [21]. Proteinase-activated receptor-1 

(PAR-1) agonist peptide SFLLRN was from Bachem (Bubendorf, Switzerland), human α-thrombin and 

ionomycin were from Sigma-Aldrich (St. Louis, MO, USA). Fluorescein isothiocyanate (FITC)-labeled anti-

CD62P mAb against P-selectin was from Beckman Coulter (Marseille, France); FITC-annexin A5 from 

PharmaTarget (Maastricht, The Netherlands); Alexa Fluor (AF)647-labeled fibrinogen from Invitrogen 

Life Technologies (Bleiswijk, The Netherlands); ABT-737 from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA); QVD-Oph and calpeptin from Calbiochem (San Diego, CA, USA). Other chemicals, (ant) agonists 

and antibodies were obtained from sources described before [11]. 

Patient and control subjects 

Blood was obtained from four healthy volunteers and a diagnosed patient with Scott syndrome (ScottUK, 

the only one available worldwide for blood donations) after full informed consent (Helsinki declaration). 

The ScottUK patient has been characterized as heterozygous for two mutations in the ANO6 alleles: a 

transition at the first nucleotide of intron 6 (IVS6 + 1G→A), disrupting the splice site consensus 

sequence of intron 6, and a single-nucleotide insertion in exon 11 (c.1219insT), predicting a frame shift 

at codon 411 [10]. Both mutations are not compatible with normal translation. Not available to this 

study were the two other described Scott patients [1, 2]. However, mutations in ANO6 have also been 

identified in these patients from the USA [9] and France (F. Toti, personal communication). Protocols 

were approved by the local Medical Ethics Committees. 
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Blood collection and platelet isolation 

Blood samples were collected into 1/6 volume of acid-citrate glucose solution (ACD, 80 mM trisodium 

citrate, 52 mM citric acid and 180 mM glucose). Platelet-rich plasma (PRP) was obtained by centrifuging 

at 260 g for 15 min [11]. After addition of 1/15 volume of ACD, platelets were pelleted by centrifugation 

at 870 g for 15 min. To obtain highly purified platelets, pellets were resuspended in Hepes buffer pH 6.6 

(10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2 and 0.1% glucose) by carefully excluding the 

bottom layer of red blood cells. After addition of ACD (1/15 volume) and apyrase (1 unit/ml), the cells 

were centrifuged again at 2000 g for 5 min in an Eppendorf centrifuge, and resuspended in Hepes buffer 

pH 7.45 (10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.1% glucose), again by excluding the 

bottom layer of erythrocytes. Purity of the final platelet suspensions was checked with a 

Thrombocounter and from microscopic preparations. Contamination with red blood cells was <1: 

15,000, contamination with leukocytes was <1: 20,000. Blood samples were used for measurements of 

platelet phenotype and for platelet proteomic analysis in parallel. 

Platelet stimulation and thrombus formation 

Purified, washed platelets (controls and Scott patient) in Hepes buffer pH 7.45 (10 mM Hepes, 136 mM 

NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.1% glucose) containing 2 mM CaCl2 were left untreated or were 

activated with thrombin, thrombin/convulxin or ionomycin for 30 min at 37 °C under non-stirring 

conditions. This time point was chosen, based on earlier findings that 30 min of activation with agonists 

was required for near maximal phosphatidylserine exposure and integrin closure/cleavage in control 

platelets [11, 12]. 

For obtaining reference values for apoptosis-induced caspase protein substrates, platelets were treated 

for 1 hour with the BH3 mimetic ABT-737, an agent that is in study for the therapeutic targeting of the 

Bcl-2 family of pro-survival proteins in antitumor treatment. This compound provides a standard way to 

induce apoptotic phosphatidylserine exposure in platelets [6, 22]. 

For proteomics (global, phospho, N-termini) analysis, platelet samples (5.0 x 108/ml) were collected into 

1 volume of lysis buffer (50 mM Tris, 1% SDS, 150 mM NaCl, 1 tablet PhosStop/7 ml, pH 7.8) [15]. Lysed 

samples were immediately frozen and stored at -80 °C until usage. Parallel samples (1.5 x 108/ml) were 

analyzed by flow cytometry for phosphatidylserine exposure using FITC-labeled annexin A5, as described 

before [6]. Collagen-induced thrombus formation was assayed using PPACK/fragmin-anticoagulated 

human blood (controls and Scott patient), as described [12]. Blood samples were perfused over a 

collagen surface at shear rate of 1000 s-1 for 4 min. Thrombi formed were post-stained with AF647-

annexin A5 and FITC-anti-CD62P mAb. Phase-contrast and fluorescence images were recorded to 

determine platelet deposition, P-selectin expression and phosphatidylserine exposure [12]. 

Western blot analysis 

Washed platelets (5 x 108/ml) were left untreated or activated by convulxin (200 ng/ml) plus thrombin 
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(8 nM) or ionomycin (20 µM) in the presence of 2 mM CaCl2 for 30 min at 37 °C under non-stirring 

conditions. Samples of resting and activated platelets were lysed with ice-cold 4x lysis buffer (600 mM 

NaCl, 10 mM Tris, 4 mM EGTA, 4 mM EDTA, 4% NP40). Samples (10 µg proteins) were separated on 8% 

SDS-PAGE gels, and transferred to blotting membranes. Immunoblotting was with the following 

antibodies: Ab762 against the full length β3-chain (1:10000), Ab754 against the intracellular amino acid 

754 neo-N-terminus of the cleaved β3-chain (1: 1000), or α-tubulin (1: 1000) [12]. Incubation with 

secondary horse radish peroxidase-coupled antibody (1: 1000) was overnight at 4 °C. Blots stained with 

an ECL system were quantified by densitometric analysis. 

Sample digestion and preparation for quantitative (phospho) proteomics 

Platelet proteomics analyses were performed, based on procedures reported earlier [13, 15, 23], with 

modifications. Well purified platelet samples (5 × 108 platelets) were prepared in SDS lysis buffer, and 

protein concentrations were determined using a bicinchoninic acid assay (Pierce, Thermo-Fisher 

Scientific, Bremen, Germany). Cysteines were reduced by 30 min incubation at 56 °C with 10 mM 

dithiothreitol, free sulfhydryl groups were alkylated with 30 mM iodoacetamide for 30 min at room 

temperature. Samples of 150 µg protein were then processed using filter-aided sample preparation 

(FASP) with a 30 kDa molecular weight cut-off spin filter [24, 25]. Proteins were digested in 50 mM 

triethylammonium bicarbonate (TEAB), 200 mM guanidinium hydrochloride and 2 mM CaCl2, pH 8.0 in 

the presence of trypsin (1:20 w/w, T-1426, Sigma, St. Louis, MO, USA) at 37 °C. After incubation for 7 h, 

digested peptides were collected by centrifugation at 13,800 g for 25 min. Filters were washed with 50 

µl of 50 mM TEAB and 50 µl of LC-MS grade water to increase peptide yield. Trypsin digestion was 

monitored by monolithic reversed-phase HPLC as described [23]. After lysis and digestion with trypsin, 

samples were used for either label-free proteome analysis, or iTRAQ-based (phospho) proteome 

analysis. 

iTRAQ labeling and pooling 

The workflow for assessment of the global platelet proteome and platelet phosphoproteome is 

schematized in Figure 1. Samples were dried under vacuum and reconstituted in iTRAQ 8-plex 

dissolution buffer (AB Sciex, Dreieich, Germany), followed by individual labeling with iTRAQ 8-plex labels 

(113, 114, 115, 116, 117, 118, 119 and 121) according to the manufacturer’s protocol, and pooling. The 

pooled peptide sample was desalted by C18 solid phase extraction (SPEC C18 AR, 4 mg bed; Agilent 

Technologies, Brussels, Belgium), dried under vacuum, and 6% was reconstituted into 10 mM 

ammonium acetate pH 6.0 (solvent A) for high pH reversed phase fractionation and subsequent 

quantification of the global proteome. The remaining 94% of the sample was used for phosphopeptide 

enrichment (see below). 
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Figure 1. Strategy and workflow for combined determination of platelet quantitative (phospho) proteomics. Purified washed platelets (4 x 
108) from a healthy donor and the Scott patient in CaCl2-containing medium remained resting or were stimulated with thrombin (8 nM), 
thrombin/convulxin (200 ng/ml, 8 nM) or ionomycin (20 μM) for 30 min. After lysis and digestion with trypsin, all eight samples were 
individually labeled with 8-plex iTRAQ reagent (113, 114, 115, 116, 117, 118, 119 and 121). For assessment of the quantitative proteome and 
the phosphoproteome, the 8 samples were pooled in a 1:1 ratio; 10% of the pooled sample was used for global proteome analysis and the 
remaining 90% for phosphoproteome analysis. 
 

Platelet global proteome analysis using iTRAQ labels 

50 µg of the iTRAQ-labeled pooled peptide sample were separated by reversed phase at pH 6.0. 

Therefore, the sample was loaded on a C18 column (BioBasic-18, 5 µm particle size; 300 Å pore size, 150 

x 0.5 mm), using a binary gradient at flow rate of 12.5 µl/min ranging from 3-60% of 10 mM ammonium 

acetate and 84% acetonitrile, pH 6.0, in 70 min. A total of twenty concatenated fractions were collected, 

and analyzed by nano LC-MS/MS in data dependent acquisition (DDA) mode, using a U3000 nano-RSLC 

system online-coupled to a Q-Exactive mass spectrometer. Half of each fraction was loaded onto a trap 

column (Acclaim PepMap100 C18; 100 µm x 2 cm) with 0.1% trifluoroacetic acid (trifluoroacetic acid). 
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Peptides were separated on the main column (PepMap100 C18; 75 μm × 50 cm), using a binary gradient 

ranging from 3-42% solvent B (84% acetonitrile, 0.1% formic acid) in 100 min at 60 °C and a flow rate of 

270 nl/min. In the Q-Exactive, survey scans were acquired at resolution of 70,000, using the polysiloxane 

m/z 371.1012 as lock mass [26], with an automatic gain control target value of 3×106. Subsequently, 

MS/MS spectra of the 15 most intense ions were acquired with (i) a resolution of 17,500, (ii) an isolation 

width of 2.0 m/z; (iii) a normalized collision energy of 35; (iv) an AGC target value of 1 × 106 ions; (v) a 

maximum injection time of 250 ms; (vi) a dynamic exclusion of 12 s and an underfill ratio of 10%. The 

first fixed mass was set to 105 m/z. Reaction tubes containing 10% ammonium water were placed in 

front of the ion source, in order to compensate for the iTRAQ-induced increase of peptide charge states 

[27]. 

Raw data were processed with Proteome Discoverer 1.4 (Thermo-Fisher Scientific) using the Uniprot 

human database (August 2012; 20,232 target sequences). Mascot and Sequest were applied as search 

algorithms with the following settings: (i) trypsin as enzyme allowing two missed cleavages, (ii) iTRAQ 8-

plex at N-termini and lysine (+304.2053 Da) and carbamidomethylation of cysteine (+57.0214 Da) 

residues as fixed modifications, (iii) oxidation of methionine (+15.9949 Da) as variable modification, (iv) 

mass tolerances for MS and MS/MS were set to 10 ppm and 0.02 Da, respectively. False discovery rate 

(FDR) estimation on the level of peptide spectrum matches was performed using the peptide validator 

node with filtering for 1% FDR (high confidence filter). The reporter ion quantifier node was used for 

iTRAQ reporter quantification. Only proteins quantified with at least 2 unique peptides were considered. 

Details for the data analysis are given in the supplemental methods. 

Label-free analysis of global platelet proteome 

In addition, we conducted a label-free quantification workflow using the unstimulated Scott and healthy 

platelet samples. An advantage of this strategy is that it is not affected by potential co-isolation 

interference frequently observed in reporter ion-based quantification methods [28, 29]. Therefore, 500 

ng per of untreated healthy and Scott platelets were analyzed by nano-LC-MS/MS in DDA mode, using a 

U3000 nano-RSLC system online-coupled to an Orbitrap Fusion mass spectrometer, with LC parameters 

as above. Survey scans were acquired at a resolution of 120,000, using the polysiloxane m/z 445.1200 as 

lock mass [26], an automatic gain control target value of 4 × 105, and a maximum injection time of 50 

ms. The top 20 precursor ions were selected for fragmentation by HCD with a collision energy of 27 and 

MS/MS were acquired in the Orbitrap using a target value of 5×104 ions, a maximum injection time of 50 

ms, and a dynamic exclusion of 30 s. 

Data analysis for label-free quantification was performed using Progenesis LC-MS software version 4.1 

from Nonlinear Dynamics (Newcastle upon Tyne, UK), in combination with PeptideShaker 1.9.2 [30]. 

After alignment peak lists were exported and searched against a concatenated target/decoy version of 

the human Uniprot database (December 2013; 20,274 target sequences), X! TANDEM Vengeance 
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(version 2015.12.15.2), Mascot 2.4 (Matrix Science), MS-GF+ Beta (v10282) (12/19/2014), OMSSA and 

SearchGUI 2.8.1 (28). The following search parameters were used: (i) trypsin as protease with a 

maximum of two missed cleavages, (ii) carbamidomethylation of Cys (+57.0214 Da) as fixed, and (iii) 

oxidation of Met (+15.9949 Da) as variable modification. MS and MS/MS tolerances were set to 10 ppm 

and 0.02 Da. Search results were combined using PeptideShaker 0.29.1, filtered at an FDR of 1% and 

reimported into Progenesis. Peptide sequences containing oxidized Met and pyro-Glu obtained from the 

second pass X! Tandem search were omitted from further data analysis, and only proteins quantified 

with at least two unique peptides were considered for quantification. For all proteins, ratios between 

platelet samples were calculated based on normalized areas obtained from Progenesis. Next, after log 2 

transformation mean and SD were calculated thus regulation factors were defined as +/- 2 × SD (2 × 

0.535). 

Platelet phosphoproteome analysis 

For phosphopeptide analysis of the pooled iTRAQ samples, a TiO2-based phosphopeptide enrichment 

protocol was conducted, as reported by Larsen and co-workers [31]. Samples were dried under vacuum 

and resuspended in TiO2 loading buffer (80% acetonitrile, 5% trifluoroacetic acid, and 1 M glycolic acid). 

TiO2 beads were added in a bead-to-peptide ratio of 6:1. The suspension was incubated for 10 min at 

room temperature, and centrifuged to pellet the beads containing the phosphopeptides. This step was 

repeated twice using 1/2 and 1/4 of the amount of beads. Beads were pooled and washed with 80% 

acetonitrile, 1% trifluoroacetic acid, followed by a second washing step with 10% acetonitrile, 0.1% 

trifluoroacetic acid. Phosphopeptides were eluted with 1% ammonium hydroxide, pH 11.3. The eluted 

phosphopeptides were recovered and dried under vacuum, followed by a second enrichment step using 

loading buffer 2 (70% acetonitrile, 2% trifluoroacetic acid). The eluates were acidified using 

trifluoroacetic acid (pH <2) and desalted using Oligo R3 microcolumns. Enriched phosphopeptides were 

fractionated with a U3000 nano-RSLC system in hydrophilic interaction liquid chromatography (HILIC) 

mode. Peptides were loaded on a self-packed HILIC column (Polar phase TSKgel Amide-80; 150 µm ID × 

15 cm length; 5 µm particle size; 80 Å pore size, Tosoh Bioscience, Stuttgart, Germany), and separated 

using a binary gradient ranging from 5-40% solvent B (solvent A: 98% acetonitrile, 0.1% trifluoroacetic 

acid; solvent B: 0.1% trifluoroacetic acid) within 40 min at a flow rate of 4 µl/min. Eluting peptides were 

collected in 9 fractions. 

All HILIC fractions were analyzed by nano-LC-MS/MS in DDA mode using an U3000 nano system, online 

coupled to an Orbitrap Velos mass spectrometer (Thermo-Fisher Scientific). Peptides were pre-

concentrated on a self-packed pre-column (Kinetex; 2.6 μm particle size; 100 Å pore size) and further 

separated on a self-packed main column (Kinetex, 75 μm ID × 30 cm length; 2.6 μm particle size; 100 Å 

pore size) using a binary gradient as above, however ranging from 3-45% B in 75 min at a flow rate of 

250 nl/min and 60 °C. Survey scans were acquired with a resolution of 30,000 using the polysiloxane m/z 
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371.1012 as lock mass [26]. Subsequently, HCD MS/MS spectra of the 5 most intense ions were acquired 

in the Orbitrap with (i) a resolution of 7,500 (ii) an isolation width of 2.0 m/z; (iii) a normalized collision 

energy of 50; (iv) an AGC target value of 1x105 ions; (v) a maximum injection time of 200 ms; (vi) and a 

dynamic exclusion of 12 s. Reaction tubes containing 10% ammonium water were placed in front of the 

ion source [27]. 

Data analysis for quantitative phosphoproteomics 

Phosphoproteomic raw data were processed with Proteome Discoverer 1.3 (Thermo-Fisher Scientific), 

using Sequest and Mascot as search algorithms and the same parameters as used for the global iTRAQ 

proteome. Additionally, phosphorylation of Ser/Thr/Tyr (+79.9663 Da) was selected as a variable 

modification and probabilities for phosphorylation site localizations were determined using phospho-RS 

[32]. PSM were filtered for 1% FDR (high confidence filter), and only phosphopeptides with phospho-RS 

probabilities >90% were considered as confident. 

iTRAQ ratios obtained from Proteome Discoverer were processed as described for the global iTRAQ data 

and normalized using the iTRAQ global proteome normalization factors in order to compensate for 

systematic errors (see Supplemental Methods). 

For determination of confident phosphorylation sites, a ready-to-use Excel macro provided by Mechtler 

lab (http://ms.imp.ac.at) was used. Peptides were grouped based on their sequences, protein 

accessions, and phosphorylation sites. Next, for each PSM, normalized abundance values were 

calculated as for the global proteome. For grouped PSM representing the same protein, 

phosphopeptide sequence or phosphorylation site, average normalized abundance values were 

calculated per iTRAQ channel. Ratios were then obtained for unstimulated and stimulated platelets per 

protein and subject. Then, the ratio cohorts were compared between subjects. 

Targeted protein quantification by parallel reaction monitoring (PRM) 

To validate differential proteins obtained from global quantitative proteomics we used targeted PRM to 

quantify selected proteins in unstimulated platelets from three healthy controls and the Scott patient. 

Therefore, we used a U3000 nano-RSLC system online-coupled to an Orbitrap Fusion mass 

spectrometer, with LC parameters as above. The polysiloxane m/z 445.1200 was used for lock mass 

calibration. Target peptides were isolated in the quadrupole with an isolation window of 0.4 m/z and 

fragmented using HCD with a collision energy of 30. The AGC target value was set up to 1 × 105 ions, the 

maximum injection time to 200. MS/MS spectra were acquired in the Orbitrap with a resolution of 

30,000. For data analysis we used MS/MS spectra from the label-free quantification data (see above) as 

well as in-house spectral libraries and Skyline [33].  

Charge-based fractional diagonal chromatography (ChaFRADIC) for 

determination of N-terminal cleavage sites 

Scott and healthy platelet lysates were diluted 10-fold with ice cold ethanol and stored at -40° C for 1 h. 
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Afterward, samples were centrifuged at 18,000 g for 30 min at 4° C. Protein pellets were resuspended 

into 10 µl 10% SDS under ultrasonication, and diluted to 1% SDS with 0.5 M TEAB containing 20% (v/v) 

isopropanol. After addition of iTRAQ 8-plex reagents in isopropanol (40 µl), labeling was performed on 

the protein level for 2 h at 25 °C, in order to block free protein N-termini and Lys residues. The 8 

samples were pooled, and reactions were quenched by addition of 60 mM glycine (10 min), followed by 

130 mM hydroxylamine to reverse side reactions of hydroxyl groups (10 min). 

For proteolytic digestion, the multiplexed sample was divided into three aliquots of about 160 µg 

protein, which were individually subjected to ethanol precipitation as described above. Proteolytic 

digestion was performed and controlled, as described above. Digestion was stopped with 1% 

trifluoroacetic acid. The peptide mixtures were desalted using C18 solid phase tips (SPEC C18 AR, 4 mg 

bed, Agilent Technologies). ChaFRADIC was conducted as previously described [17]. Dried pellets were 

resuspended in 52 µl of SCX solvent A (10 mM KH2PO4 in 20% acetonitrile, pH 2.7). Peptide samples 

were separated at a flow rate of 80 μl/min using a U3000 HPLC system with a polysulfoethyl A column 

(150 × 1 mm; 5 μm particle size; 200 Å pore size; PolyLC), and a tertiary buffer system, i.e. solvent A (see 

above), solvent B (10 mM KH2PO4, 250 mM KCl in 20% acetonitrile, pH 2.7), and solvent C (10 mM 

KH2PO4, 600 mM NaCl in 20% acetonitrile, pH 2.7). The following gradient steps were performed: 100% 

solvent A for 10 min; followed by a linear ramp from 0-15% solvent B in 9 min; 9 min of 15% solvent B; 

increase to 30% solvent B over 8 min; 11 min at 30% solvent B; increase to 100% solvent B in 5 min. Five 

min later, solvent C was increased to 100% in 1 min; 5 min later, solvent A was increased to 100% in 1 

min; and the column was equilibrated for 20 min. Five fractions were collected, corresponding to charge 

states +1, +2, +3, +4 and >+4. These were dried under vacuum and resuspended into 50 mM Na2HPO4 

(pH 7.8). Free N-termini of internal peptides, derived from trypsin digestion, were blocked by trideutero 

(d3)-acetylation to reduce their charge states at pH 2.7. Therefore, trideutero N-hydroxysuccinimide 

acetate (d3-NHS acetate) was added to a final concentration of 20 mM and, after 1 h at 37 °C, to 30 

mM. After 2 h, the reaction was quenched by treatment with 60 mM glycine (10 min), followed by 130 

mM hydroxylamine (10 min). Fractions were dried under vacuum and desalted using Poros Oligo R3 

reversed-phase material. Desalted fractions were solubilized in 52 µl buffer A, and were individually 

subjected to re-chromatography using the same conditions as above. Because of the acetylation 

between the first and second dimension SCX fractionations, internal peptides shifted to earlier charge 

state windows, whereas iTRAQ-labeled and endogenously acetylated N-terminal peptides retained their 

charge state window and could be enriched.  

Fractions were desalted, resuspended in 15 μl of 0.1% (v/v) trifluoroacetic acid, and analyzed by nano-

LC-MS/MS using a Q-Exactive Plus online-coupled to a U3000 nano-RSLC system in DDA mode. Survey 

scans were acquired at a resolution of 70,000, and the top 15 ions were selected for MS/MS at a 

resolution of 17,500. AGC values were set to 1 × 106 for MS and 2 × 105 for MS/MS scans. A normalized 

collision energy of 30 was used, and the first fixed mass was set to 100 m/z. For the +3, +4 and +5 
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fractions, 10% ammonia solution was placed in front of the ion source. For analysis of the +1 fraction, 

fragmentation of singly charged peptides was allowed, excluding m/z values of singly charged ions 

occurring in previous blank runs. Generated raw data were searched against the human Uniprot 

database (as above), using Proteome Discoverer version 1.4 and Mascot as search engine, reporter ion 

quantifier and percolator nodes. Enzyme specificities were set to semi-ArgC, as lysine residues were 

blocked by iTRAQ labeling on the protein level. 

To separate peptides with N-terminal iTRAQ label from those with endogenous N-acetylation, a two-

step search strategy was performed. First, data were searched with iTRAQ-8plex (+304.2053 Da) as fixed 

modification at lysine and peptide N-terminus. Second, iTRAQ-8plex of lysine and acetylation of N-

termini (+42.0105 Da) were set as fixed modifications. In both cases, carbamidomethylation of cysteine 

(+57.0214 Da) was selected as fixed, while oxidation of methionine (+15.9949 Da) was used as variable 

modification. Mass tolerances were set to 10 ppm for MS and to 0.02 Da for MS/MS. Identified peptides 

were filtered for high confidence corresponding to an FDR <1% at the PSM level, and a search engine 

rank of 1. The reporter ion quantifier node was adjusted according to the search settings. Quantification 

of N-terminal peptides across samples and conditions was done as described for the phosphoproteome 

analysis, including grouping, normalization and rationing. 

Identification of calpain substrates and cleavage sites 

Hypothesizing that calpain-induced cleavage in activated Scott platelets is altered, we aimed to identify 

potential calpain substrates. Thus, for the identification of calpain cleavage sites and substrates in 

control and Scott platelets we pursued a two-step strategy. 

First, to define a putative calpain consensus motif but not identify substrates, we digested platelet 

lysates in vitro with calpain, at a protein/enzyme ratio of 1:10 (w/w) using FASP to remove undigested 

protein. Calpain treatment was performed in 50 mM Tris-HCl, 100 mM NaCl and 3 mM CaCl2 pH 7.45 (30 

min at 30 °C). Vehicle controls were run in the absence of calpain. Generation of proteolytic peptides 

was confirmed by monolithic HPLC [23], showing an extensive peptide pattern for the calpain-treated 

platelets, whereas the control showed no peptide signals. Thus, the calpain samples were analyzed by 

nano-LC-MS/MS, and data were processed as above, but with enzyme specificity set to ‘none’ to identify 

peptide sequences that were generated upon calpain cleavage of denatured proteins. IceLogo 

(http://iomics.ugent.be/icelogoserver/main.html) was used to visualize potential consensus cleavage 

patterns considering 4 amino acids N-terminal and C-terminal of cleavage sites, i.e., positions P4-P4’ 

according to Schechter and Berger [34, 35]. 

Second, control platelets from healthy donor (1.5 x 108/ml) were activated with ionomycin (10 µM) in 

the presence or absence of calpain inhibitor, calpeptin (200 µM) for 30 min, or with the pro-apoptotic 

agent, ABT-737 (10 µM) in the presence or absence of caspase inhibitor QVD-OPh (20 µM) 60 min at at 
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37 °C, and lysed as above. These samples were used for N-terminal quantitative ChaFRADIC as described 

above, in duplicate. 

Deposition of raw data 

Raw data and Proteome Discoverer search results are deposited in the ProteomeXchange repository 

[36] dataset identifiers, PXD002883 and 10.6019/PXD002883. 

Analysis and statistics 

For the global proteome, inter-individual variation over all proteins was estimated by separate analysis 

of samples (unstimulated platelets) from pairs of healthy subjects; after log2 transformation this gave a 

mean SD of 0.158 (range 0.107-0.200, n = 4). Boundaries for relevant changes in patient samples were 

set at 2 × SD (2 × 0.158) in comparison to median abundance ratios, to determine up- or down-

regulation per protein. To interpret iTRAQ phosphopeptide ratios, inter-individual variation over all 

phosphopeptides was estimated from separate analysis of resting platelets from pairs of subjects; after 

log2 transformation, this gave a mean SD of 0.385 (range 0.337-0.420, n = 4). Boundaries for relevant 

changes were again set at 2 × SD (2 × 0.385) in comparison to median abundance ratios, for up- or 

down-regulation per phosphopeptide. For comparison of iTRAQ ratios of N-terminal peptides, mean SD 

(log2 transformed) of 4 samples sets was 0.514; again cutoff values for up- and down-regulation were 

set at 2 × SD (2 × 0.515) in comparison to median abundance ratios. 

Data from functional tests were expressed as means ± SE. Statistical significance of differences between 

groups was determined using a 2-way ANOVA. P-values <0.05 considered significant. Lists of ratios were 

compared by the Dunnett's test for multiple groups. 

Platelet global proteome analysis using iTRAQ labels  

Global proteome data were interpreted as follows. Raw data were processed with the program 

Proteome Discoverer 1.4 (Thermo-Fisher Scientific); data were searched against the Uniprot human 

database (August 2012; 20,232 target sequences). Mascot and Sequest were used as search algorithms 

with the following settings: (i) trypsin as enzyme allowing two missed cleavages, (ii) iTRAQ 8-plex at N-

termini and lysines and carbamidomethylation of Cys residues as fixed modifications, (iii) oxidation of 

methionine as variable modification, (iv) mass tolerances for MS and MS/MS were set to 10 ppm and 

0.02 Da, respectively. False discovery rate (FDR) estimation on the level of peptide spectrum matches 

was performed using the peptide validator node with filtering for 1% FDR (high confidence filter). The 

reporter ion quantifier node was used for iTRAQ reporter quantification. Unique proteins quantified 

with at least 2 unique peptides were considered.  

As Proteome Discoverer only provided 7 ratios for the 8 samples, an artificial 113/113 ratio was created 

and set to 1.0 per protein. For each channel a median over all protein log2-ratios was calculated 

(MD1113-121). Next, the median of all eight MD1 values was determined (MD2) to define normalization 

values (NV) per iTRAQ channel by subtracting individual MD1 values from MD2. These NV were used to 
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compensate for individual systematic errors (i.e., unequal sample amounts derived from pipetting errors 

or inaccurate protein quantifying results) and to obtain normalized ratios (NR) per protein. Next, for 

each protein the individual NR were divided by the median over all eight NRs (MD3 = NR/MD(NR113-121)) to 

obtain scaled normalized abundance values (NAV) for all proteins and channels. Using the NAV for each 

condition (e.g., unstimulated) ratios were determined between Scott and healthy platelets and log2-

transformed. Then, for each protein the average log2 ratio and the standard deviation (SD) between 

Scott and healthy platelets were determined. The global median (gMD) and global SD (gSD) were 

determined using all proteins and were: gMD= 0.0, gSD=0.2 (log2 values).  

Experimental Design and Statistical Rationale 

Scott patient against controls platelets 

Purified washed platelets from a healthy control donor (5 x 108/ml) and Scott patient (5 x 108/ml), left 

untreated or activated with thrombin, thrombin/convulxin or ionomycin were used for global label free 

analysis (only untreated conditions), combined iTRAQ global proteome and phosphoproteome analysis 

and for enrichment of N-terminal peptide with ChaFRADIC, using 3 technical replicates only for the 

latter. Furthermore, the same samples were used for Western blot and flow cytometry (1.5 x 108/ml). 

Additionally, for flow cytometry experiments platelets from 2 independent healthy control donors were 

used. For whole blood flow experiments, blood from the only Scott patient and from 4 healthy control 

donors was used. 

For identification of potential calpain substrates, platelets from a healthy control donor (1.5 x 108/ml) 

treated with ionomycin in the presence or absence of calpain inhibitor, calpeptin for 30 min or for 1 h 

with ABT-737, as well in presence or absence of calpain inhibitor, calpeptin. These samples were used 

for N-terminal peptide enrichment with ChaFRADIC in 2 technical replicates. For validation with PRM of 

differentially regulated proteins obtained from global quantitative proteomics, platelets from three 

healthy control donor and platelets from the only Scott patient were used. 

Analysis and statistics 

For combined iTRAQ global proteome and phosphoproteome, inter-individual variation over all 

proteins/phosphopeptides were determined by separate analysis of samples (unstimulated platelets) 

from pairs of healthy subjects. Data sets were log2 transformed and boundaries for relevant changes in 

patient samples were set at ± 2 × SD in comparison to median abundance ratios, to determine up- or 

down-regulation per protein/phosphopeptides. In addition, lists of ratios were compared by the 

Dunnett's test for multiple groups. 

For iTRAQ N-terminal ChaFRADIC, again a deviation of ±-2 x SD (log2 transformed) in distribution curves 

from control platelets were considerate as relevant up-or-down-regulated.  

 



73 
 

Results 

Phenotypic analysis of Scott syndrome platelets 

To confirm the complex altered phenotype of Scott platelets, we analyzed whole blood and isolated 

platelets from a Scott syndrome patient with two likely disruptive mutations in the anoctamin-6 alleles. 

In comparison to blood from healthy control subjects, perfusion of the patient's blood over collagen 

resulted in normal formation of thrombi and normal P-selectin expression (Figure 2A-B), indicating that 

platelet integrin activation and α-granule secretion were unchanged. However, with the patient's blood 

phosphatidylserine exposure was greatly reduced, leaving only small patches of exposed 

phosphatidylserine on some platelets. Earlier, we have established that this near complete failure of 

phosphatidylserine exposure is accompanied by an inability of the platelets to swell and form a balloon-

like morphology [37]. Similarly, isolated platelets from the Scott patient were greatly impaired in 

phosphatidylserine exposure in response to strong Ca2+-mobilizing agonists, such as thrombin/convulxin 

(stimulating thrombin and collagen receptors) and to the Ca2+-ionophore ionomycin (Figure 2C). With 

platelets from control subjects, phosphatidylserine exposure with these agonists was high, i.e., in 41 ± 

5% and 94 ± 1% of the platelets, respectively (means ± SEM, n = 3). As reported before [6], thrombin 

alone induced only 7 ± 2% PS exposure in control platelets, while also this fraction was reduced to 2 ± 

1% in Scott platelets. Additional evidence for decreased calpain activity in thrombin/convulxin-

stimulated Scott platelets came from Western blotting of platelet samples. Using an antibody 

recognizing the intact cytosolic N-terminal site of the integrin β3-chain (Ab762) and an antibody 

recognizing a calpain-cleaved N-terminal site in the β3-chain (Ab754) [11], it appeared that Scott 

platelets showed a relatively high staining with Ab762 and a weaker staining with Ab754 (Figure 2D). 

The Ab754 staining was completely antagonized with two calpain antagonists, calpeptin and MDL-

28170, thus demonstrating calpain-mediated protein cleavage of the integrin. 

Quantitative assessment of the global proteome of Scott platelets 

To assess the platelet protein composition and phosphorylation state, we compared well-purified 

washed Scott and control platelets (contamination with erythrocytes < 1: 15,000, with leukocytes < 1: 

20,000). Freshly isolated platelets stayed unstimulated or were stimulated with high concentrations of 

thrombin, thrombin/convulxin or ionomycin for a prolonged time of 30 min, i.e., at conditions 

comparable to those of the measurements of PS exposure. Samples were lysed, digested with trypsin, 

and labeled with 8-plex iTRAQ reagents for global and phospho-proteome analysis (Figure 1), whereas 

for N-terminal ChaFRADIC samples were iTRAQ labeled on the protein level, multiplexed and digested. 

Using iTRAQ we quantified 2,278 unique proteins with at least two unique peptides (Supplemental 

Datasheet 1). This corresponded to approximately 50% of the estimated platelet proteome [13]. 

Considering a minimum deviation of 2 x SD (log2 transformed) for relevant changes 58 (2.5%) and 46 

(2.0%) of proteins were potentially down- or upregulated in Scott platelets, respectively (Figure 3A). 
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Figure 2. Phenotypic analysis of activated Scott platelets. (A-B) Unchanged platelet deposition and P-selectin expression, but impaired PS 
exposure in collagen-dependent thrombus formation. (A) Thrombi formed by whole-blood perfusion from a control subject or Scott patient 
were stained with FITC-anti-P-selectin mAb and AF647-annexin A5. Representative brightfield and fluorescence images (200 x 165 µm). (B) 
Surface-area-coverage of platelet deposition, P-selectin expression and PS exposure. (C) Impaired PS exposure of Scott platelets stimulated 
with Ca2+-elevating agonists. Washed platelets (1.5 x 108/ml) were activated with thrombin (4 nM), thrombin/convulxin (100 ng/ml, 4 nM) or 
ionomycin (10 µM). Exposure of PS was determined after 30 min of activation. (D) Reduced calpain-dependent integrin β3 cleavage of Scott 
platelets. Washed platelets (5 x 108/ml) were preincubated with vehicle or one of the calpain inhibitors, calpeptin (200 µM) or MDL-28170 (200 
µM), and then stimulated with thrombin/convulxin (100 ng/ml, 4 nM) for 30 min. Western blots were stained for intact integrin β3 with Ab762 
or for cleaved integrin β3 with Ab754. Blots were reprobed with anti-α-tubulin Ab as protein loading control. Lane 1, resting platelets; lanes 2-4, 
thrombin/convulxin stimulated platelets: lane 2, vehicle treatment; lane 3 calpeptin treatment; lane 4, MDL-28170 treatment. Representative 
for 3 experiments. Means ± SE (n = 3-4), *P<0.05 compared to controls (2-way ANOVA). 
 
Owing to potential issue of ratio compression in iTRAQ, we also performed label-free proteome analysis 

[28, 29] of the unstimulated Scott and control platelets. This label-free analysis resulted in the 

quantification of 1,435 unique proteins with at least two unique peptides (Supplemental Datasheet 1). 

This data also pointed to a high similarity of the protein distribution pattern in the Scott and control 

platelets (Figure 3B). Overall, the relative abundance of individual proteins was comparable to earlier 

findings [13]. Importantly, the label-free analysis confirmed most changes in abundance of the patient 

platelets obtained from iTRAQ ratios (Supplemental Table 1).  The protein with the strongest down-

regulation in Scott platelets was anoctamin 6 (gene ANO6) (Supplemental Table 1). The proteins with 

the strongest decrease in Scott platelets further includes signaling & adapter proteins (genes S100A8, 

S100A9) implicated in Ca2+ regulation, and several uncommon secretory proteins (genes PZP, MPO, AGT, 

PON1). On the other hand, the most increased proteins in Scott platelets (Supplemental Table 1) 

surprisingly comprised the membrane channel protein aquaporin-1 (gene AQP1). Most likely, because of 

its apparent absence in control platelets, aquaporin-1 could only quantify in the iTRAQ proteome with 

one regulated peptide, but it was highly upregulated in the label-free proteome with two peptides. The 

list of upregulated proteins also comprises proteins involved in transcription & translation (RPLP2, 

RPLP0); and proteins implicated in platelet activation (CD36, PRKAR2B) and PS binding (ANXA5). 
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Figure 3. Moderate changes in quantitative proteome of Scott platelets. 
(A) Ratios of iTRAQ-labeled fragments of 1,961 unique proteins were 
quantified in highly purified Scott and control platelets (no stimulation). 
Ratios of Scott/control platelets were log2 transformed and plotted as a 
function of the number of proteins. Ratios were considered to be relevant 
if > or < 2 x 0.158 from the median (log2 transformed). Of the 1,961 
proteins, 70 were assigned as downregulated and 64 as upregulated in 
Scott platelets. For pairs of controls subjects (n = 4), this yielded by 
default ~45 proteins in either category. (B) Correlation of normalized area 
values of 1,435 unique proteins from label-free global proteome analysis 
of Scott and control platelets. 
 
 

 
As independent validation of the ANO6 and AQP1 quantification, we also followed a more sensitive 

targeted approach. Using parallel reaction monitoring (PRM) as a high resolution MS/MS technique, we 

quantified peptides/proteins of interest directly in whole platelet digests. Thus, in platelets from three 

healthy controls and the Scott patient, we quantified 6 peptides for ANO6, 2 peptides from AQP1 and, 

as indifferent control proteins, ≥2 peptides from hypoxia upregulated protein 1 (HYOU1) and LIM and 

SH3 domain protein 1 (LASP1). For anoctamin-6, PRM indicated that the residual signal in the Scott 

samples could be attributed to noise, because of clear deviations in mass and peak pattern (Figure 4A). 

Hence, the abundance level of anoctamin-6 in Scott platelets was below the detection limit, i.e., at least 

50-100 times lower than in control platelets (Figure 4B). Aquaporin-1 could not be detected in any of 

the three control samples, whereas it was clearly present in the Scott patient platelets (Figure 4C). As 

expected, abundance levels of the HYOU1 and LASP1 proteins were highly similar in all platelet 

preparations. To confirm, that the increased aquaporin-1 levels in Scott platelets do not derive from 

potential erythrocyte contaminations, we compared our proteomic data with the erythrocyte proteome 

from Wisniewski et al. [38] and thus can exclude that the presence of aquaporin-1 in Scott platelets may 

be explained by erythrocyte contamination. All together, these data pointed to mostly moderate 

changes in the global proteome of Scott platelets with exception of ANO6 and AQP1 proteins. 

Changes in phosphorylation profile of activated Scott platelets 

After iTRAQ labeling and TiO2 enrichment of the pooled Scott and control platelets, we quantified 1,566 

phosphopeptides, corresponding to 709 unique proteins (Supplemental Datasheet 2). Per identified 

phosphopeptide, again we considered iTRAQ ratios as relevant changes, when deviant outside the range 
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of 2 x SD (log2 transformed) in distribution curves from control platelets.  

Long- term (30 min) stimulation of control or patient platelets with thrombin resulted in no more than 

small changes in phosphorylation pattern (Figure 5A). This is in agreement with earlier work showing 

that protein (tyrosine) phosphorylation in thrombin-stimulated platelets peaks within 1 min [39], and is 

mostly returned to resting levels after 10 min [40]. 
 

 
Figure 4. High-resolution parallel reaction monitoring 
(PRM) for validation. (A) Representative PRM analysis 
of the anoctamin-6 peptide 167VLSVDESIIKPEQ 
EFFTAPFEK188 in control and Scot platelets. Note that 
the correct peptide at retention time of 31.0 min was 
present in the control but not patient sample, whereas 
the background peaks at 31.2 min show similar 
patterns and intensities. Because of the mass 
deviation of -35.2 ppm and the incomplete peak 
pattern, the residual signal at 31.03 min in the Scott 
sample can be assigned to noise. (B) Normalized 
abundance of 6 peptides from anoctamin-6, 
representing different parts of the protein, in Scott 
platelets and platelets from three controls. Peptides 
analyzed were 97QAYESNLICHGLQLEATR114, 
167VLSVDESIIKP EQEFFTAPFEK188 (residual Scott signal 
can be attributed to noise, see above), 
191MNDFYIVDR199, 243AAFPLHDCK251, 335EVCHPDIGGK344, 
and 649WEQDYHLQPM GK660. (C) Normalized 
abundance of peptides from anoctamin-6 (ANO6, 6 
peptides), aquaporin 1 (AQP1, 2 peptides), hypoxia up-
regulated protein 1 (HYOU1, 4 peptides), and LIM and 
SH3 domain protein 1 (LASP1, 5 peptides). Intensities 
for the patient sample were set to 1.0 and compared 
to 3 control samples (except for ANO6). 
 
 

 

In contrast, platelet stimulation with thrombin/convulxin or ionomycin dramatically increased the 

overall phosphorylation state. Comparing ratio values of Scott to control platelets, these agonists 

evoked an increased phosphorylation in 404 and 206 peptides, respectively (Figure 5B). Conversely, the 

same agonists evoked a decreased phosphorylation in 25 and 105 peptides, respectively. On the other 

hand, we assessed that 90% of the phosphopeptides that were upregulated in activated control 

platelets were also increased in the patient's platelets (Figure 5C). For the downregulated 

phosphopeptides, lower percentages were obtained (Figure 5D). Comparative analysis for the 

upregulated phosphopeptides indicated a significant overall increase in the patient's platelets after 

stimulation with thrombin/convulxin or ionomycin (Figure 5E) as compared to the control. Also for the 

downregulated phosphopeptides, relative abundance levels in the Scott platelets were significantly 

increased after thrombin/convulxin (Figure 5F). Jointly, these data pointed to an overall increased 

phosphorylation state of the activated Scott platelets, especially after stimulation with 

thrombin/convulxin. 

Assignment tabling indicated that mostly Scott proteins of the following functional classes were 

increased in phosphorylation: cytoskeleton-linked; signaling & adapter proteins; small GTPases and 



77 
 

regulators; protein kinases & phosphatases; and membrane receptors & channels (Table 1). Zooming in 

to proteins with the strongest changes (Supplemental Table 2) revealed decreased phosphorylation in 

Scott platelets of several signaling & adaptor proteins (genes PDE3A, ENSA, NCK2, STIM1), proteins 

implicated in phosphatidylserine exposure [3, 39], i.e., BLC2 (BNIP2). The highest increases in 

phosphorylation of Scott platelets were seen for several cytoskeletal-linked proteins (SEP6, DBNL, PLEK, 

TNS1, PDLIM7, MYH9, TNL1), and the small GTPase activator ARHGAP6. These lists contain considerable 

overlap with the phosphoproteome changes reported for human platelets activated with thrombin or 

oxidized phospholipids [16]. Together, these data suggested that the altered phosphorylation pattern of 

Scott platelets upon strong stimulation involves multiple cytoskeletal-linked proteins and modulators of 

phosphatidylserine exposure. 

 
Table 1. Overview of differences in phosphoproteome of Scott platelets compared to healthy control platelets 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1,566 quantified phosphosites corresponding to 709 proteins were assigned to 21 platelet function classes. Numbers or percentages are shown 
per function class of phosphopeptides with decreased or increased phosphorylation in activated Scott platelets in comparison to control 
platelets. Changes in abundance were considered to be relevant for phosphopeptide ratios <0.590 or >1.748. 
 
 
Identification of platelet proteins cleaved by calpains or caspases 

Platelet phosphatidyl exposure is accompanied by activation of intracellular proteases, such as calpain 

isoforms in platelets that are stimulated with strong Ca2+-elevating agents [11] or with Ca2+-independent 

Down Up Down Up Down Up

Cytoskeleton actin-myosin 2% 3% 35% 7% 20% 146

Cytoskeleton intermediate 33% 6
Cytoskeleton microtubule 1% 4% 3% 36% 7% 7% 73
Cytoskeleton receptor-linked 1% 5% 1% 26% 10% 13% 111
Endosomal proteins 29% 7
ER & Golgi proteins 8% 17% 8% 13% 24
Glucose metabolism 13% 13% 6% 6% 16
Lysosome & peroxisome proteins 67% 67% 3
Membrane & protein trafficking 3% 4% 2% 25% 5% 7% 102
Membrane receptors & channels 3% 3% 1% 22% 9% 13% 184
Mitochondrial proteins 38% 13% 13% 8
Other metabolism 4% 9% 11% 9% 15% 46
Other nuclear proteins 2% 26% 2% 7% 43
Phospholipid regulation 100% 100% 1
Proteasome 3% 5% 2% 14% 2% 9% 58
Protein kinases & phosphatases 1% 3% 3% 24% 6% 15% 151
Secretory proteins 5% 5% 11% 11% 19
Signalling & adapter proteins 5% 3% 2% 28% 6% 17% 259
Small GTPases & regulators 3% 4% 1% 29% 11% 12% 166
Transcription & translation 2% 5% 26% 14% 58
Unknown 3% 4% 1% 26% 5% 13% 80
Total 42 54 25 403 105 206 1564

Thr Thr/Cvx Iono total p-
peptidesFunctional class
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caspases in apoptotic platelets [41]. As Western blots indicated that calpain-mediated integrin cleavage 

is impaired in Scott platelets, we set to determine the substrates of this protease in platelets. 

To identify calpain substrates in platelets we combined two different approaches. First, as reports on 

calpain cleavage specificity were controversial, we aimed at defining a consensus motif.  

Therefore, we digested lysates from control platelets in vitro with purified calpain to first obtain insights 

into the general cleavage pattern, rather than to identify in vivo substrates 

. The digested sample was analyzed by LC-MS, followed by database searches without enzyme 

specificity. This resulted in a list of 2,224 unique peptides at 1% FDR corresponding to 375 proteins. 

These peptides were used to determine a cleavage pattern with Icelogo, identifying amino acids 

overrepresented in the proximity of the cleavage site (Figure 6).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Phosphoproteomic changes in Scott platelets subjected to strong activation. iTRAQ-based quantification of (un)stimulated control 
and Scott platelets. Stimulation for 30 min was with thrombin (Thr), thrombin/convulxin (Thr/Cvx) or ionomycin (Iono). Abundance ratios per 
identified phosphopeptide were classified as changed when outside the range (log2 transformed) > or < 2 x 0.385 compared to the median of 
unstimulated cells (see Methods). 0, stable. (A) Numbers of up- and downregulated phosphopeptides in response to agonists. (B) Numbers of 
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up- and downregulated phosphopeptides in (stimulated) Scott platelets vs. control platelets. (C-D) Numbers of up- and downregulated 
phosphoproteins in control platelets with similar change in Scott platelets. (E-F) Box plots of Scott/control ratios of all phosphopeptides, 
assessed as upregulated and downregulated in ionomycin-stimulated control platelets, per agonist condition. ***, Significant with Dunnett's 
test for multiple groups. 
 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 6. Experimentally predicted calpain cleavage motif. LC-MS analysis of an in vitro platelet digest identified 2,224 high confident calpain-
generated peptides, corresponding to 375 unique proteins. Icelogo representation of P4-P4’ positions (4 amino acids upstream to 4 amino acids 
downstream of the cleavage site) of the obtained peptide data to visualize the experimentally obtained calpain cleavage consensus motif. Large 
size characters indicate amino acids with a large positive or negative predictive contribution to calpain cleavage. 
 

Second, we used our recently developed ChaFRADIC workflow for determination of neo-N-terminal 

peptides formed in vivo upon proteolytic cleavage [17, 18]. Thus, intact control platelets were 

stimulated with Ca2+-mobilizing ionomycin or the pro-apoptotic agent ABT-737 in the presence or 

absence of calpain inhibitor calpeptin or caspase inhibitor QVD-Oph [11]. Quantitative analysis of the 

platelet lysates by ChaFRADIC revealed 227 neo-N-terminal peptides with a >3-fold increased levels in 

ionomycin-stimulated platelets, 180 of which were inhibited by calpeptin, but not by QVD-Oph 

(Supplemental Table 3A). These 180 calpeptin-sensitive neo-N-terminal peptides corresponded to 106 

proteins. The vast majority of in vivo identified substrate proteins were also present in the in vitro list. 

The in vivo list includes proteins previously found to be cleaved in PS-exposing platelets, namely Src 

kinase (SRC) and talin-1 (TLN1) [11]. Interestingly, many of the proteins seemed to be cleaved by calpain 

on multiple sites, e.g., caldesmon (CALD1), a calpain-1 subunit (CAPNS1), kindlin-3 (FERMT3), filamin-A 

(FLNA), myosin-9 (MYH9), talin-1 (TLN), vasodilator-stimulated phosphoprotein (VASP) and zyxin (ZYX) 

that are cleaved at four or more positions. The majority of the 106 proteins could be assigned to the 

following functional classes: cytoskeleton-linked, membrane & protein trafficking, or signaling & adapter 

proteins (Figure 7A). 

In the apoptotic ABT-737-treated platelets, we identified 45 neo-N-terminal peptides with a >3-fold 

increase, 23 of which were inhibited by QVD-Oph, but not calpeptin (Supplemental Table 3B). The 
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corresponding 23 proteins, in part overlapped with the calpain-cleaved proteins − e.g. α-actinin-1 

(ACTN1), FERMT3, glycoprotein Ibα (GPIBA), FLNA, leucine-rich repeat flightless-interacting protein 1 

(LRRFIP1), MYH9, nexilin (NEXN), and Pyk2 (SKAP2) − but were caspase-cleaved at a different position. 

The 23 identified caspase substrates mostly categorized as cytoskeletal-linked or signaling & adaptor 

proteins (Figure 7B). Together, these results revealed a pattern of distinct cleavage sites by calpains and 

caspases in platelets, in particular of cytoskeletal-associated and signaling proteins.  

Changes in N-terminal proteome of activated Scott platelets 

Next, we conducted quantitative N-terminal ChaFRADIC to follow aberrant calpain activity in Scott 

platelets. Thus, also platelets from the Scott patient and control subject were analyzed by quantitative 

N-terminal ChaFRADIC. We quantified 1,596 N-terminal peptides between Scott and control platelets 

that were either unstimulated, or stimulated with thrombin, thrombin/convulxin or ionomycin 

(Supplemental Datasheet 3). Considering again a deviation of 2 x SD (log2 transformed) in distribution 

curves from control platelets as relevant changes, we found that only thrombin/convulxin and 

ionomycin caused major changes in abundance of N-terminal peptides, both in control and Scott 

platelets (Figure 8A). The same agonists also induced major changes in the ratios of N-termini in Scott 

versus control platelets (Figure 8B). In control platelets stimulation induced upregulation of 2 

(thrombin), 223 (thrombin/convulxin), and 318 (ionomycin) N-terminal peptides, respectively, the 

majority of which was also increased in the Scott platelets (Figure 8C). Markedly, taken together all 318 

upregulated N-termini, the extent of upregulation was significantly decreased in thrombin/convulxin 

stimulated Scott platelets (Figure 8E). When reducing this list from 318 to 37 upregulated N-terminal 

peptides with confirmed cleavage by calpain, as derived from our consensus sequence and inhibitor 

data, we found that calpain cleavage-mediated upregulation was significantly reduced in Scott platelets 

after stimulation with thrombin/convulxin, whereas it was more pronounced after stimulation with 

ionomycin (Figure 8F). Plotting of the altered N-terminal peptides in Scott versus control platelets 

indicated that these more were decreased in the patient, such in contrast to the higher numbers with 

increased phosphorylation of many phosphopeptides (Figure 9A-B). Concerning the calpain-cleaved N-

termini, thrombin/convulxin stimulation led to an overall decrease, while ionomycin stimulation led to 

an increase (Figure 9C). Overall, these data pointed to a reduced calpain activity in the Scott platelets 

when stimulated with thrombin/convulxin, and an increased activity after ionomycin stimulation.  

The latter difference was surprising, but can be explained by the protection of Scott platelets to 

membrane dysregulation during swelling and PS exposure at the high intracellular Ca2+ concentration 

reached with ionomycin, which may prolong the calpain activity before the cells die.  

Interestingly, the top-15 of decreased N-terminal peptides in the Scott patients (arranged according to 

ratios obtained with thrombin/convulxin) showed in majority (i) a cleavage pattern with two or more of 

our consensus amino acids for calpain cleavage and (ii) a complete inhibitory effect of calpeptin, as 
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established for control platelets (Supplemental Table 4A). This confirmed that these N-terminal peptides 

were generated upon calpain cleavage. The top-15 of decreased neo-N-terminal peptides in the Scott 

patient included cytoskeleton-linked proteins (genes DBLN, DNM1L, MAPRE1, NEXN, SMIM1, TLN1 and 

ZYX) and key regulatory signaling proteins (DOK3, FYB, GSK3B, PDE3A, VASP).  

In contrast, the top-15 of increased N-termini concerned a variety of proteins with cleavage sites which 

were not inhibited by calpeptin (Supplemental Table 4B). Hence, these cleavage sites are unlikely to be 

calpain-mediated. Collectively, also this analysis showed a decreased calpain-dependent formation of N-

termini in convulxin/thrombin-stimulated Scott platelets. Interestingly, the majority of the identified 

calpain cleavage sites differ from those in previous lists of N-termini in human platelets [42], likely 

because these were obtained from unstimulated, stored platelets rather than from activated platelets, 

as in the present paper. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Class distribution of calpain- and caspase-cleaved proteins in platelets. Control platelets were stimulated with ionomycin (30 min) or 
ABT-737 (60 min) in the presence or absence of calpain inhibitor calpeptin or caspase inhibitor QVD-OPh (see Suppl. Table I). (A) Distribution of 
106 identified calpain-cleaved proteins over platelet function classes (>3-fold increased cleavage with ionomycin and >50% reduction with 
calpeptin). (B) Distribution of 23 identified caspase-cleaved proteins over platelet function classes (>3-fold increased cleavage with ABT-737 
and >50% reduction QVD-OPh). 
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Figure 8. Changes in N-terminal peptides in Scott platelets subjected to strong activation. iTRAQ-based quantitative N-terminal ChaFRADIC 
was used to quantify changes in N-terminal peptide abundance between (un)stimulated control and Scott platelets, in order to identify 
alterations in proteolytic activity. Stimulation for 30 min was with thrombin (Thr), thrombin/convulxin (Thr/Cvx) or ionomycin (Iono). 
Abundance ratios per identified peptide were classified as changed when outside the range (log2 transformed) > or < 2 x 0.504 compared to 
the median of unstimulated cells. (A) Numbers of up- and downregulated N-terminal peptides in response to agonists. (B) Numbers of up- and 
downregulated peptides in (stimulated) Scott platelets vs. control platelets. (C-D) Numbers of up- and downregulated N-terminal peptides in 
control platelets with similar change in Scott platelets. (E) Box plot of Scott/control ratios of all 318 N-terminal peptides assessed as 
upregulated in ionomycin-stimulated control platelets, per agonist condition. (F) Similar box plot, but for 37 confirmed calpain-cleaved N-
terminal peptides per agonist condition. ***, Significant with Dunnett's test for multiple groups. 
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Figure 9. Altered protein phosphorylation and proteolytic cleavage in activated Scott platelets. Samples of Scott and control platelets were 
left unstimulated, or were stimulated for 30 min with thrombin (Thr), thrombin/convulxin (Thr/Cvx) or ionomycin (Iono). Overview per agonist 
condition: (A) changes in all 1,566 phosphopeptides for (un)stimulated Scott platelets vs. control platelets; (B) changes in all 1,596 N-terminal 
peptides for (un)stimulated Scott platelets vs. control platelets; (C) changes in 110 N-terminal peptides identified as calpain-cleaved for 
(un)stimulated Scott platelets. 

 
Discussion 
Here we provide a first comprehensive quantitative analysis of the protein composition, protein 

phosphorylation state and protein cleavage pattern of isolated primary human cells, i.e. well-purified 

blood platelets. By applying these sensitive proteomics techniques to platelets of a patient with the 

congenital Scott syndrome with mutations in the ANO6 gene, and a complex altered phenotype 

(deficiency in Ca2+-dependent swelling, phosphatidylserine exposure and protein cleavage), we could 
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obtain detailed insight into the changes in post-translational protein modifications after stimulation of 

the platelets with strong Ca2+-mobilizing agonists; and moreover, into the suspected role of the Ca2+-

dependent ion channel anoctamin-6 into these changes. It is relevant to note that the observed 

phenotypic changes in patient blood samples, which were also used for the proteomic analysis, 

correspond well to those earlier described for platelets from Scott patients [3, 6, 11] as well as for 

platelets from anoctamin-6 deficient mice [12]. Another note is that the availability of platelets of only 

one Scott patient is a limitation of our study. 

For all proteomics datasets, we systematically compared the changes induced by strong Ca2+-mobilizing 

agonists (thrombin/convulxin or ionomycin) and the differences between control and Scott platelets. 

Data were always compared to platelet samples from different healthy donors, in order to establish 

normal variability. For detecting differences in protein abundance of post-translational modification, we 

used relatively low threshold levels of 2 x SD, taken from normal distribution curves, in order not to lose 

relevant information. On the other hand, to compensate for false-positive results, we systematically 

used two or three ways of data analysis to pinpoint the most consistent alterations in the proteome of 

Scott platelets. 

Analysis of the quantitative proteome indicated that anoctamin-6 was essentially absent in Scott 

platelets, while several other (Ca2+ signaling) proteins were partly reduced in abundance. These changes 

were confirmed by PRM. Of interest is the appearance of the channel protein aquaporin-1 in Scott but 

not in control platelets (3 individuals). It is possible that the increased presence of aquaporin-1 is 

compensatory for the anoctamin-6 ion channel deficiency. This is in agreement with the recently 

established role of aquaporin water channels in platelet morphological changes such as ballooning [37]. 

The link of the latter finding to the Scott syndrome needs to be confirmed, but waits for diagnosis of 

new patients, given that the presently included patient is the only one accessible for blood donations 

worldwide. Analysis of platelets from anoctamin-6 deficient mice might be an alternative [12], but will 

raise questions because of the different protein profile of mouse platelets in comparison to human 

platelets, particularly regarding activation pathways. 

Quantification of 1,566 phosphopeptides revealed a high similarity between Scott and control platelets 

after 30 min of thrombin activation. After stimulation of either type of platelets with 

thrombin/convulxin or ionomycin - both conditions that induce prolonged Ca2+ increases, we noted an 

overall increase in upregulated phosphorylation sites. The possible explanation is calpain-mediated 

inactivation of prominent Ca2+-dependent phosphatases in platelets. Furthermore, with these agonists 

we determined on average higher phosphorylation levels in the Scott platelets compared to control 

platelets (see Table 1). In particular, phosphorylation in the patient platelets was increased in multiple 

proteins regulating the cytoskeleton and implicated in phosphatidylserine exposure. Detailed analysis 

indicated that the majority of phosphopeptides upregulated in stimulated control platelets was also 

upregulated in the patient platelets, yet at a higher extent. Likely, this is a consequence of the longer 
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viability of the Scott platelets after stimulation with convulxin/thrombin or ionomycin, as these cells do 

not swell and their membranes are less dysfunctional as a consequence of anoctamin-6 induced 

phospholipid scrambling. Whether aquaporin-1 can have a (compensating) role in the altered signaling 

is unknown. Assignment tabling indicated that mostly proteins were increased in phosphorylation that 

were cytoskeleton-linked or were involved in signaling (membrane receptors & channels; protein 

kinases & phosphatases; signaling & adaptor proteins; small GTPases and regulators). Interestingly, 

platelet stimulation for 30 min stimulation with thrombin alone did not result in significant 

phosphorylation changes, in spite of the fact that this agonist evoked granule secretion and long-term 

integrin activation. Accordingly, after long-term stimulation with thrombin, the majority of protein 

phosphorylation changes must have been re-equilibrated to the level at basal conditions. 

ChaFRADIC analysis gave in total 1,596 N-terminal peptides in patient and control platelets, 180 of 

which were confirmed to be calpain-regulated (corresponding to 106 proteins). We further identified a 

distinct set of 23 N-termini (23 proteins) as caspase-regulated. Strikingly, in Scott platelets stimulated 

with convulxin/thrombin, the calpain-produced N-termini were significantly down-regulated, in 

particular from cytoskeleton-linked and signaling proteins. This is in agreement with Western blot 

analyses showing a reduced cleavage of Src kinase and talin-1 in convulxin/thrombin stimulated Scott 

platelets [11]. It is tempting to relate the decreased protein cleavage to the increased protein 

phosphorylation, but this is still unclear. On the other hand, ionomycin stimulation with prolonged high 

cytosolic Ca2+ appeared to evoke more calpain-mediated protein cleavage in Scott platelets, not unlikely 

because of their prolonged survival allowing the Ca2+-dependent calpain more time for proteolytic 

activity. Taken together, our multi-pronged proteomic profiling has provided novel insight into the 

altered protein composition and post-translational protein machinery, which can explain major Ca2+- 

and cytoskeleton-dependent membrane alterations in Scott syndrome platelets. 
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Abstract 

Patients with Albright hereditary osteodystrophy (AHO) are diagnosed with pseudohypoparathyroidism, 

with as common feature impaired signaling of parathyroid hormone and other hormones, especially 

when inherited maternally. The syndrome is accompanied by mutations in the GNAS complex gene 

locus for Gsα, resulting in impaired cellular signaling via Gsα, adenylate cyclase and cAMP-dependent 

protein kinase A (PKA). In platelets from patients with AHO, we observed a partially impaired ability of 

prostaglandins (prostaglandin E1 or iloprost) to inhibit multiple platelet functions in terms of platelet 

aggregation, secretion and thrombus formation. By using quantitative proteomics technologies, we for 

the first time determined in platelets from an AHO patient the changes in the protein abundance and 

protein phosphorylation pattern that are: (i) linked to defective Gsα activity, (ii) mediated by PKA and, 

(iii) explanatory for the multiple changes in platelet functions. Whereas the global proteome was in 

essence unchanged, multiple proteins of the following categories had sites of reduced phosphorylation 

in the patient: Cytoskeleton actin-myosin, Membrane receptors & channels, Protein kinases & 

phosphatases, Signaling & adapter proteins, and Small GTPases & regulators. Taken together, this work 

demonstrates that quantitative platelet phosphoproteomics can be a powerful tool to detect altered 

phosphorylation in patients in accordance with the aberrant signaling expected from the diagnosis. We 

furthermore provide a list of 149 iloprost-stimulated, mostly PKA-mediated protein phosphorylation 

events that can be used for the assessment of altered signal transduction of platelets in AHO and 

related diseases. 

 

Abbreviations: 
 
AC, adenylate cyclase; acetonitrile, acetonitrile; ACD, acid-citrate glucose solution; AGC, automatic gain 

control; AF, Alexa fluor; AHO, Albright hereditary osteodystrophy; DiOC6, 3,3’-dihexyloxacarbocyanide 

iodide; FDR, false discovery rate; GTP, guanosine triphosphate; Gsα, G-protein α-subunit; Me-ADP, 2-

methylthioadenosine 5'-O-diphosphate; NAV, normalized abundance value; PAR-1, proteinase-activated 

receptor-1; PGE, E-type prostaglandin; PKA, cAMP-dependent protein kinase A; PPACK, D-phenylalanyl-

prolyl-arginyl chloromethyl ketone; PPHP, pseudopseudohypoparathyroidism; PRP, platelet-rich plasma; 

PSM, peptide spectrum matches; trifluoroacetic acid, trifluoroacetic acid; VASP, vasodilator-stimulated 

phosphoprotein 
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Introduction 
 
The G-protein α-subunit, Gsα, is encoded by the imprinted complex gene locus GNAS [1-3]. When 

activated through a variety of Gsα-linked transmembrane receptors, it acts as a main stimulating 

effector of adenylate cyclase (AC), which produces the ubiquitous second messenger cAMP [4]. 

Elevation in cAMP triggers several intracellular signaling pathways, in particular mediated by the broad-

spectrum serine/threonine cAMP-dependent protein kinase A (PKA) [5]. The classical signaling route of 

Gsα-AC-PKA is active in all cells, and regulates multiple physiological processes such as developmental, 

differentiation and metabolic activities, as well as secretory and cytoskeletal responses [6]. Despite the 

abundant presence of PKA, relatively little is known of its protein substrates in specific cell systems. 

In platelets, the Gsα-AC-PKA pathway is one of the most powerful inhibitory pathways of activation 

processes. Elevation in cAMP – next to cGMP – is a main mechanism to keep platelets quiescent while 

circulating in the blood and thus, to prevent adhesion, shape change, aggregation and release of 

autocrine and paracrine stimulating agents [7-9]. Key triggers of the PKA pathway are the Gsα-coupled 

IP and EP receptors [10], which are ligated by endothelial-derived prostaglandin I2 (prostacyclin) and E-

type prostaglandins like PGE1, respectively [11, 12]. These prostaglandins thus cause cAMP elevation 

and PKA activation, which suppresses pseudopod formation, Ca2+ fluxes, integrin activation, granule 

secretion and procoagulant activity [13-16]. 

Genetic variation in the GNAS locus can affect the regulation of blood pressure and increase the risk of 

cardiovascular disease [17]. Patients with several pathologies have been described with mutations in 

GNAS and altered Gsα function [18, 19]. In patients with the infrequent Albright hereditary 

osteodystrophy (AHO), a heterozygous inactivating mutation in the GNAS gene locus leads to 

hypofunction of the Gsα protein [20-22]. These patients are diagnosed with pseudohypoparathyroidism, 

type Ia (PHPIa), due to impaired signaling of parathyroid hormone and other hormones [22, 23]. 

Frequent characteristics are hormonal resistance, abnormal postural and facial features, brachydactyly 

and subcutaneous calcifications. Patients usually inherit the disease characteristics from their mother, 

as the maternal GNAS allele is preferentially expressed in specific tissues (paternal transmission without 

hormone resistance is classified as pseudopseudohypoparathyroidism, PPHP) [24]. In hematopoietic 

cells such as erythrocytes, both alleles are known to be expressed [25]. Earlier, Freson and colleagues 

have shown that the Gsα defect in patients with AHO (PHPIa) can be identified by determining the low 

responsiveness of platelets to the IP receptor agonist iloprost (a prostacyclin mimetic) or the EP 

receptor agonist PGE1 [26]. The same group has also described a rare patient with compound 

heterozygous Gsα deficiency (different mutations in either allele), and about 15% Gsα activity in 

platelets, which was accompanied by prothrombotic phenotype, pointing to a role of this G protein in 

human thrombosis and hemostasis [27]. 
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Recently, we have used protein mass spectrometry for the quantitative analysis of the proteome [28], 

and the iloprost-induced phosphoproteome [29] of human platelets, isolated from fresh blood 

donations. The high similarity of the (phospho)proteome of platelets from healthy individuals makes it 

possible to search for protein aberrations in platelets from patients with congenital deficiencies [30]. 

Here, we have combined the workflows for a combined analysis of both the global proteome and the 

phosphoproteome using small platelet samples. 

In the present paper, we aimed to evaluate whether phosphoproteomics can be used to detect altered 

signaling in platelets from patients with established or suspected signaling defects. More specifically, as 

a proof-of-principle we elucidated the molecular alterations in the Gsα-AC-PKA pathway in platelets 

from a patient with AHO. Using quantitative proteomics, we determined changes in the protein 

expression and protein phosphorylation patterns that are: (i) linked to defective Gsα activity, (ii) 

mediated by PKA and, (iii) explanatory for the changes in platelet functions. The data pave the way for 

pre-clinical identification of patients with assumed platelet abnormalities, such as patients with 

suspected AHO and related diseases based on the assessment of a modified signal transduction. 

Experimental procedures 

Materials 

Iloprost was obtained from Bayer Schering Pharma (Leverkusen, Germany), and PGE1 from Fluka-Sigma 

Aldrich (Buchs, Switzerland). Horm type I collagen was purchased from Nycomed (Munich, Germany), 

thromboxane A2 receptor agonist U46619 from Cayman Chemical Company (Ann Arbor MI, USA), 2-

methylthioadenosine 5'-O-diphosphate (Me-ADP) from Sigma Aldrich (Buchs, Switzerland). Convulxin 

was purified to homogeneity from crude snake venom [31]. Proteinase-activated receptor-1 (PAR-1) 

agonist peptide SFLLRN was from Bachem (Bubendorf, Switzerland). Fluorescein isothiocyanate (FITC)-

labeled antibody against P-VASP (phospho-Ser239) was from nanoTools (Teningen, Germany), Alexa 

Fluor (AF)647-labeled fibrinogen from Invitrogen Life Technologies (Bleiswijk, The Netherlands), FITC-

labeled anti-CD62P mAb against P-selectin from Beckman Coulter (Marseille, France), and FITC-labeled 

PAC1 mAb against activated αIIbβ3 integrin from Becton Dickinson (San Jose CA, USA). The membrane 

probe DiOC6 came from Anaspec (Reeuwijk, The Netherlands). 

Patients and controls 

Blood was obtained from healthy volunteers and from patients with established AHO, after full 

informed consent and in accordance with the Declaration of Helsinki. Experiments were approved by 

the local Medical Ethical Committee. Two familial related patients (mother I and son II) with Albright 

hereditary osteodystrophy (AHO) were investigated, diagnosed with symptomatic 

pseudohypoparathyroidism type Ia (OMIM: 103580), short stature and brachydactyly, who carried a 

heterozygous single nucleotide substitution in exon 1 (c.1A→G) of the GNAS complex locus encoding 

Gsα [32]. This mutation has been described to abolish expression of the mature Gsα protein, which in 
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case of heterozygosity causes a partly reduced Gsα bioactivity in blood cells [22]. Patient II, as a child, 

was only accessible for a single (remnant) blood sample. Hence, the majority of experiments were 

performed with blood from patient I. Blood donors did not use antiplatelet or anticoagulant medication 

for at least two weeks. 

Blood collection and platelet preparation and isolation 

For whole blood perfusion experiments, blood was collected into 0.1 volume of saline containing D-

phenylalanyl-prolyl-arginyl chloromethyl ketone (PPACK, 40 μM) and fragmin (40 units/ml) [33]. For light 

transmission aggregometry, blood samples were collected into 0.1 volume of 129 mM trisodium citrate. 

The latter were used for preparation of platelet-rich plasma (PRP) by centrifuging at 240 g for 15 min, 

and platelet-free plasma by centrifuging twice at 2,630 g for 10 min. Platelet counts were determined 

with a thrombocounter (Coulter Electronics; Woerden, The Netherlands). 

For measurements with washed platelets, including proteomics analyses, blood samples were collected 

into 0.1 volume of acid-citrate glucose solution (ACD, 52 mM citric acid, 80 mM trisodium citrate, 180 

mM D-glucose) [34]. PRP was obtained by centrifuging at 240 g for 15 min. After addition of 0.066 

volume of ACD, platelets were pelleted by centrifugation at 870 g for 15 min. The platelets were then 

resuspended in Hepes buffer pH 6.6 (136 mM NaCl, 2.7 mM KCl, 10 mM Hepes, 2 mM MgCl2 and 0.1% 

D-glucose), while carefully excluding the bottom layer of red cells. After addition of 0.066 volume of 

ACD and apyrase (1 unit/ml), the platelets were washed by centrifugation at 2,000 g for 5 min and 

resuspended in Hepes buffer pH 7.45 (136 mM NaCl, 2.7 mM KCl, 10 mM Hepes, 2 mM MgCl2, 0.1% D-

glucose), again by excluding the bottom layer of erythrocytes. Purity of the final platelet suspensions (1-

2 × 108/ml) was assessed with a thrombocounter and by microscopic analysis. Contamination of 

platelets with red blood cells was < 1:15,000 and with leukocytes was < 1:20,000. 

Light transmission aggregometry 

Aggregation of PRP (3 × 108 platelets/ml) was measured with an automated Chronolog aggregometer 

(Havertown PA, USA). Samples were pre-incubated with vehicle (ethanol), PGE1 or iloprost for 4 min, 

and activated with U46619 (5 µM), Me-ADP (5 µM), SFLLRN (15 µM), convulxin (10 ng/ml) or collagen (5 

µg/ml) at 37 °C. Platelet aggregation rate was determined from the slopes of curves (% transmission 

change per min). 

Cyclic AMP measurements 

Levels of cyclic AMP were measured, similarly as described before [35]. Washed platelets (2 × 108/ml) in 

Hepes buffer pH 7.45 were incubated with vehicle (ethanol) or PGE1, and samples of 200 μL were taken 

at different time points. Reactions in the samples were stopped with ice-cold 70% ethanol, and the 

mixtures were frozen in liquid nitrogen. cAMP was measured in thawed samples using the Biotrak 

enzyme immunoassay system (Amersham Pharmacia Biotech; Eindhoven, The Netherlands). 
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Thrombus formation and platelet activation under flow 

To measure whole-blood thrombus formation, coverslips were coated with type I collagen and mounted 

into a parallel-plate flow chamber as previously described [36]. Samples of PPACK-anticoagulated blood, 

pretreated for 4 min with vehicle, PGE1 (100 nM) or iloprost (10 nM), were perfused over the collagen 

surface at a wall shear rate of 1000 s-1 for 4 min. Where indicated, the membrane probe DiOC6 (0.5 

µg/ml) was added to the blood as well as AF647-labeled fibrinogen (16.5 µg/ml) to measure platelet 

adhesion and integrin αIIbβ3 activation, respectively [36]. Thrombi on coverslips were post-stained with 

FITC-labeled anti-CD62P mAb (25 μg/ml) [37]. Brightfield differential interference contrast and confocal 

fluorescence images were taken, as described [38]. Microscopic images were analyzed for surface area 

coverage using Image J (version 1.48g, US NIH; Bethesda MD, USA) [36]. 

Flow cytometry 

For flow cytometry, samples of PRP (3 × 108 platelets/ml) were incubated with vehicle (ethanol) or PGE1 

for 4 min, and then activated with convulxin (10 ng/ml) or SFLLRN (15 µM). After 20 min of agonist 

stimulation, P-selectin expression and integrin αIIbβ3 activation were determined with FITC-labeled anti-

CD62 mAb and FITC-labeled PAC1 mAb, respectively [34]. 

For analysis of VASP phosphorylation as a measure of Gs stimulation, samples of purified, washed 

platelets (1 × 108/ml) were incubated with vehicle or iloprost (0.5-10 nM) for indicated time, after which 

reactions were stopped with 2% formaldehyde (in filtered phosphate-buffered saline with 0.2% bovine 

serum albumin). Fixed samples were centrifuged at 2,000 g for 2 min, and pellets were washed twice 

with phosphate-buffered saline. The fixed and washed platelets were again resuspended in phosphate-

buffered saline containing 0.1% saponin for membrane permeabilisation during 15 min. After addition 

of FITC-labeled anti-P-VASP Ab (1:1000), samples were incubated for 30 min at room temperature. For 

all measurements (10,000 events/sample), a BD Accuri C6 flow cytometer was used (San Jose, CA, USA). 

Sample preparation for proteome analysis 

For proteomics analyses, purified washed platelets (1 × 108/ml) in Hepes buffer pH 7.45 were left 

untreated or treated with iloprost (1-10 nM) for 1 min at 37 °C (under non-stirring conditions). 

Reactions were stopped by addition of 50% lysis buffer (50 mM Tris, 150 mM NaCl, 1% SDS, 1 tablet 

Roche PhosStop/7 ml buffer, pH 7.8), and incubation on ice. Lysed samples were directly stored at -80 °C 

until further use. Parallel platelet samples were used for VASP-P determination. 

Protein digestion and iTRAQ labeling for proteomics analysis 

Sample preparation, proteolytic digestion, quality control and iTRAQ labeling were based on previously 

described methods [28, 29, 39]. Lysed samples of well purified platelets (2 × 108) were diluted to the 

same protein concentration (checked with a bicinchoninic acid protein assay kit; Pierce, Thermo-Fisher 

Scientific, Bremen, Germany). Cysteines were then reduced with 10 mM dithiothreitol (30 min, 56 °C) 

and free sulfhydryl groups were alkylated (30 min, room temperature) with 30 mM iodoacetamide, 
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respectively. Afterwards, each subsample containing 100 µg of protein was 10-fold diluted with ice-cold 

ethanol and incubated for 1 hour at -40 °C. Samples were centrifuged for 30 min at 4 °C and 18,000 g, 

and the supernatant was carefully removed. Next, precipitates were washed using 50 µl of ice-cold 

acetone, followed by 15 min centrifugation as above. This step was repeated once.  

Precipitated proteins were solubilized in 6 M guanidine hydrochloride, diluted 30-fold and digested in-

solution with trypsin (Sequence grade modified, Promega) at a 1:20 enzyme: protein ratio, in a final 

concentration of 0.2 M guanidine hydrochloride, 2 mM CaCl2 and 50 mM triethylammonium 

bicarbonate, TEAB (14 h, 37 °C). Digestion controls were performed, using a monolithic-RP, as previously 

described [28]. 

Digests were individually labeled with iTRAQ 8-plex labels (113-119, 121). Therefore, samples were 

dried under vacuum, dissolved in iTRAQ 8-plex dissolution buffer (AB Sciex; Dreieich, Germany) and 

labeled according to the manufacturer’s protocol. Four samples from patient I and 4 samples from a 

healthy control subject (i.e., unstimulated and stimulated with 1, 2, and 10 nM iloprost, respectively) 

were pooled at 1:1 ratios, desalted by C18 solid phase extraction (SPEC C18 AR, 4 mg bed; Agilent 

Technologies, Brussels, Belgium) and dried under vacuum.  

Platelet global proteome and phosphoproteome analysis by iTRAQ labeling 

The multiplexed iTRAQ pool of 8 platelet samples was analyzed for determination of the global 

proteome and the phosphoproteome, after TiO2 enrichment. Hereto, 10% of the pooled mixture was 

pre-fractioned on a U3000 HPLC (Thermo Scientific) by reversed-phase chromatography (C18 column; 

BioBasic-18 0.5 mm ID x 15 cm 5 µm particle size 300 Å pore size, Thermo Scientific) using a linear 

gradient ranging from 3-50% solvent B [mobile phase A: 10 mM ammonium acetate pH 6.0, B: 10 mM 

ammonium acetate, 84% acetonitrile (acetonitrile), pH 6.0, 75 min] to obtain 20 concatenated fractions 

for LC-MS analysis.  

For phosphopeptide analysis, 90% of the pooled iTRAQ sample was subjected to a TiO2-based 

phosphopeptide enrichment protocol, as described by the Larsen group with slight modifications [39]. 

The sample was resuspended in TiO2 loading buffer (80% acetonitrile, 5% trifluoroacetic acid, 1 M 

glycolic acid) and incubated with TiO2 beads for 10 min. The incubation was done first using a peptide to 

bead ratio of 1:6 and then using a ratio of 1:3. Next, the beads corresponding to both incubation steps 

were combined in one Eppendorf tube, washing and elution steps were conducted as described 

previously [40]. In brief, 80% acetonitrile, 1% trifluoroacetic acid was used for washing step 1 and 10% 

acetonitrile, 0.1% trifluoroacetic acid for washing step 2. Phosphopeptides were eluted by incubation 

with 1% NH4OH for 10 min. Further, the eluates were acidified using formic acid (pH < 2). To obtain a 

higher specificity for phosphopeptides eliminating the background, the enrichment procedure was 

repeated a second time with slight variations, as loading buffer 70% acetonitrile, 2% trifluoroacetic acid 

was used and 50% acetonitrile, 0.1% trifluoroacetic acid was used as washing buffer. Phosphopeptides 
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were eluted as described above and further acidified. Finally, phosphopeptides were desalted using 

Oligo R3 microcolumns [41] and fractionated on a U3000 RSLC system in hydrophilic interaction liquid 

chromatography (HILIC) mode (Polar phase TSKgel Amide-80; 150 µm ID × 15 cm length; 5 µm particle 

size; 80 Å pore size, Tosoh Bioscience, Tessenderlo, Belgium), using a binary gradient ranging from 10-

35% solvent B (solvent A: 98% acetonitrile, 0.1% trifluoroacetic acid; solvent B: 0.1% trifluoroacetic acid 

in 40 min (flow rate: 4 µl/min). A total of 9 fractions were collected for subsequent LC-MS analysis. 

RP and HILIC fractions were individually analyzed by nano-LC/MS-MS, using a U3000 RSLC system 

online-coupled to a Q-Exactive mass spectrometer (both Thermo Scientific). Individual fractions were 

loaded onto a trap column (Acclaim PepMap100 C18 trap column; 100 μm x 2 cm) with 0.1% 

trifluoroacetic acid (flow rate: 20 µl/min). This was followed by separation of peptides on the main 

column (PepMap100 C18; 75 μm × 50 cm), using a binary gradient ranging from 3-42% solvent B (84% 

acetonitrile, 0.1% formic acid) in 145 min (60 °C, flow rate: 250 nl/min). In the Q-Exactive, survey scans 

were acquired at resolution of 70,000 using an automatic gain control (AGC) target value of 3 x 106. 

MS/MS spectra of the top 15 most intense ions were acquired with a resolution of 17,500, an isolation 

width of 2.0 m/z, a normalized collision energy of 35, an AGC target value of 1 x 105 ions, a maximum 

injection time of 250 ms, a dynamic exclusion of 12 s and an underfill ratio of 10%. The first fixed mass 

was set to 105 m/z. In order to compensate for the iTRAQ-induced increase of peptide charge states, 

reaction tubes with 10% ammonium water were placed in front of the ion source as described by 

Thingholm et al. [42].  

Raw data were processed with Proteome Discoverer 1.4 (Thermo-Fisher Scientific). Data were searched 

against the Uniprot human database (August 2012; 20,232 target sequences) using Mascot and Sequest 

with the following settings: (i) trypsin as enzyme allowing two missed cleavages, (ii) iTRAQ 8-plex at N-

termini and lysines (+ 304.2053 Da) and carbamidomethylation of Cys (+ 57.0214 Da) as fixed 

modifications, (iii) oxidation of Met (+ 15.9949 Da) as variable modification, (iv) mass tolerances of 10 

ppm and to 0.02 Da for MS and MS/MS, respectively. For HILIC fractions, phosphorylation of Ser/Thr/Tyr 

(+ 79.9663 Da) was selected as additional variable modification. False discovery rate (FDR) estimation on 

the level of peptide spectrum matches (PSM) was performed using the peptide validator node, filtering 

for 1% FDR (high confidence). The reporter ion quantifier node was used for iTRAQ reporter 

quantification. For global proteome quantification (RP fractions), only proteins quantified with at least 2 

unique peptides were considered. Additionally, for phosphoproteome quantification (HILIC fractions), 

phosphorylation site localization was determined using phospho-RS [43], and only phosphopeptides 

with phosphoRS site probabilities >90% were considered as confident. 

Data analysis for the global and phosphoproteome 

As Proteome Discoverer only provided 7 ratios for the 8 samples, an artificial 113/113 ratio was created 

and set to 1.0 per protein and all ratios were log2 transformed. For each channel a median over all 
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protein ratios was calculated (MD 113-121). Next, the median of all eight MD1 values was determined 

(MD2) to define normalization factors per iTRAQ channel. These normalization factors were used to 

compensate for individual systematic errors (i.e., unequal sample amounts derived from pipetting errors 

or inaccurate protein assay results) and to obtain normalized ratios (NR) per protein. Next, for each 

protein the individual NR were divided by the median (log2 subtraction) over all eight NR to obtain 

scaled normalized abundance values (NAV) for all proteins and channels. Using these NAV ratios were 

determined between AHO patient and healthy control subject platelets for each condition (e.g., 

unstimulated) and log2-transformed. 

Inter-individual variation was estimated by separate analysis of samples (unstimulated platelets) from 

pairs of subjects over all proteins; after log2 transformation this gave a mean SD of 0.15 (range 0.11-

0.20, n = 4). Boundaries for relevant changes in the patient were set at 2 × SD (2 × 0.16) in comparison 

to median abundance ratios, for up- or down-regulation per protein. 

For determination of confident phosphorylation sites at the peptide level, a ready-to-use Excel macro 

provided by Mechtler lab (http://ms.imp.ac.at/?goto=phosphors) was used. The normalization factor 

was calculated from the global proteome. For each PSM, a NAV were calculated, as mentioned above 

for the global proteome. The PSM representing the same protein, phosphopeptide sequence and 

phosphorylation site were grouped, and the average NAV were calculated per iTRAQ channel. Finally, 

ratios were calculated as mentioned above and log2-transformed.  

In addition, inter-individual (including technical) variation was estimated from separate analysis of 

resting platelets from pairs of subjects over all phosphopeptides, this gave a mean log2 SD of 0.39 (range 

0.34-0.42, n = 4). Boundaries for relevant changes were again set at 2 × SD (2 × 0.39) in comparison to 

median abundance ratios, for up- or down-regulation per phosphopeptide. 

Normal reference values of phosphoproteome and determination of PKA 

phosphorylation sites 

Phosphorylation data were compared with a reference dataset of iloprost-induced changes in protein 

phosphorylation of healthy control platelets (2,700 phosphopeptides, of which 299 regulated by 

iloprost), as recently published [29]. Iloprost-regulated phosphopeptides were defined as those 

responsive to 1 min treatment with 2 or 5 nM iloprost. A 3-point scale was used (1 = up, 0 = unchanged, 

-1 = down). Consensus sites for PKA-induced phosphorylation were defined as before [29], using the 

GPS2.1 algorithm for kinase consensus sequence prediction [44]. Classification of proteins to 21 platelet 

function classes [30] was based on GeneOntology and Uniprot descriptions. 

Statistics 

Experimental data are represented as means ± SD. Statistical significance of differences between groups 

was determined using the independent samples t test. P-values <0.05 were considered significant. 
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Results and Discussion 

Impaired Gsα-mediated regulation of platelet activation for two patients with 

AHO  

Congenital deficiency in Gsα signaling activity, as in patients with mutations in the GNAS gene cluster, 

can be determined in platelets from the inhibitory effect of PGE1 or iloprost on collagen-induced platelet 

aggregation [26]. Both prostaglandin derivatives bind to Gsα-coupled receptors, and thus stimulate 

adenylate cyclase to produce the key platelet-inhibiting second messenger cAMP [10]. We used this 

assay to confirm a platelet phenotype in two related AHO patients with a heterozygous deleterious 

mutation in the GNAS gene cluster and pseudohypoparathyroidism type Ia, designated as patient I 

(mother) and patient II (child). In platelets from 10 healthy control donors, platelet aggregation in 

response to collagen was inhibited by the Gsα-stimulating PGE1 in a dose-dependent manner (Figure 

1A). In platelets from the two patients with AHO, this inhibition by PGE1 was greatly diminished (Figure 

1B, C). Yet, high concentrations of PGE1 >100 nM did abrogate the collagen-induced aggregation of the 

patients platelets. 

In platelets from control donors, PGE1 inhibited in a dose-dependent way the aggregation induced by 

several conventional agonists, although at different efficacy. The IC50 of PGE1 to suppress platelet 

aggregation increased in the order of thrombin-receptor activating peptide SFLLRN (15 nM PGE1) < 

thromboxane A2 analog U46619, collagen (35 nM) < Me-ADP (55 nM) < glycoprotein VI agonist, 

convulxin (85 nM) (Supplemental Figure 1A). Markedly, for the platelets from patient I, this IC50 was 

>100 nM with all agonists used. In control platelets, in agreement with earlier data [35], 50 and 100 nM 

PGE1 induced a transient, 2.7- and 5.5-fold increase in cAMP, respectively. The platelets from patient I 

showed a lower cAMP increase with PGE1 (Supplemental Figure 1B, C). Taken together, these data 

indicated that the platelets from both AHO patients responded in a less effective way to the Gsα-

stimulating agonist PGE1 to reduce aggregation than control platelets. 

Impaired Gsα-dependent inhibition of thrombus formation with blood from 

AHO patient 

We measured thrombus formation on a collagen surface under high-shear flow conditions, in order to 

assess the effect of Gsα stimulation in flowing whole blood [37]. Without PGE1, blood from control 

donors and patient I gave highly similar, large thrombi of aggregated platelets, which stained highly for 

P-selectin and activated integrin αIIbβ3, as determined with specific fluorescent probes (Figure 2A). 

However, with PGE1 added to the blood, thrombus formation (platelet deposition) and P-selectin 

expression – and to a lesser extent integrin activation – were more reduced in the blood samples from 

control subjects than in the patient blood (Figure 2A, B).  
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Figure 1. Impaired Gsα-mediated inhibition of platelet aggregation in patients with AHO. PRP was pretreated with vehicle or indicated 
concentration of PGE1 (in nM) for 4 min, and activated with collagen (5 µg/ml). (A) Representative aggregation traces of platelets from a 
healthy subject (day control) and patient I. (B) Inhibition of platelet aggregation by 100 nM PGE1 for two control subjects (day controls) and 
AHO patients I and II. C, Platelet aggregation rate at various doses of PGE1 for ten healthy controls (black dots) and two AHO patients (patient I; 
open square, patient II; open triangle). Per subject, platelet aggregation without PGE1 was set at 100%. Data are means ± SD (n = 10 controls); 
*P < 0.05. 

 
Figure 2. Impaired Gsα-mediated inhibition of thrombus formation under flow in AHO patient. Thrombus formation was assessed by whole-
blood perfusion over collagen at shear rate of 1000 s-1. Thrombi were stained after 4 min, and brightfield and fluorescence image recorded. 
Blood samples were pretreated with vehicle, PGE1 (100 nM) or iloprost (10 nM), as indicated. (A) Representative images of platelet deposition, 
P-selectin expression (FITC anti-CD62P mAb) and integrin activation (AF647-fibrinogen) with blood from healthy controls and from patient I 
(bars = 20 µm). (B) Effect of PGE1 on thrombus formation (% surface area covered). (C) Representative images of platelet deposition (DiOC6) 
and integrin activation (AF647-fibrinogen) with blood from healthy controls and patient I. (D) Effect of iloprost on thrombus formation (% 
surface area covered). Means ± SD (n = 3 control donors); *P < 0.05. 
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Similar results were obtained by addition of another, stronger Gsα-stimulating agent, i.e., iloprost. In the 

presence of iloprost, platelet deposition and P-selectin expression decreased by about 75% with blood 

from control donors, whereas these parameters decreased by about 40% with blood from patient I 

(Figure 2C, D). 

Flow cytometry was used to determine P-selectin expression (as a marker of platelet secretion) and 

integrin αIIbβ3 activation. In control platelets stimulated with the PAR-1 agonist SFLLRN and the 

glycoprotein VI agonist convulxin, PGE1 dose-dependently suppressed either activation process. 

Markedly, with platelets from patient I, the dose-response curve was shifted to the right for all agonists, 

when compared to the curves of control platelets (Supplemental Figure 2A-D). Thus, the hypo-

responsiveness to Gsα-stimulating agents of the patient's platelets included secretion, integrin 

activation and thrombus formation. 

Subtle changes in overall (phospho)proteome of platelets from AHO patient 

Using a combined approach of quantitative proteomics and phosphoproteomics, we investigated on a 

molecular level the altered PKA-dependent signaling pathway in Gsα-stimulated AHO platelets. From 

healthy control donors and patient I, PRP and well-purified washed platelets were obtained. The other 

patient II was not accessible for new blood donations. Iloprost at 5 nM substantially suppressed the rate 

of platelet aggregation for control donors, but not for patient I (Figure 3A, B). Parallel samples of 

washed platelets were used for determination of VASP phosphorylation at Ser-239, as an established 

PKA-dependent phosphorylation event [45], and for proteomics workup. Samples of 2 × 108 platelets 

were stimulated with a range of iloprost concentrations (1-10 nM) for 1 min, to allow direct comparison 

with the earlier described iloprost-induced phosphoproteome [29]. 

In purified platelets from a control donor (day control), iloprost at ≥ 0.5 nM caused detectable VASP 

phosphorylation, whereas ≥ 2 nM iloprost was required for phosphorylation of the platelets from 

patient I (Figure 3C, D). Based on this result, (phospho)proteomics analysis was performed with control 

and patient platelets treated with 0, 1, 2 or 10 nM iloprost. Eight samples (4 of control, 4 of patient) 

were analyzed simultaneously using iTRAQ labeling (see Methods). Detailed analysis of the global 

proteome provided quantitative information on 1,206 unique proteins of platelets from the patient and 

control subject (Supplemental Datasheet S1). Plotting the log2 transformed ratios as a function of their 

frequency resulted in a normal distribution profile. Similar comparisons of data from 4 pairs of subjects 

gave an SD (log2 transformed) of 0.158 (see Methods). Considering a deviance of 2 × 0.158 from the 

median as a relevant change in protein abundance, levels outside of this range were tagged as altered in 

the patient samples (Figure 4). Hence, we concluded that the global proteome was no more than slightly 

changed in platelets from the AHO patient. Of the 19 (1.6%) down-regulated proteins and the 44 (3.7%) 

up-regulated proteins, markedly changed were the regulatory subunits RIIα (PRKAR2B) and RIα 

(PRKAR1B) of PKA, forming the PKA-II and PKA-I holoenzymes [8]. These were 38% and 19% reduced in 
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the patient's platelets, respectively (Supplemental Datasheet 1). The GNAS product, Gsα as integral 

membrane protein with low expression level was not detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Impaired Gsα-mediated iloprost-induced responses of AHO platelets. Platelets in PRP were pretreated with vehicle or indicated 
concentration of iloprost (in nM) for 4 min, and activated with collagen (5 µg/ml). (A) Platelet aggregation traces from a healthy subject (day 
control) and from patient I. (B) Inhibition of platelet aggregation rate by 5-10 nM iloprost for eight control subjects and patient I. (C-D) Purified 
washed platelets were preincubated with iloprost (0-10 nM), fixed, and stained with FITC anti-P-VASP Ab. Shown are flow cytometric 
histograms of VASP phosphorylation after iloprost treatment for control I and patient I (C), and averaged data from 8 controls and patient I (D). 
Means ± SD (n = 8 controls); *P < 0.05. 

 

 

 

 

Figure 4. Alterations in global proteome of platelets from patient with 
AHO. Histogram of normalized abundance ratios of patient I/control I of 
1,206 quantified proteins. Ratios were plotted after log2 transformation; 
with values outside the range of median (-0.001) ± 2 × 0.158 considered 
as relevant differences. Indicated are numbers of proteins with up- or 
downregulation in the patient's platelets. For pairs of healthy control 
subjects (n = 4), this analysis by default yielded ~2.3% of proteins in 
either category. 

 

 

Major changes in iloprost-induced phosphoproteome in AHO platelets 

Phosphoproteomics analysis of the patient and control iTRAQ-labeled samples was performed after TiO2 

enrichment. In total, we could quantify 3,457 phosphopeptides by mass spectrometry, corresponding to 

1,356 unique proteins (Supplemental Datasheet 1). These data present a 28% increase in comparison to 
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the database described earlier of 2,700 phosphopeptides (comprising 299 proteins regulated by 

iloprost) in platelets from healthy controls [29]. 

From comparisons between the phosphoproteome of resting platelets of pairs of control subjects, we 

set boundaries to determine relevant changes for each of the 3,457 phosphopeptides (deviant >2 × 

0.385, log2 transformed). In control platelets, iloprost at 1, 2, and 10 nM thus increased the 

phosphorylation of 53, 71 and 239 phosphopeptides, respectively (Figure 5 A, B). Of the 239 positively 

regulated phosphopeptides at 10 nM, more than half have not been identified before (56%, white 

shading in Figure 5A) [29], and the majority contains consensus PKA phosphorylation sites (66%, black 

shading in Figure 5B). We also noted increased phosphorylation of VASP at Ser-239, thus confirming the 

flow cytometric data (Figure 3C, D). 

On the other hand, in the control platelets, iloprost also decreased the phosphorylation of multiple 

phosphopeptides (Figure 5C, D). These events are most probably indirect changes by the Gsα-AC-PKA 

pathway, as the majority of the negatively regulated phosphopeptides was not identified as iloprost-

responsive (Figure 5C) and lacks consensus PKA phosphorylation sites (Figure 5D). For the complete lists 

of iloprost-regulated peptides at different concentrations, see Supplemental Datasheet 1. 

The listed 239 positively regulated phosphopeptides corresponded to 173 unique proteins. Assignment 

of these to platelet function classes (Figure 5E) indicated that the iloprost-induced changes especially 

involved proteins implicated in: Cytoskeleton actin-myosin (15 proteins), Membrane & protein 

trafficking (8×), Membrane receptors & channels (12×), Protein kinases & phosphatases (26×), 

Cytoskeleton receptor-linked (14×), Signaling & adapter proteins (28×), and Small GTPases & regulators 

(17×). 

Identification of altered Gsα-dependent PKA phosphorylation sites in AHO 

platelets 

Subsequently, we evaluated differences in iloprost-induced phosphorylation between the patient and 

control platelets. First of all, based on the same criteria for relevant changes in the 3,457 identified 

phosphopeptide, we found similar numbers of positively and negatively regulated phosphopeptides in 

platelets from both subjects (Supplemental Figure 3A). Additionally, to assess the effect of iloprost in 

the patient we first compared whether there were difference at the basal levels for the patient against 

the control. For this purpose a ratio between the AHO patient against the healthy control donor was 

calculated for all the phosphopeptides, after log2 transformation a median of 0.05 and SD of 0.33 were 

calculated. Consequently, relevant changes after drug treatment were considered outside the range of ± 

2 x SD, where a normal distributed curved was observed (Figure 6).  
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Figure 5. Iloprost-induced, PKA-mediated protein phosphorylation changes in control platelets. Indicated are numbers of phosphopeptides 
found to be positively regulated (A, B) or negatively regulated (C, D) by 1 2, or 10 nM iloprost (outside range of median ± 2 × 0.385). Bars 
indicate total numbers and expected numbers (black shading). (A, C) Black = number previously identified [29]. (B, D) Black = number with 
positive PKA score. (E) Distribution of 173 positively regulated phosphoproteins (10 nM iloprost) over different platelet function classes. 
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Figure 6. Comparison of the platelet basal state between the AHO patient against the healthy control donor. Normalized abundance were 
used to calculate phosphopeptides ratios between patient I/healthy control donor I. Ratios were log2 transformed and median = 0.05 and SD = 
0.33 were calculated. Consequently, regulation factors for up-and-down were defined as +/- 2 (SD = 0.33). These values were used to define 
regulated phosphopeptides after stimulation with 10nM iloprost. 
 

In a more targeted approach, we compared the previously identified 239 positively regulated 

phosphopeptides (control platelets, 10 nM iloprost, effect range 23.13-1.85), with a set of 100 non-

regulated phosphopeptides (idem, effect range 0.99-1.00), and the 133 negatively regulated 

phosphopeptides (idem, effect range 0.58-0.09). For a complete list, see Supplemental Datasheet 1. For 

each of these groups per iloprost concentration, we determined the differences in phosphopeptide 

abundance between the patient and control platelets. Strikingly, in the patient platelets, the overall 

abundance of the positively regulated phosphopeptides were substantially lower (Figure 7A, P < 

0.0001). At 1, 2 and 10 nM iloprost, levels of 9, 110 and 73 of the 239 phosphopeptides were decreased 

in the patient platelets (Figure 7B). In contrast, no overall change was observed in the set of 100 non-

regulated phosphopeptides (Figure 7C, D). For the negatively regulated phosphopeptides, there was a 

small but significant increase in abundance in the patient platelets (Figure 7E). This increase concerned 

the majority of the down-regulated phosphopeptides (Figure 7F). 

For each of the 239 positively iloprost-regulated phosphopeptides, we then compared the changes in 

relative abundance levels between patient and control platelets (Table 1). In total, for all three iloprost 

concentrations, we identified relevant changes in 149 of 239 regulated phosphopeptides (121 of the 175 

regulated unique proteins), which in median in 62% of the cases concerned a decreased abundance in 

the patient platelets. Taken together, this pointed to a systematic reduction of iloprost-induced 

phosphorylation in platelets from the AHO patient. 
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Relevance of altered Gsα-AC-PKA phosphorylation in AHO platelets 

The 149 changed phosphopeptides corresponded to 121 unique platelet proteins. Mapping these 121 

proteins to functional classes (Figure 7G) indicated changes in phosphorylation events in the patient 

platelets especially of proteins implicated in: Cytoskeleton actin-myosin (9x), Membrane & protein 

trafficking (8×) Membrane receptors & channels (9×), Protein kinases & phosphatases (18×), 

Cytoskeleton receptor-linked (9×), Signaling & adapter proteins (20×), and Small GTPases & regulators 

(12×).  

Closer examination of the list indicated proteins, which earlier have been identified as potential PKA 

targets, because of their immediate responses to low iloprost concentrations. The list also contains 

proteins implicated in key signaling pathways of platelet activation [9, 10], suggesting changes in their 

activity after phosphorylation at the identified iloprost-responsive sites. These include vasodilator-

stimulated phosphoprotein (VASP) [8] and a member of the mitogen-activated protein kinase cascade 

(MAP2K4). We observed as well proteins that may control platelet shape change via altered 

phosphorylation of cytoskeletal components like myosin light-chain kinase (MYLK), cortactin (CTTN), the 

small GTPase-regulating proteins, Rho-GTPAse-activating protein 6/9 (ARHGAP6) and Rac/Cdc42 

guanine nucleotide exchange factor (GEF) 6 (ARHGEF6) [46], together with proteins that control integrin 

αIIbβ3 activation such as Rap1 controlling proteins, CalDAG-GEFI (RASGRP2) [47], as well as the actin-

linked proteins kindlin-3 (FERMT3), and filamin A (FLNA). 

Altogether, our data reveal new iloprost-regulated phosphorylation changes in key protein kinases and 

protein phosphatases involved in platelet function. We hypothesize that altered activity of several of 

these kinases and phosphatases can explain the changes in phosphorylation profile in AHO platelets. 

The data thereby suggest PKA-dependent regulation of one or more (serine/threonine) phosphatases, 

but this remains speculative, as only very little is known of the regulatory mechanisms of these 

phosphatases in platelets. Further confirmation of the precise molecular events will require new genetic 

approaches, such as the generation of site-directed mutations of specific proteins using CRISP-R 

technologies in suitable cell lines or mice. 

Conclusions 
Our findings provide for the first time a detailed description of the altered Gsα-dependent functional 

responses of AHO platelets, i.e., integrin activation, granule secretion, activation, aggregation, and 

thrombus formation. Since platelet inhibition pathway via Gsα involved suppression of alpha granule 

secretion and integrin αIIbβ3 activation to a similar extent, these are likely mediated via a set of common 

downstream signaling events, supporting our results. Furthermore, by combined (phospho) proteomics 

analysis, we have identified 149 novel phosphorylation events of the Gsα-AC-PKA axis that can be used 

for the assessment and diagnosis of altered signal transduction in AHO and related diseases. From the 

viewpoint that platelet proteomics can act as an important tool for determining the role of platelets in 
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health and disease [30], the present (phospho)proteomics analysis is useful not only for diagnostic 

purposes, but also for understanding the molecular events regulating platelet inhibition via the key Gsα-

AC-PKA signaling pathway. 

 

Figure 7. Changes in iloprost-induced protein phosphorylation changes in AHO platelets. Normalized abundance ratios were obtained per 
phosphopeptide for platelets from patient I/control I. Data are separated according to regulation by iloprost: (A, B) 239 positively regulated, (C, 
D) 100 non-regulated, and (E, F) 133 negatively regulated phosphopeptides. (A, C, E) Box plots of means and 90% confidence intervals per class. 
Note the overall reduced phosphorylation in the patient's platelets at 2 and 10 nM iloprost in panel A. P values over all iloprost concentrations. 
(B, D, F) Bar graphs indicating the direction of changed ratios in patient platelets per phosphopeptide: -1 = reduced in patient, 0 = unchanged in 
patient, 1 = increased in patient: (G) Distribution of 73 phosphoproteins with altered phosphorylation in patient over different platelet function 
classes. 
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Table I.-  Ranked list of top-50 phosphorylation sites with an increased response after iloprost stimulation in control platelets showing at the 
same time changes in the AHO patient platelets.  

Gene 
Uniprot 
accessio

n 

P-sites (protein) 
Patient I 
(1/0 nM) 

Log 2 

Patient 
I (2/0 

nM) Log 
2 

Patient 
I (10/0 

nM) Log 
2 

Contro
l I (1/0 

nM) 
Log 2 

Contro
l I (2/0 

nM) 
Log 2 

Control 
I (10/0 

nM) 
 Log 2 

site 1 site 2 

CMIP Q8IY22 S349 - 0.76 -2.20 0.57 0.72 -0.18 2.19 
VASP P50552 S239 - 0.17 -1.24 0.91 -0.61 0.29 2.26 
RTN1 Q16799 S352 - 0.73 -2.38 0.41 -0.05 0.10 1.74 
GP1BB P13224 S191 - 1.54 -0.57 2.03 0.46 0.07 3.36 
FAM63A Q8N5J2 S441 - 0.56 -1.22 1.72 0.57 0.00 2.97 
ALG3 Q92685 S13 - -0.01 -0.27 0.39 -0.20 0.09 1.62 
ZNF185 O15231 S465 - 0.17 -0.89 0.43 -0.14 0.12 1.58 
SH3PXD2A Q5TCZ1 S819 - -0.01 -0.65 0.19 -0.53 0.16 1.31 
NEK1 Q96PY6 S1052 - 0.06 -0.27 -0.05 -0.17 0.11 1.06 
EXOC3L4 Q17RC7 S80 - 0.02 -0.44 0.90 0.27 0.45 2.00 
AMPD2 Q01433 S100 - -0.04 -0.56 -0.28 -0.57 -0.20 0.78 
CAD P27708 S1859 - 0.35 -0.66 0.02 -0.29 0.58 1.07 
SSH1 Q8WYL5 S583 - 0.19 -0.45 1.45 0.43 0.74 2.48 
PPP1R3D O95685 S25 - -0.02 -0.06 -0.04 0.18 0.02 0.98 
MRVI1 Q9Y6F6 S657 - 0.58 -0.92 2.88 0.97 1.53 3.90 
DNM3 Q9UQ16 T781 - -0.03 -0.10 0.81 0.46 0.42 1.83 
LRMP Q12912 S363 - 0.03 -0.30 0.54 -0.20 0.22 1.55 
PGM2 Q96G03 S165 - 0.05 0.15 -0.10 -0.35 0.22 0.92 
DMTN Q08495 S333 - 0.09 -0.48 0.41 -0.24 0.12 1.41 
PLEKHO1 Q53GL0 S271 - 0.08 0.06 0.13 -0.40 0.02 1.13 
DCTN4 Q9UJW0 S196 - 0.26 -0.47 1.51 0.24 0.68 2.49 
SLC2A13 Q96QE2 S6 - 0.39 -0.45 1.98 0.79 1.18 2.95 
DLGAP4 Q9Y2H0 S665 - 0.15 -0.12 0.50 -0.49 0.41 1.47 
STX7 O15400 S129 - 0.38 -1.57 0.41 0.07 -0.02 1.36 
CTTN Q14247 S418 - 0.89 -1.99 0.76 0.41 0.01 1.70 
FHOD1 Q9Y613 S523 - 0.52 -1.59 0.26 -0.43 -0.08 1.17 
SCARF1 Q14162 S714 - -0.47 -0.89 -0.05 -0.65 -0.40 0.86 
IRS2 Q9Y4H2 S620 - 0.10 -0.27 -0.10 -0.21 0.01 0.81 
PHKA2 P46019 S729 - -0.23 -0.45 0.05 -0.14 0.14 0.95 
DMTN Q08495 S333 - 0.10 -0.34 0.49 -0.07 0.21 1.38 
PLEKHO2 Q8TD55 S390 - 0.16 0.04 0.50 0.15 0.10 1.39 
CNST Q6PJW8 S293 - 0.37 -2.01 2.82 0.46 1.28 3.69 
NEK9 Q8TD19 S332 - -0.01 -0.04 0.50 0.53 0.49 1.38 
ARHGAP6 O43182 S927 - 0.18 -0.81 0.89 0.01 0.16 1.77 
OPTN Q96CV9 S342 - 0.12 -0.54 1.87 -0.11 0.78 2.74 
EHBP1L1 Q8N3D4 S1273 - 0.08 -0.51 1.47 0.73 0.68 2.32 
MAP2K4 P45985 S257 - 0.19 -0.24 0.09 -0.29 -0.01 0.93 
UBE2J1 Q9Y385 S184 - 0.36 -1.87 -0.02 -0.22 -0.03 0.81 
TOR4A Q9NXH8 S97 - 0.15 0.13 2.04 0.96 0.85 2.86 
ARAF P10398 T181 - -0.04 -0.11 0.21 0.91 0.85 1.02 
PPP1R14A Q96A00 S136 - 0.21 -0.97 0.35 0.04 0.16 1.16 
GSS P48637 S415 - 0.00 0.13 0.10 -0.22 -0.01 0.89 
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Relevant changes were defined as 2 x (SD = 0.33) from the comparison between basal states of the patient and the control after log2 

transformation. Color code: green = up- regulated in control, red = down-regulated in patient, yellow= up- regulated in patient. 
 

 

 

 

DBNL Q9UJU6 S269 - 0.12 -0.19 0.79 0.17 0.37 1.58 
CTTN Q14247 T401 - 0.40 -1.11 0.09 -0.01 0.15 0.88 
FLNA P21333 T2336 - -0.11 -0.62 1.38 -0.05 0.55 2.17 
PPP1R12A O14974 S695 - 0.04 -0.10 0.47 0.06 0.21 1.25 
ARHGEF6 Q15052 S640 - 0.24 -0.53 1.44 0.20 0.62 2.22 
PCK2 Q16822 S304 - 0.12 -0.09 0.18 -0.17 0.11 0.95 
HMHA1 Q92619 S93 T96 0.00 0.45 0.21 0.61 0.99 0.98 
TJP2 Q9UDY2 S174 - 0.84 -1.82 0.86 0.33 0.10 1.63 
TC2N Q8N9U0 S156 - 0.13 -0.02 0.10 -0.35 -0.04 0.87 
NEXN Q0ZGT2 S218 - -0.02 -0.29 1.28 -0.13 0.39 2.04 
NEXN Q0ZGT2 S218 - 0.28 -0.73 1.49 0.27 0.32 2.24 
CTTN Q14247 Y446 - 0.39 -0.98 0.21 -0.08 -0.03 0.97 
BIN2 Q9UBW5 S429 S444 0.33 -1.06 2.79 0.99 1.54 3.53 
FERMT3 Q86UX7 S337 - 0.50 -0.56 0.30 -0.30 0.10 1.04 
SYTL4 Q96C24 S74 - 0.08 -0.54 0.04 -0.50 -0.08 0.78 
FKBP15 Q5T1M5 S1164 - 0.55 -1.30 0.25 -0.75 0.19 0.99 
MFSD2B A6NFX1 S26 - 0.19 -0.47 0.05 0.11 0.22 0.79 
TNIK Q9UKE5 S680 - 1.41 -1.11 1.35 0.48 -0.08 2.09 
ILK Q13418 T181 - 0.44 -1.68 0.15 -0.59 -0.13 0.88 
DMTN Q08495 S11 - 0.43 -0.95 0.29 0.51 0.20 1.02 
UBE2O Q9C0C9 S401 - 0.13 0.05 0.10 -0.04 0.12 0.82 
SSH3 Q8TE77 S37 - 0.11 -0.10 1.55 0.70 0.72 2.26 
PATL1 Q86TB9 T194 - 0.03 -0.04 0.24 -0.55 0.26 0.94 
TNIK Q9UKE5 S640 - 0.33 -1.34 0.16 -0.25 0.09 0.86 
MLCK Q15746 S1773 - 0.25 -0.17 1.34 -0.38 0.63 2.04 
GRAP2 O75791 S159 - 0.63 -2.13 0.58 0.06 -0.15 1.28 
STRN O43815 S245 - 0.49 -0.13 0.30 -1.17 1.09 1.00 
DNAJB6 O75190 S277 - 0.02 -0.17 0.09 -0.06 0.19 0.79 
PPP1R14A Q96A00 S26 - 0.71 -2.29 0.45 -0.18 -0.34 1.14 
FYB O15117 S558 - 0.40 -1.53 0.14 0.35 -0.06 0.82 
STRIP1 Q5VSL9 S335 - 0.51 -0.94 0.41 0.50 0.14 1.07 
DOCK7 Q96N67 S439 - 0.47 0.67 1.99 0.65 0.99 1.30 
ENSA O43768 S109 - 1.47 0.68 3.27 1.71 1.50 2.55 
RASGRP2 Q7LDG7 S587 - 2.06 2.20 3.20 1.85 2.04 2.40 
PLCB3 Q01970 S1105 - -0.04 0.10 1.80 0.16 0.41 0.89 
RASGRP2 Q7LDG7 S587 - 1.59 1.87 2.63 1.52 1.59 1.59 
FAM134A Q8NC44 S385 - 2.68 -0.13 2.49 -0.39 1.64 1.09 
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Supplemental figures of chapter 5 
 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 1. Impaired PGE1-induced inhibition of aggregation and cAMP elevation in platelets from AHO patient Platelets in PRP 
were pretreated with vehicle or indicated concentration of PGE1 for 4 min. (A) Effect of PGE1 on platelet aggregation rate after stimulation with 
Me-ADP (5 μM), SFLLRN (15 µM), convulxin (10 ng/ml) or U46619 (5 μM) as indicated. Data are from 10 healthy control subjects and patient I 
(open squares). (B, C) Effect of PGE1 treatment (0, 50, 100 nM) on platelet cAMP level in time. Dose-dependency of PGE1 effect on platelets 
from a control subject (B); and comparison between platelets from control subject (day control) and patient I (C). Means ± SD (n = 10 controls); 
*P < 0.05. 

 

Supplemental Figure 2. Impaired PGE1-induced inhibition of integrin activation and secretion in platelets from AHO patient Platelets in PRP 
were treated with vehicle or PGE1 for 4 min and activated with SFLLRN (15 µM; A, B) or convulxin (10 ng/ml; C, D). Extent of secretion (% of 
CD62P-positive platelets) and integrin αIIbβ3 activation (% of PAC1-positive platelets) were determined with FITC-labelled anti-CD62P and PAC1 
mAb, respectively. Data come from 6 healthy donors (closed dots) and patient I (open squares), and are expressed as percentages of the 
vehicle condition. Means ± SD (n = 6 controls); *P < 0.05. 
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Supplemental Figure 3. Alterations in iloprost-induced phosphoproteome of platelets from a patient with AHO. Phospho-proteomics analysis 
using iTRAQ labelling (4 patient samples, 4 control samples) gave rationed information on 3,457 phospho-peptides, corresponding to 1,356 
unique proteins, for the conditions: unstimulated and 1, 2 or 10 nM iloprost. Ratio values per peptide were log2 transformed and relevant 
differences in phosphorylation were consider as 2 x SD = 0.39).(A) Numbers of phospho-peptides per condition considered to be increased 
(black) or decreased (grey) by iloprost simulation.  
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Abstract 
 

ADP enhances platelet activation by virtually any other stimulant to complete aggregation. It binds 

specifically to the G-protein coupled membrane receptors P2Y1 and P2Y12, stimulating intracellular 

signaling cascades leading to integrin αIIbβ3 activation, a process that is antagonized by endothelial 

prostacyclin. P2Y12 inhibitors are among the most successful anti-platelet drugs, however, show 

remarkable variability in efficacy. We reasoned whether a more detailed molecular understanding of 

ADP-induced protein phosphorylation could identify (i) critical hubs in platelet signaling towards 

aggregation, and (ii) novel molecular targets for anti-platelet treatment strategies. We thus applied 

quantitative temporal phosphoproteomics to study ADP-mediated signaling at unprecedented 

molecular resolution. Furthermore, to mimic the antagonistic efficacy of endothelial-derived prostacyclin, 

we determined how iloprost reverses ADP-mediated signaling events. We provide temporal profiles 

of 4,797 phosphopeptides, 608 of which showed significant regulation. Regulated proteins are 

implicated in well-known activating functions such as degranulation and cytoskeletal re-organization, 

but also in less well-understood pathways, involving ubiquitin ligases and GTPase exchange 

factors/GTPase-activating proteins (GEF/GAP). Our data demonstrate that ADP-triggered 

phosphorylation occurs predominantly within the first 10 s, with many short rather than 

sustained changes. For a set of phosphorylation sites (e.g., PDE3ASer312, CALDAG-GEFISer587, ENSASer109) 

we demonstrate an inverse regulation by ADP and i loprost, suggesting that these are central 

modulators of platelet homeostasis. This study demonstrates an extensive spectrum of human platelet 

protein phosphorylation in response to ADP and i loprost which inversely overlap and represent major 

activating and inhibitory pathways. 

 

Abbreviations: 

Diacylglycerol (DAG), inositol 1, 4, 5-trisphosphate (IP3), Protein Kinase A (PKA), Protein Kinase C (PKC), 

Phospholipase C (PLC) 

 

Supplemental information of Chapter 6: 

Supplemental Methods: page 135 

Supplemental Discussion: page 140 

Supplemental Figures 1-2: page 147 

Supplemental Table 1-3: see CD 



117 
 

Introduction 

In circulating platelets, the equilibrium between activation and inhibition pathways is well-balanced to 

prevent uncontrolled platelet aggregation in the absence of vascular damage or injury. Upon vascular 

lesion, defined partly platelet-derived stimuli can shift this equilibrium toward activation within 

seconds.  

ADP, rapidly released by activated platelets [1] and also present in plasma in low amounts [1] derived 

from cellular ATP (erythrocytes, endothelial cells), enhances platelet activation by virtually any other 

stimulant to complete platelet aggregation and thrombus formation [2]. It binds specifically to the G-

protein coupled receptors P2Y1 and P2Y12 [3], stimulating intracellular phosphorylation-based pathways 

via the G-proteins Gqα and Giα, respectively. Whereas Gqα activates phospholipase C-β (PLCβ) and 

calcium-dependent Rac signaling [4], Giα inhibits cAMP production leading to impaired protein kinase A 

(PKA) activity. Moreover, Giβγ also stimulates phosphoinositide 3-kinases and subsequent 

phosphorylation pathways required for integrin activation [5]. PLC isoforms hydrolyze the second 

messenger 1-phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 1,4,5-trisphosphate (IP3) and 

diacylglycerol (DAG) [3], which activate downstream signaling, mainly through protein kinase C 

(PKC/PRKC) and calcium sequestration from intracellular stores. Inhibitors of the ADP receptor P2Y12 

(e.g., clopidogrel and prasugrel metabolites) are among the most successful anti-platelet drugs [6, 7]. 

They are considered the best available medication for preventing severe incidents during angiography, 

but also as secondary prophylaxis after cardiovascular events. However, these drugs show remarkable 

variability regarding efficacy, ranging from deficient metabolism of the prodrug, to incomplete receptor 

or signaling inhibition [8-10].  

We reasoned that a more detailed molecular understanding of ADP-induced protein phosphorylation 

can help to identify critical hubs and sensitive components of the signaling networks governing 

aggregation, secretion and other responses, as well as novel molecular targets for anti-platelet 

treatment strategies. Quantitative phosphoproteomics has a great potential to elucidate cellular 

signaling cascades [11], even when applied to study primary tissues [9, 12, 13]. Here, we used 

quantitative mass spectrometry (MS) to study temporal phosphorylation patterns in human platelets (i) 

after stimulation with ADP, and, in order to mimic the antagonistic efficacy of endothelial-derived 

prostacyclin, (ii) after consecutive stimulation with ADP and iloprost. We provide temporal profiles for 

4,797 phosphorylated peptides, 608 out of which (from 393 proteins) showed significant regulation. 

Among those, some participate in well-established activating functions such as degranulation and 

cytoskeletal re-organization, while others contribute to less well-understood pathways. 
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Methods 

Platelet isolation and stimulation 

Fresh blood was obtained from healthy volunteers who had not received any medication for two weeks, 

according to the declaration of Helsinki and approval by the ethics committee of the University of 

Würzburg (Study Numbers: 67/92 and 114/04). Whole blood collection and platelet isolation were 

performed as described previously [14]. Platelet preparations were 99.999% pure, contamination with 

erythrocytes and leukocytes were lower than 1:104 platelets and 1:106 platelets. Each platelet 

preparation (biological triplicates) was split into four aliquots. For temporal ADP profiles aliquots were 

stimulated with 20 µM of ADP for 10, 30, 60 s, or remained unstimulated. Additionally, to study changes 

reversed by iloprost, platelet preparations (biological triplicates) were split as following: (i) unstimulated 

control; (ii) 20 µM ADP for 30 s; (iii) 20 µM ADP for 30 s followed by 2 nM iloprost for 30 s; (iv) 20 µM 

ADP for 30 s followed by 2 nM iloprost for 60 s. Owing to the lower sensitivity of methods other than 

LaSca the ADP concentration had to be increased for improved reproducibility. In all cases, signaling 

events were stopped by addition of lysis buffer (50 mM Tris, 1% SDS, 150 mM NaCl, 1 tablet 

PhosStop/10 ml, pH 7.8). Lysed samples were immediately shock frozen in liquid nitrogen and stored at 

-80 °C until further usage. 

Quantitative (phospho)proteomics 

Sample preparation, including proteolytic digestion [15, 16] and quality control [17] are detailed in the 

supplemental methods. Per donor and experiment, 100 µg of platelet digest were iTRAQ 4plex labeled, 

four time points pooled and phosphopeptides were enriched using TiO2 followed by fractionation using 

hydrophilic interaction liquid chromatography (HILIC) [18], and nano-LC-MS/MS analysis on Q Exactive 

(Thermo Scientific). Further details are given in the supplemental methods. Raw data and Proteome 

Discoverer results can be accessed via ProteomeXchange [19] (PXD001189). 

Aggregation measurements 

Platelet shape change and aggregation were analyzed by quantification of angle dependent changes in 

scattered light intensity [20]. Briefly, platelet rich plasma (PRP) was diluted in 6 ml of modified Hepes 

buffer (pH 7.4, osmolarity 302 mOsm, containing 140 mM NaCl, 10 mM HEPES, 10 mM NaHCO3, 2 mM 

KCl, 1 mM MgCl2, 2 mM CaCl2, 5.5 mM D-glucose) at a count of 1 x 107 platelets/ml. After 2 min of 

constant basal signal, platelets were stimulated by ADP and iloprost at indicated concentrations, and 

data were recorded for another 10 min. Platelet aggregation was monitored at a scatter angle of 1° to 

the laser beam, platelet shape change at an angle of 12°. 

Western blot analysis 

Washed platelets were stimulated with 20 µM of ADP (1 min), 2 nM iloprost (1 min), or a combination 

thereof. SDS loading buffer was immediately added and proteins separated by SDS-PAGE. Separated 
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proteins were transferred to a nitrocellulose membrane, blocked with 3% milk in TBS/0.1% Tween and 

incubated with primary antibodies against phospho-GRP2Ser587 (CalDAG-GEFI; ImmunoGlobe, 

Himmelstadt, Germany), phospho-VASPSer157, phospho-VASPSer239 (both Nanotools, Teningen, Germany), 

phospho-PKBSer473, phospho-GSK3αSer21, phospho-GSK3βSer9, phospho-MARKSSer159/Ser162, phospho-

p38Thr180/Tyr182, phospho-ERKThr202/Tyr204, phospho-MLC2Thr18/Ser19 (all Cell Signaling, Frankfurt am Main, 

Germany) overnight at 4 °C. For visualization, goat anti-rabbit or anti-mouse IgG conjugated with 

horseradish peroxidase was used as a secondary antibodies followed by ECL detection (Amersham, 

Pharmacia Biotech, Germany). 

Rap1-GTP pull-down 

Human platelets (3 x 108/ml) were stimulated with ADP (10 µM, 1 min), iloprost (2 nM, 1 min), or with 

iloprost (2 nM, 1 min) after ADP stimulation. Following stimulation, platelets were lysed and Rap1-GTP 

was precipitated using GST-RalGDS-RBD coupled Sepharose beads. Before pull-down, 50 µL of the lysate 

was removed for analysis of the total proteins. The pull-down and total lysate were analyzed by 

Western blot with an anti-Rap1 specific antibody (Cell Signaling). 

Results 
After ADP stimulation, we quantified 3,952 phosphopeptides from 1,600 unique proteins, representing 

1/3 of the platelet proteome [21]. Of these 436 phosphopeptides (302 proteins) were regulated upon 

stimulation with ADP (99% confidence in >2 biological replicates or >2-fold regulation in one). 

Remarkably, most regulated phosphorylation sites showed an early response already after 10 s of 

stimulation (375 sites/253 proteins), whereas only 45 additional sites were regulated after 30 s, and 48 

sites after 60 s (Figure 1). Almost half of the early responding proteins showed a sustained up-/down-

regulation throughout the analyzed time course, whereas others reached basal levels of the control 

samples after 30 s (Figure 1). 

Different response of regulated biological pathways to ADP stimulation 

To identify biological pathways involved in the dynamic phosphorylation changes we looked for Gene 

Ontology terms [22] enriched at specific time points using STRING [23]. In accordance with current 

knowledge, terms related to actin and the cytoskeleton were predominant. For most pathways 

regulation peaked after 10 s and decreased over time (Figure 2), whereas “transmembrane receptor 

protein tyrosine kinase signaling” and “enzyme linked receptor protein signaling” clearly deviated from 

this trend: Again, regulation peaked at 10 s, however followed by a strong decrease after 30 s and 

strikingly another increase after 60 s of ADP stimulation (Figure 2). This might reflect two waves of 

protein kinase/phosphatase activity: an early phase of ADP-receptor dependent stimulation (first 10 s) 

and a later phase depending on outside-in integrin signaling.  
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Figure 1: Phosphorylation response to ADP stimulation. Phosphopeptides classified in (A) early, (B) medium and (C) late signals after ADP 
treatment for 10 s, 30 s, and 60 s. Early responders were further classified into (D) sustained and (E) short signals. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Pathways show differential patterns of phospho-regulation. Per time point, regulated phosphoproteins were analyzed for enriched 
GO-terms which mainly show a similar trend: (i) strong regulation after 10 s, (ii) followed by a clearly reduced regulation over time. The 
pathways “transmembrane receptor protein tyrosine kinase signaling” and “enzyme linked receptor protein signaling” clearly deviated from 
this pattern, showing a second strong phase of regulation at 60 s. 
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Substantial regulation of protein kinases and phosphatases 

Among the 302 ADP-regulated phosphoproteins were 33 kinases (>60 kinases found to be 

phosphorylated in total), mainly members of the STE (10x), CAMK (8x), AGC (5x) and TK (4x) families. 

This reflects the involvement of the MAPK cascade (STE), calcium-based regulation (CAMK), intracellular 

signaling mediated by cyclic nucleotides, phospholipids and calcium (AGC) and tyrosine phosphorylation 

(TK). Moreover, we found changes in six tyrosine phosphatases and three regulatory subunits. We 

grouped differential kinase and phosphatase phosphorylation sites as early (10 s ADP), medium (30 s) 

and late (60 s) responses (Table 1). Seven protein kinases were regulated on multiple sites; PKC delta 

(PRKCD) at four sites, three of those (Ser130, Thr218, Ser304) after 10 s and an additional one (Thr43) 

after 30 s of ADP stimulation. Interestingly, PKC delta has recently been identified as a negative 

regulator of platelet aggregation and thrombus formation [24]. PAK2 and STK4/MST1 showed regulation 

after 10 s and at additional phosphorylation sites after 30 s. Four protein tyrosine kinases, namely SYK 

(↑30ADP), JAK3 (↑10ADP), TNK2/ACK (↑10ADP) and BTK (↑10ADP), were regulated. Analyzing up-regulated 

sites for the enriched occurrence of consensus motifs did not indicate particular protein kinases, 

probably owing to both a broad spectrum of involved kinases and inconclusive/overlapping kinase 

motifs. 

Modulation of ADP-induced phosphorylation by iloprost 

We wondered which phosphorylation changes induced by ADP can be reversed by prostacyclin. Initial 

functional experiments evaluating the ability of iloprost to reverse ADP-induced platelet shape change 

and aggregation were performed using the recently established LaSca method [20], which allows 

independent and simultaneous detection of shape change and aggregation (Supplemental Figure 1). 

This indicated that shape change peaked at 90 nM ADP, which was completely inhibited by 1 nM 

iloprost (Supplemental Figure 1A). Nonlinear regression analysis revealed a Ki value of 0.035 ± 0.005 nM 

(Supplemental Figure 1C). Maximal platelet aggregation was achieved with 800 nM ADP, again 

completely inhibited by 1 nM iloprost (Supplemental Figure 1D). The Ki value for inhibition by iloprost 

was 0.053 ± 0.008 nM and calculated as described [20]. These data indicate two effects of iloprost on 

ADP-stimulated shape change: (i) a dose-dependent right shift of the dose-response curve for ADP 

stimulation, and (ii) a dose-dependent increase of the hill-slope indicating effects on signal transduction 

pathways (Figure 3).  
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Family Uniprot Gene (alternative) Site Regulation Family Uniprot Gene (alternative) Site Regulation

Ser130 ↑10ADP AGC Q05655 PRKCD (PKCδ) Thr43 ↑30ADP

AGC Thr218 ↑10ADP CAMK Q9Y2K2 SIK3 (QSK) Ser568 ↓30ADP

Ser304 ↑10ADP CAMK Q9UEW8 STK39 (PASK) Ser385 ↓30ADP

Thr219 ↑10ADP STE Q13043 STK4 (MST1) Thr340 ↑60ADP

Ser685 ↑10ADP STE Q7L7X3 TAOK1 (TAO1) Thr440 ↑30ADP

AGC Q13464 ROCK1 Ser1341 ↑10ADP STE Q9UKE5 TNIK (ZC2) Thr903 ↑60ADP

AGC O75116 ROCK2 Ser1374 ↑10ADP STE Q13233 MAP3K1 (MEKK1) Thr20 ↓60ADP

AGC P23443 RPS6KB1 (p70S6K) Ser427 ↑10ADP STE Q8N4C8 MINK1 (MINK/ZC3) Ser701 ↓60ADP

Ser1896 ↑10ADP STE Q9Y4K4 MAP4K5 (KHS1) Thr168 ↑60ADP

CAMK Ser2261 ↓10ADP STE O95747 OXSR1 (OSR1) Ser359 ↓60ADP

Ser1756+1757 ↑10ADP STE Q13177 PAK2 Ser197 ↑30ADP

CAMK P49137 MAPKAPK2 Thr334 ↑10ADP TK P43405 SYK Ser297 ↑30ADP

CAMK Q9BUB5 MKNK1 (MNK1) Thr385 ↑10ADP TKL P15056 BRAF Ser151 ↓60ADP

CAMK Q7KZI7 MARK2 Thr596 ↑10ADP

Ser1760 ↑10ADP

Ser1776/Ser1779 ↑10ADP Uniprot Gene Site Regulation

Thr287 ↑10ADP Q05209 PTPN12 Thr454 ↓10ADP

CAMK CAMK2G Thr306 ↑10ADP Q99952 PTPN18 Ser341 ↑10ADP

Ser311 ↑10ADP Q8WYL5 SSH1 Ser897 ↑10ADP

CK1 P0C1S8 WEE2 (WEE1B) Ser139 ↑10ADP Q8TE77 SSH3 Ser37 ↑10ADP

CMGC O94921 CDK14 (PFTAIRE1) Ser24 ↑10ADP Q8TF42 UBASH3B Thr106 ↑10ADP

STE O94804 STK10 (LOK) Ser454 ↑10ADP

Ser414 ↑10ADP

Ser438 ↑10ADP Uniprot Gene Site Regulation

Ser1033 ↑10ADP Ser478/Ser479 ↑10ADP

STE Ser1240 ↑10ADP Ser903 ↑60ADP

Ser1029+Ser1033 ↑10ADP O95685 PPP1R3D Ser25 ↑10ADP

STE Q13177 PAK2 Ser19/Ser20 ↑10ADP Q96SB3 PPP1R9B Ser99/Ser100 ↑10ADP

TK P52333 JAK3 Ser15/17/20/Thr21 ↑10ADP

TK Q06187 BTK Thr184 ↑10ADP

TK Q07912 TNK2 (ACK) Thr517/Tyr518 ↑10ADP

TKL Q8IVT5 KSR1 Thr268+Thr272 ↓10ADP

Q8TD19 NEK9 Thr333 ↑10ADP

Q9H4A3 WNK1 Ser1261 ↓10ADP

Tyrosine phosphatases
Q15746 MYLK (smMLCK)

Q05655 PRKCD (PKDCδ)

Q04759 PRKCQ (PKCθ)

Regulatory subunits of phosphatases

O14974 PPP1R12A

Q13043 STK4 (MST1)

Q99683 MAP3K5 (ASK)

O60229 KALRN (TRAD)

STE

Medium (30 s) and late kinases (60 s)

Q13555

AGC

Early kinases (10 s)

CAMK

Table 1:  ADP-regulated kinases and Tyr-phosphatases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kinase phosphorylation sites were grouped into early (10 s), medium (30 s), and late (60 s) responders. ↑10ADP corresponds to up-regulation 
after 10 s of ADP stimulation. Involvement of Tyr-phosphatases and regulatory subunits are summarized. If no specific phosphorylation 
Ser/Thr/Tyr residue could be assigned (e.g., JAK3), all possible phospho-residues are listed.  
 

 

 

 

 

 

 

 

 

 

Figure 3: Dose-dependent aggregometry data for ADP-induced 
platelet shape change at different Iloprost concentrations. The 
half maximal ADP concentration for platelet shape change 
increased from 48 nM to 217 nM in presence of 1 nM iloprost, 
while the Hill-slope of the dose-response curve increased from 
1.05 to 1.92 (means of four independent experiments ± SD). Hill 
coefficients were calculated by nonlinear regression analysis of 
the raw data.  
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Next, in an additional quantitative phosphoproteomics experiment we compared (i) platelets in resting 

state, (ii) platelets stimulated with 20 µM of ADP for 30 s, and (iii) subsequently treated with 2 nM 

iloprost for 30 s or (iv) 60 s. Here, we quantified a total of 3,101 phosphopeptides, corresponding to 

3,568 phosphorylation sites from 1,441 unique proteins, 224 of which were differentially 

phosphorylated. We compared all regulated phosphorylation sites consistently quantified in both 

datasets, i.e., the sole ADP time series and the ADP+iloprost time series (368 proteins), and classified 

them into three categories: (i) sites on which iloprost treatment had no effect and sites where iloprost 

led to (ii) reduced or (iii) increased phosphorylation; the latter containing putative PKA targets (Figure 

4). We focused on sites that showed a particularly strong and/or immediate iloprost-dependent 

deviation from the ADP temporal profile as these might comprise critical processes that are reversed 

upon platelet de-activation, indicating potential candidates for assessing the overall platelet activation 

status, e.g., from patients receiving anti-purinergic receptor medication. As expected, primarily sites 

within PKA consensus motifs were up-regulated upon iloprost treatment, among those CLDN5Thr207, 

ENSASer109, MYO9BSer1354, SLAIN2Ser391, UBE20Ser515, MRVI1/IRAG657, ARPP19Ser104, PDE3AThr311/Ser312, 

STXBP5Ser759, and CALDAG-GEFISer587. In contrast, ROCK2Ser1374, SCARFSer610/611, DAPP1Ser274, FLNASer1976, 

SSFASer1055, TC2NSer83/Tyr84, TMSB4XThr34, CAMK2DSer315/Ser319, MYCTSer114, MYCTSer117, and ASAP1Ser910 

showed a strong down-regulation. This indicates that particularly the following critical events are 

triggered: (i) cytoskeletal rearrangement is reversed (MYO9B, SLAIN2, ROCK2, FLNA, SSFA2, TMSB4X), 

(ii) the further release of granules may be altered (ENSA and ARPP19 both interact with SNCA and 

phosphorylation of ENSASer109 seems to disrupt ENSA/SNCA interaction; STXBP5), (iii) Ca2+ 

homeostasis/signaling (IRAG, TC2N, CAMK2D) is affected, as well as (iv) cAMP/cGMP levels (PDE3A). 

Furthermore, Rap1b is inactivated by CALDAG-GEFI and SCARF1-mediated binding of Ac-LDL seems to 

be affected.  

We used pyGCluster [25] to reveal functional nodes with a similar temporal behavior upon ADP and 

ADP+iloprost stimulation (Figure 5). One representative community (Figure 5B) contains five membrane 

proteins (PAR-1, HMHA1, F11R, SCARF1 and TEX2) as well as SDPR, MAP3K5 and MYCT1, all showing an 

early and sustained ADP-dependent up-regulation unaffected by Iloprost treatment. According to GPS 

2.1 kinase motif prediction [26], SDPRSer241, HMHA1Ser14, F11RSer284, SCARF1Ser714 and MYCT1Ser107/108 are 

potential PKC targets. In contrast, another community (Figure 5C) comprises sites that are mainly 

unaffected/down-regulated by ADP, but substantially up-regulated by Iloprost and are potential/known 

substrates of PKA, such as RASGRP2 [27].Interestingly, for five phosphorylation sites in ENSA, G6B, 

RASGRP2/CALDAG-GEFI, SHROOM4, and DNM2 we detected inverse regulation upon treatment with 

Iloprost. ENSASer109 is a known PKA site which is dephosphorylated upon ADP stimulation, such as 

CALDAG-GEFISer587 which is a key regulator of integrin activation [27]. G6b is phosphorylated after 

platelet activation downstream of integrin αIIbβ3 at two Tyr residues (Tyr211, Tyr237) [28]. This 

phosphorylation constitutes the inhibitory role of G6b which is conveyed by interaction with the SH2-
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domains of SHP1 and SHP2 [29]. The G6B Ser/Thr phosphorylation sites found here are not associated 

with any particular function, yet, however are within AGC-kinase consensus motifs. The role of 

SHROOM4Thr590 is not fully understood, but it appears act in the regulation of cell morphology [30] and 

the consensus motif 586ERFApTN591 is rather untypical 

 
Figure 4: Iloprost induces a diverse pattern of responses. (A) Heatmap of 368 phosphorylation sites that were regulated in the ADP and/or 
ADP+iloprost (*) datasets and were consistently quantified in both. (B) 63 sites showing a significant decrease in phosphorylation upon iloprost 
treatment (*) as compared to their corresponding ADP temporal profiles. (C) 68 sites showing a significant increase in phosphorylation upon 
iloprost treatment (*) as compared to their corresponding ADP temporal profiles.  
 
 
To investigate the occurrence of additional phosphorylation sites that show a reciprocal behavior upon 

platelet activation/inhibition, we compared the two novel platelet phosphoproteomics data sets 

presented here with our previous study on sole iloprost stimulation [14]. Together they comprise 500 

differential phosphoproteins, among those 21 showed a potential reciprocal regulation. We therefore 

sought to validate these findings with an independent approach. Notably, the validation of often 

unknown phosphorylation sites is extremely challenging, due to either the (complete) lack of specific 

antibodies. Owing to this severe absence of available tools, we utilized a targeted mass spectrometry 

approach, namely parallel reaction monitoring (PRM) [31, 32], to validate selected findings from our 

large-scale discovery iTRAQ study. iTRAQ quantification based on so-called data dependent acquisition 

is a powerful approach to provide in-depth and relative fold-changes of thousands of peptides across 

multiple samples and therefore to discover differential (phospho)peptides. However, as a trade-off to 

the in-depth analysis the obtained fold-changes can be underestimated [33]. In contrast, PRM allows the 
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specific quantification of only a limited number of selected candidates, e.g., identified in discovery 

experiments, however with considerably higher precision and accuracy, mainly because of reduced 

interference from background noise. Notably, PRM can be considered as an antibody-free but MS-based 

Western blot, which the important advantage that it unambiguously and directly links quantitative 

measurements with confidently identified targets 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Unsupervised hierarchical clustering of combined ADP and ADP+iloprost temporal profiles. Color codes reflect log2 ratios compared 
to unstimulated controls, square sizes indicate relative standard deviations (RSD, see Supplemental Methods). Entries are given as: Gene name, 
phosphorylation site, protein description. (A) Complete node map. All temporal phosphorylation profiles (central grey node) were clustered 
into different communities according to their similarities, out of which certain examples were selected that indicate functional nodes. (B) Node 
representing phosphopeptides with early and sustained up-regulation, five of which are potential PKC targets [26]. (C) Node with 
phosphopeptides not/only slightly affected by ADP but up-regulated by iloprost treatment, consequently potential PKA targets [28]. (D) Node 
with phosphopeptides up-regulated by ADP, and down-regulated by subsequent iloprost treatment. 

 
  

Using PRM we quantified a total of 23 phosphorylation sites among 7 different conditions (resting, 10 s 

ADP, 30 s ADP, 60 s ADP, 30 s ADP + 30 s iloprost, 30 s ADP + 60 s iloprost, 30 s Iloprost) and 5 additional 

donors. This corresponds to a total of 805 Western blots. We compared the temporal profiles from 

these PRM assays with those from our iTRAQ data and on average found a good correlation (Figure 6). 

Nevertheless, some phosphorylation sites show a considerable inter-individual variation and rather poor 

correlation of iTRAQ and PRM data, such as STIM1Ser618, ASAP1Ser839 or SYTL4Ser217. Besides the 

aforementioned technical reasons, another factor that may contribute to incomplete correlation of 

iTRAQ and PRM data for specific phospho-sites is that these datasets were obtained from separate 
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experiments and different donors. They represent early time points with rapidly changing 

phosphorylation levels, therefore phosphorylation patterns of individual proteins may differ at specific 

time points, also reflecting inter-subject variations in the early ADP response. Given the challenge to 

reproducibly stimulate multiple platelet samples for exactly 10 s, the usage of more elaborate means of 

sample stimulation and preparation may further reduce such variations in the future [34]. 

 

 
 
Figure 6: Heatmap summarizing temporal profiles of 23 selected phosphopeptides. PRM (left) and iTRAQ-based (right) temporal 
phosphorylation profiles are depicted. Phosphopeptides were clustered according to their PRM profiles, the PRM color code represents log2-
fold changes compared to controls. In seven cases, the corresponding quantitative value was missing for the iTRAQ data (black). Notably, the 
lower precision of iTRAQ-based quantification leads to ratio compression. Therefore, the smaller scale of iTRAQ ratios was adjusted to the PRM 
measurements to facilitate the visual comparison (i.e., iTRAQ log2-ratios ranged from -1.2 to 2.8). In most cases, the overall phosphorylation 
changes could be confirmed using an alternative quantification method, additional donors and platelet preparations conducted by different co-
workers. 

 

Discussion 
We characterized temporal phosphorylation changes in human platelets stimulated with ADP and 

ADP+iloprost. Our rationale was that temporal profiles may reveal novel phosphorylation events with 

important functional roles. As we aimed to provide an overall picture of the phosphorylation events 

caused by these major regulators of platelet aggregation, we have chosen to carry out the study under 

conditions were the aggregation process is not abolished. Hence, the detected phosphorylation changes 
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will not exclusively comprise initial P2Y1 and P2Y12 mediated events, but also subsequent synergistic 

effects due to integrin αIIbβ3 outside-in signaling and thromboxane-dependent signaling. Although this 

was not directly studied, we can confidently assert that the early events with ADP (10 s) and iloprost (30 

s) are most directly linked to P2Y1, P2Y12 and IP receptor stimulation, respectively. 

Protein phosphorylation is commonly studied for rather long incubation times and single time points. 

Thus, reversible events may be overlooked and the detection of early (primary) and late (secondary) 

events obscured. ADP stimulation induced phosphorylation changes on 302 proteins (Supplemental 

Table 3), for 254 already regulated after 10 s. In accordance with Stalker et al. [4] we grouped regulated 

proteins into four categories: (i) initial processes of activation; (ii) aggregation; (iii) degranulation; (iv) 

ubiquitin ligases (see also supplemental results). 

(i) Initial processes of activation 

Many proteins of this category were regulated upon ADP stimulation (detailed in supplemental results); 

among those PLCB3, IRAG/MRVI1, pleckstrin, SDPR, DGK gamma, PKC delta and theta, AVPR1A, IRS1, 

DAPP1, TWF2, SH3PXD2A, CALDAG-GEFI, PITPNM2, PIKFYVE, STIM1, 14 GEFs, 27 GAPs (Table 2), 

AMPD2, ROCK1, ROCK2 and MYLK. 
 
Table 2: Regulated GAP and GEF proteins belonging to the Rho/Rac pathway.  

GDP Exchange proteins (GEF) GTPase activating proteins (GAP) 
Acces
sion Gene Site Regulat

ion 
Accessi

on Gene Site Regulat
ion 

Q128
02 

AKAP1
3 

Ser1750 
Ser2709 

↑10ADP 

↑10ADP P98171 ARHGA
P4 Ser860 ↑10ADP 

Q929
74 

ARHGE
F2 Ser121/122 ↑10ADP O43182 ARHGA

P6 

Ser927 
Ser820/Thr

821 

↑10ADP 

↓60ADP 

Q141
55 

ARHGE
F7 Ser674/676 ↑30ADP Q53QZ

3 
ARHGA

P15 Ser43 ↑30ADP 

O150
13 

ARHGE
F10 Ser379 ↑10ADP A7KAX

9 
ARHGA

P32 Ser587 ↑60ADP 

Q9NZ
N5 

ARHGE
F12 

Ser22 
Ser599 

↑10ADP 

↑10ADP Q92619 HMHA1 

Ser14 
Ser73 

Thr96/Ser9
9 

↑10ADP 

↑10ADP 

↑10ADP 

Q9H7
D0 DOCK5 

Ser1742 
Ser1766 
Ser1781 

↑10ADP 

↑10ADP 

↑10ADP 
Q13576 IQGAP2 Ser16 ↑10ADP 

Q96N
67 DOCK7 Ser182 ↑10ADP Q13459 MYO9B 

Thr1271 
Ser1354 
Thr1492 
Ser1972 

↑10ADP 

↓60ADP 

↑10ADP 

↑10ADP 
Q5JSL

3 
DOCK1

1 Ser31 ↑10ADP O60890 OPHN1 Ser703 ↑30ADP 

O602
29 KALRN 

Ser1896 
Ser2261 

Ser1756 + 
1757 

↑10ADP 

↑10ADP 

↑10ADP 
    

Q078
90 SOS2 Ser1315 ↑10ADP     

P2173
1 TBXA2 Ser329 ↑30ADP     

Q9UK
W4 VAV3 Ser786 ↑10ADP     

 
 
↑10ADP corresponds to up-regulation after 10 s of ADP stimulation. If the phosphorylated site could not be localized to a distinct Ser/Thr/Tyr 
residue with high confidence (e.g., ARHGAP6) all possibly phosphorylated residues are listed, according to the phospho-RS algorithm. 

 

(ii) Aggregation 

Platelet integrins can rapidly, reversibly and flexibly change between active and inactive conformations 

in not fully-understood ways [35]. Our data may provide insight into the involved mechanisms. We 
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found several proteins that modify the activation of platelet integrin receptors, among those CALDAG-

GEFI (RASGRP2), RAP1GAP2, TLN, FERMT3, and PPFIA1. 

(iii) Degranulation 

Degranulation is an irreversible process. A substantial number of proteins (42) regulated after ADP 

stimulation belong to the GO-term “vesicle-mediated transport.” Notably, the vesicle associated 

proteins VAMP5 and VAMP8 were regulated upon ADP stimulation, but not upon Iloprost stimulation. 

Another class of proteins which was only found regulated upon ADP stimulation was syntaxin proteins 

(STX7). Notably, STXBP5 is a target of activating (Ser785: ↑10ADP; Ser1131: ↑10ADP) and inhibitory, PKA-

driven (Ser759: ↑30/30ADP/Ilo; Ser782: ↑30/30ADP/Ilo) signaling. STXB5 can inhibit membrane fusion 

between transport vesicles and the plasma membrane and has been demonstrated to play an important 

role in platelet secretion. STXB5-deficient mice showed defective granule secretion and prolonged 

bleeding times [36, 37]. STXBP5Ser1131 is conserved between mouse and man and is within a v-SNARE 

coiled-coil homology domain, which may suggest a regulatory role in SNARE complex formation. SYTL4 

(Ser217, Ser221: ↑10ADP) enhances platelets dense granule release in concert with RAB8A. Additionally, 

we found several GAPs and GEFs involved in the degranulation process regulated upon ADP stimulation. 

These include RAB4B (Ser193: ↑10ADP), RAB6A (Ser179/Thr180/Ser184: ↓10ADP) and RAB13 (Thr72: 

↑10ADP). According to Yamamoto et al. [38], RAB4, RAB13 and RUFY1 (Ser618: ↑10ADP) are involved in 

endosomal vesicle regulation and might play a vital role in platelets, too. 

(iv) Ubiquitin signaling pathways 

As in our previous study [14], we found several ubiquitin ligases regulated upon ADP stimulation. The 

ubiquitin/proteasome pathway seems to be involved in platelet activation [39], however, the exact 

mechanism is unclear. In total, four E3-ubiquitin ligases (HACE1, HUWE1, MYCBP2, ANKIB1) were 

differentially phosphorylated. HACE1 (Ser381: ↑10ADP) was reported to induce Rac degradation upon 

ubiquitination [40]. Since Rac is a key player during activation [34], the phosphorylation of HACE1 could 

lead to an impaired activity. HUWE1 (Thr2540: ↑30ADP) interacts with ADP-ribosylation factor (Arf) in 

leukocytes [41]. MYCBP2, though, is a regulatory switch for receptor internalization [42], which could be 

of similar importance in human platelets for internalizing and subsequent degradation of PAR receptors 

(PAR-1Ser418 ↑10ADP; PAR-4Ser381 ↑10ADP). A similar effect has been shown in HEK cells, where CBL (not 

found to be regulated in our data) ubiquitinated PAR2, leading to subsequent degradation [43]. At last, 

ANKIB1 is a potential E3-ubiquitin ligase (Ser898 ↑10ADP) with unknown substrates. UBE2J1 (Ser266 

↓30ADP) and UBE2O (Ser399 ↑10ADP, Ser1243 ↑10ADP) are ubiquitin-conjugating enzymes. Knock-out 

mice demonstrated an important role for UBE2O in vesicle transport [44]. Furthermore, the regulation 

of UBASH3B/TULA-2 (Thr34 ↑10ADP) might be interesting, as it binds ubiquitinated proteins [45] and 

dephosphorylates these [46]. In platelets, SYK is primarily dephosphorylated by UBASH3B/TULA-2, 

inducing a negative regulation of glycoprotein VI signaling [43, 47]. Notably, the regulated 
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phosphorylation site is within the ubiquitin binding domain and thus could potentially modulate binding 

of ubiquitinated proteins. 

Novel central nodes involved in reversible platelet activation 

In the blood flow, the activation of platelets not contributing to thrombus formation can be reversed by 

prostacyclin exposed by the endothelium. We wondered whether we could use temporal 

phosphoproteomics to study this reversal activation and thus quantified changes between (i) 

unstimulated (control) platelets and platelets stimulated (ii) for 30 s with ADP, (iii) for 30 s with ADP 

followed by either 30 s or (iv) 60 s with 2 nM iloprost. We further merged all our temporal platelet 

phosphorylation data sets (i.e., ADP and ADP+iloprost time series from this study, and our previous 

iloprost time series [14]) to identify phosphorylation sites showing an inverse response (Figure 7). We 

hypothesize that these might be central players that governing platelet homeostasis and representing 

suitable candidates for monitoring platelet activation states, such as done in the VASP phosphorylation 

assay [48].  

  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 7: Reciprocal regulation of selected sites upon ADP and iloprost treatment. Log2 ratio refers to the changes compared to resting 
platelets. Iloprost regulation data was taken from our previous study [14]. 
 
For some of these proteins their central roles in platelet activation/inhibition are well-known: G6B, 

STIM1, PLCB3, PDE3A, RASGRP2, SYTL4, DAPP1, MRVI1/IRAG and FHOD1. However, for others, their 

functions in platelets are elusive or only partly understood: e.g., for SHROOM4, MTSS1, GSK3A, ENSA, 

PIKFYVE, PITPNM2, SCARF1, GAPVD1, MYO9B, UBE2O and UBE2J1. For PDE3A our data (Figure 7) show a 

de-phosphorylation at Ser312. On the one hand, this phosphorylation could induce a negative feedback 

loop upon iloprost-mediated signaling, leading to reduced cAMP levels. On the other hand de-
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phosphorylation upon ADP-mediated signaling could also induce a negative feedback loop by increasing 

cAMP levels. Our data confirm recent findings that RASGRP2/CALDAG-GEFISer587 is crucial for Rap1b 

signaling [27]; it is clearly down-regulated by ADP (via P2Y12 and Rap1b on) and up-regulated by iloprost 

(Rap1b off). We verified these results by Western blotting (Figure 8), however, Ser567 down-regulation 

is not as apparent as in our MS data. Furthermore, we pinpointed the differential GSK3A 

phosphorylation site to Ser21 using a phospho-specific antibodies (Figure 8), showing a down-regulation 

by ADP and up-regulation by iloprost. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Western Blot validation of inverse GSK3ASer21, RASGRP2Ser567 phosphorylation and RAP1 pull-down after stimulation with ADP, 
Iloprost and ADP+iloprost. (A) Human platelets (3 x 108/ml) were stimulated by ADP (10 μM, 1 min), iloprost (2 nM, 1 min), or both; notably 
slightly different than for the phosphoproteomics data. Following stimulation, platelets were lysed and subjected for Western blot GSK3ASer21, 
RASGRP2Ser567 and Rap1 pull-down assay. The representative blots of three independent experiments are shown. (B) Immunoblots using 
selected phosphospecific antibodies were done in triplicate and (C) quantified using the Image J program. The intensities of the 
phosphorylation signals were normalized to actin. Data are normalized against controls, results are given as means ± SEM, n = 3, + P < 0.05 
compared to the control, * P < 0.05 compared to the iloprost sample. 
 

In conclusion, platelet phosphorylation profiles induced by the two fundamental counterparts ADP and 

prostacyclin produce a complex but consistent picture. A remarkable number of phosphorylation sites 

and changes have been observed in platelets for the first time, however the function of many of those is 

still unknown. This renders this dataset a valuable resource for functional studies on promising 
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candidates. It will be important in the future to understand which of the observed initial and later 

phosphorylation events are mediated by first triggering the P2Y1 and P2Y12 receptors, and subsequent 

integrin αIIbβ3 outside-in signaling and thromboxane receptor-mediated pathways.  

The identification of reciprocal protein phosphorylation may allow the identification of potential marker 

proteins representing a specific functional state of platelets. Thus, we present a toolbox of reversible 

phosphorylation sites that should be characterized more in detail, yet raise hope in developing novel 

assays to monitor platelet activation states for the clinic. By integrating biochemical and functional 

data/models and quantitative proteomic data [14, 27, 31], novel pharmacological targets can be 

identified that might pave the way towards precision medicine [49].  

Further discussion of these results is provided in the Supplemental Discussion below. 
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Supplemental methods of chapter 6 

Sample preparation and fractionation 
 
For each biological replicate, protein concentrations were determined using a bicinchoninic acid (BCA) 

assay according to the manufacturer’s protocol (Pierce Scientific, Bremen, Germany). Cysteines were 

reduced for 30 min at 56 °C by addition of 10 mM of dithiothreitol. Subsequently, free sulfhydryl groups 

were carbamidomethylated using 30 mM of iodoacetamide for 30 min at room temperature in 

darkness. Finally, 200 μg of each sample were loaded on a 30 kDa molecular weight cut-off spin filter to 

conduct filter-aided sample preparation with slight modifications [1, 2]. Proteins were digested in 50 

mM triethylammonium bicarbonate (TEAB), 100 mM urea, 1 mM CaCl2, pH 8.0 with trypsin (w/w 1:20, 

sequencing grade, Promega, Wisconsin, USA) at 37 °C overnight, as described previously [3]. Afterwards, 

peptides were collected by centrifugation at 13,800 g for 25 min. Filters were additionally washed with 

100 μl of digestion buffer and 100 μl water to increase peptide yield. Digestion performance was 

controlled as described by Burkhart et al. [4]. Peptide concentrations were determined by NanoDrop 

(Thermo Scientific, Bremen, Germany) according to the manufacturer’s protocol. For each biological 

replicate, equal amounts of peptide (about 150 μg) were dried under vacuum. Pellets were 

reconstituted in iTRAQ 4-plex dissolution buffer (AB Sciex, Dreieich, Germany) and labeled according to 

the manufacturer’s protocol. For each biological replicate, the four differentially labeled time points 

were pooled and the volume was reduced under vacuum. Subsequently, 4% of the pooled sample were 

desalted using C18 solid phase extraction (Poros Oligo R3, Applied Biosystems, Darmstadt, Germany), as 

described elsewhere [5]. Samples were dried under vacuum and reconstituted in 10 mM ammonium 

acetate, pH 6.0 (solvent A). Next, peptides were separated on a C18 column (Zorbax, Santa Clara, USA, 

0.5 mm inner diameter (ID) x 15 cm, 5 μm particle size, 200 Å, Agilent Technologies, Santa Clara, USA) 

using a U3000 HPLC system (Thermo Scientific) with a flow rate of 60 μl/min and a binary gradient 

ranging from 3-60% solvent B (10 mM ammonium acetate, 84% acetonitrile, pH 6.0) in 60 min. Fractions 

were collected every minute, resulting in a total of twelve concatenated fractions that were analyzed by 

nano-LC-MS/MS for global proteome quantification. TiO2-based phosphopeptide enrichment was 

conducted slightly modified after Engholm-Keller et al. [5] Enriched phosphopeptides were fractionated 

on a U3000 HPLC system running in hydrophilic interaction liquid chromatography (HILIC) mode. 

Peptides were loaded on a self-packed HILIC column (TSKgel Amide-80, 150 μm ID x 15 cm length, 5 μm 

particle size, 80 Å pore size, Tosoh Bioscience, Tokio, Japan) and separated using a binary gradient 

ranging from 1-80% B (A: 98% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid (trifluoroacetic acid); B: 

0.1% (v/v) trifluoroacetic acid) within 40 min at a flow rate of 4 μl/min. Eluting peptides were collected 

in 13 fractions. 
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LC-MS analysis 

All HILIC fractions were analyzed by nano-LC-MS/MS using a RSLC-nano system online coupled to a Q 

Exactive mass spectrometer (both Thermo Scientific). Peptides were first concentrated on a pre-column 

(Acclaim PepMap; 100 μm ID x 2 cm length; 2 μm particle size; 100 Å pore size, Thermo Scientific) at a 

flow of 20 μl/min and further separated on the main column (Acclaim PepMap; 75 μm ID x 50 cm 

length; 2 μm particle size; 100 Å pore size) using a binary gradient (solvent A: 0.1% (v/v) formic acid; 

solvent B: 84% acetonitrile, 0.1% formic acid) ranging from 3-45% solvent B in 115 min at a flow rate of 

250 nl/min at 60 °C. In the Q Exactive, survey scans were acquired with a resolution of 70,000 using the 

polysiloxane 371.1012 m/z as lock mass [6]. Subsequently, MS/MS spectra of the 15 most intense ions 

were acquired with (i) a resolution of 17,500; (ii) an isolation width of 2.0 m/z; (iii) a normalized collision 

energy of 35; (iv) an AGC target value of 106 ions with an underfill setting for MS/MS of 10%; (v) a 

maximum injection time of 120 ms; (vi) using a dynamic exclusion of 12 s. Furthermore, reaction tubes 

containing 10 % ammonium water were placed in front of the ion source to compensate for the iTRAQ-

induced increase of peptide charge states [7]. 

Data analysis 

Raw data were processed with Proteome Discoverer 1.3 (Thermo Scientific) using Sequest and Mascot 

as search algorithms. MS/MS spectra were searched against a human Uniprot database (August 2012; 

20,232 target sequences) using the following search settings: (i) trypsin with a maximum of two missed 

cleavages; (ii) at peptide N-termini and Lys residues as fixed modifications; (iii) oxidation of Met 

(+15.9949 Da) as well as phosphorylation of Ser/Thr/Tyr (+79.9663 Da) as variable modifications; (iv) MS 

and MS/MS tolerances of 10 ppm and 0.02 Da, respectively.  

False discovery rate (FDR) estimation on the level of peptide spectrum matches (PSM) was performed 

using the Peptide Validator node and phosphorylation site localization was determined using phosphoRS 

[8]. PSM were filtered for 1% FDR (high confidence filter) and only phosphopeptides with phosphoRS 

probabilities >90% were considered as confident. All raw data and Proteome Discoverer search results 

can be accessed using the ProteomeXchange repository [9] (accession: PXD001189). Obtained iTRAQ 

ratios were normalized based on the global proteome analysis in order to compensate for systematic 

errors. For each replicate, PSM were grouped based on their protein accessions and protein 

phosphorylation sites, as confidently localized within peptide sequences by phospho-RS. Next, we 

calculated the median ratio of the grouped PSM for each time point. To combine the three replicates, 

corresponding phosphopeptides were grouped as above to calculate median ratios over all replicates 

and time points. As before, 3 we used a skewed normal distribution centered on the median of the 

upper and lower 34th percentiles to assess significant regulations. Thus, a peptide was considered as 

regulated with >99% confidence if the corresponding ratio had a probability >99% to deviate from the 

normal distribution. Only those peptide groups presenting either (i) a regulation confidence >99% in at 
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least two replicates, or (ii) more than twofold up-/down-regulation in a single replicate were considered 

to generate a final set of reliably regulated phosphopeptides. 

Cluster analysis 

Extensive agglomerative hierarchical clustering was performed using pyGCluster [10] with parameters as 

described in Barth et al. [11]. Briefly, pyGCluster uses the uncertainty of the data (standard deviation for 

each data point) to generate a large amount of data sets that are still represented by the measured 

means and standard deviations. Those data sets are subjected to multiple agglomerative hierarchical 

clustering approaches using different linkage distance combinations. Finally, clusters that are observed 

with a higher frequency, albeit injected with strong noise, are subject to meta-clustering in order to 

determine communities. Since pyGCluster requires the means and standard deviations of log2-

transformed ratios at all conditions that should be clustered, all phosphorylation sites were analyzed 

that fulfilled the significance criteria and had at least three iTRAQ spectral counts in both experimental 

sets (ADP, ADP+iloprost) (n = 1287). For each of those phosphorylation sites and MS/MS spectra, iTRAQ 

intensities were used to calculate ratios for the six clustering conditions: (i) 10 s ADP/Control; (ii) 30 s 

ADP/Control; (iii) 60 s ADP/Control; (iv) 30 s ADP/Control; (v) 30 s ADP + 30 s iloprost/Control; and (vi) 

30 s ADP + 60 s iloprost/Control. Those ratios were log2-transformed and collected. Finally, each 

phosphorylation was associated with at least three log2-transformed ratios for all six clustering 

conditions. These ratio lists were used to calculate the means and standard deviations used as input for 

pyGCluster. In total 9 distance-linkage combinations were evaluated (Euclidean-complete, 

Euclideanaverage, Euclidean-weighted, Euclidean-centroid, Euclidean-median, Euclidean-ward, 

correlation-complete, correlation-average, correlation-weighted) and 200,000 iterations were 

performed. Convergence was reached. The node map and expression profiles were generated using a 

cFrequency threshold of 0.005 and a minimum cluster size of 4. 

PRM analysis 

Platelets from five additional donors were purified and treated as above, yielding a total of seven 

conditions per donor, (i) resting, (ii) 20 μM ADP for 10 s, (iii) 20 μM ADP for 30 s, (iv) 20 μM ADP for 60 s, 

(v) 20 μM ADP for 30 s followed by 2 nM iloprost for 30 s, (vi) 20 μM ADP for 30 s followed by 2 nM 

iloprost for 60 s, (vii) 2 nM iloprost for 30 s. Lysis, protein concentration determination, 

carbamidomethylation and proteolytic digestion were as described above. Afterwards, samples were 

subjected to phosphopeptide enrichment. In brief, peptide mixtures were dried under vacuum and 

resuspended in loading buffer (80% acetonitrile, 5% trifluoroacetic acid, and 1 M glycolic acid). TiO2 

beads were used in a 6:1 ratio (beads:protein), followed by incubation under shaking for 10 min at room 

temperature. After centrifugation, the beads were pelleted and the supernatant was reincubated with 

1/2 and 1/3 the amount of the beads, respectively. Afterwards, beads were washed with 80% 

acetonitrile, 1% trifluoroacetic acid and with 10% acetonitrile, 0.1% trifluoroacetic acid. The supernatant 



138 
 

was removed, beads were dried under vacuum and phosphopeptides were eluted with 1% ammonium 

hydroxide, pH 11.3. Finally samples were desalted using Poros Oligo R3, as above. Samples were dried 

under vaccum and resuspended in 35 μl of 0.1% trifluoroacetic acid. For the PRM analyses, we used a 

U3000 nano-RSLC system online-coupled to a Q-Exactive HF mass spectrometer. Samples were loaded 

into a trap column Acclaim PepMap100 C18 trap column 100 μm × 2 cm with 0.1% trifluoroacetic acid at 

a flow rate of 20 μl per minute, followed by separation of peptides on the main column (Acclaim 

PepMap100 C18 main column 75 μm × 50 cm Thermo Fisher Scientific) using a binary gradient ranging 

from 3-42% B in 90 min at a flow rate of 250 nl/min at 60 °C. In the Q-Exactive HF a list of 23 

phosphopeptides (see Figure 6 and Table 1) was isolated in the quadrupole with an isolation window of 

0.4 m/z and fragmented using HCD with a normalized collision energy of 27. The AGC target value was 

set up to 3x106 ions, the maximum injection time to 100 ms. MS/MS spectra were acquired in the 

Orbitrap with a resolution of 30,000. For data analysis we used in house spectral libraries from platelet 

phosphoproteomics studies and the software Skyline12, including manual inspection of peak 

assignment and quantification. Data were used to determine log2 median ratios and analyzed using 

Perseus [13].  

 
Table 1 .- List of 24 phosphopeptides which showed opposite response after ADP and ADP+iloprost stimulation used for PRM assay.  

   

 
Gene 

 
Protein Name 

 
Peptide Sequence 

 
Site 

 
m/z 

 
z 

MRVI1 Protein MRVI1 SMSLTLGK Ser670 458.714111 2 

MTSS1 Metastasis suppressor 
protein 1 

KSSVCSSLNSVNSSDSR Ser272 947.404044 2 

PITPNM2 Membrane‐associated 
phosphatidylinositol 
transfer protein 2 

KGSFGLPGQGDFLR Ser1277 779.874323 2 

SLAIN2 SLAIN motif‐containing 
protein 2 

LSLQGHPTDLQTSNVK Ser391 909.443298 2 

CNST Consortin KCSTQLLVSEDPK Ser293 792.870589 2 

UBE2J1 Ubiquitin‐conjugating 
enzyme E2 J1 

RLSTSPDVIQGHQPR Ser266 590.959742 2 

SCARF1 Scavenger receptor class 
F member 1 

RPSVSFAEGTK Ser589 629.79501 3 

RASGRP2 RAS guanyl‐releasing 
protein 2 

AFSFSLPRPGR Ser576 438.883333 3 

ARHGEF6 Rho guanine nucleotide 
exchange factor 6 

KDSIPQVLLPEEEK Ser684 852.926418 2 

PDE3A cGMP‐inhibited 
3',5'‐cyclic 
phosphodiesterase 

RTSLPCIPR Ser312 590.288841 2 

NEXN Nexilin YEEQRPSLK Ser218 615.281735 2 

RASGRP2 RAS guanyl‐releasing 
protein 2 

RGSRPPEIR Ser587 574.290229 3 

NCK1 Cytoplasmic protein 
NCK1 

RKPSVPDSASPADDSFVDPGER Ser85 803.695459 2 

MRVI1 Protein MRVI1 RRVSVAVVPK Ser657 595.842097 2 
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From left to right in the table are shown gene name, protein name, peptide sequene, phopshorylation site within the protein, mass/charge 

ratio and charge state of the phosphopeptides. 
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MRVI1 Protein MRVI1 VSVAVVPK Ser657 439.741 2 

SYTL4 Synaptotagmin‐like 
protein 4 

RDSLDKSGLFPEWK Ser217 586.61346 2 

STIM1 Stromal interaction 
molecule 1 

SHSPSSPDPDTPSPVGDSR Ser618 1001.412923 3 

G6B Protein G6b RLSTADPADASTIYAVVV Ser226 964.971888 3 

GSK3B  GEPNVSYICSR Tyr216 681.281409 2 

FLNA Filamin‐A RLTVSSLQESGLK Thr2336 499.927267 3 

MYLC Myosin light chain kinase KSSTGSPTSPLNAEK Ser1173 792.369267 2 

SH3PXD2A SH3 and PX 
domain‐containing 
protein 2A 

AASQGSDSPLLPAQR Ser1038 789.369602 2 

ASAP1 Arf‐GAP with SH3 
domain 

TLSDPPSPLPHGPPNK Ser839 883.730058 2 

F11R Junctional adhesion 
molecule A 

VIYSQPSAR Ser284 550.760439 2 
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Supplemental discussion of chapter 6 
 

(i) Initial processes of activation 
 
After binding of ADP to the P2Y1 receptors, downstream signaling cascades depend on secondary 

messengers and phosphorylation cascades. The P2Y1 receptor is coupled to Gqα protein, 

activating PLCβ via Gqα [1, 2]. PLCβ cleaves phosphatidylinositolphosphates yielding 

inositolphosphates and diacylglycerol (DAG). PLCβ3 (PLCB3) is not only regulated by Gqα but also 

through the G-protein β/γ subunit [3]. Phosphorylation by calmodulin kinase 2 at Ser537 

increases its activity [4]. After stimulation with ADP, we found PLCB3 phosphorylated at Ser537 

(↑10ADP) and dephosphorylated at Thr924 (↓10ADP), whereas in our previous study Ser537 was 

strongly dephosphorylated after longer times of iloprost stimulation [5].  

The most important inositolphosphate, namely inositol 1,4,5-trisphosphate (IP3), binds to an IP3 

receptor on the dense tubular system of platelets. The IP3 receptor acts as a cation channel 

releasing stored Ca2+ ions from the dense tubular system and is regulated by a protein directly 

bound to the receptor. The protein IP3 receptor-associated cGMP kinase substrate (IRAG/MRVI1) 

is an established PKA/PKG substrate which upon phosphorylation down-regulates IP3 receptor 

activity. We found IRAG regulated on three phosphorylation sites (Ser293: ↓10ADP; Ser367: 

↑10ADP; Ser670: ↓60ADP). According to Antl et al. [6], Ser670 is constitutively phosphorylated in 

unstimulated platelets. We found it down-regulated after 60 s of ADP stimulation and, in our 

previous study, up-regulated after 10 s of iloprost stimulation [5]. Notably, we could not detect a 

significant regulation of IRAG Ser657, a site presumed to regulate IP3 receptor binding [6] 

together with Ser670, whereas we found Ser657 significantly up-regulated after iloprost 

stimulation [5]. 

Calcium transients demonstrated a fast inhibitory effect of iloprost on Ca2+ release from the DTS, 

indicating a relevant role for early IRAG phosphorylation (Supplementary Figure 2). Together with 

calcium ions, DAG activates the conventional PKC isoforms, which initiate a phosphorylation 

cascade involving the major substrates MARCKS (known) sites are within short tryptic peptides 

that are difficult to detect with high confidence) and pleckstrin (Ser117: ↑10ADP). Pleckstrin 

contains two pleckstrin homology (PH) domains, which provide binding sites primarily for 

phosphatidylinositol phosphates [7], thus targeting the protein to the membrane and enabling 

recruitment of other proteins to the membrane. In addition PH domains can interact with the β/γ 

subunit of G-proteins and small GTPases. The central role of pleckstrin is evident from that fact 

that in pleckstrin-deficient mice the platelets are deficient in exocytosis and, in absence of 

phosphoinositide 3-kinase (PI3K) activity, do not aggregate, thus supporting the functional 
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imperative for PH domains [8]. Unphosphorylated pleckstrin can be recruited to the membrane 

by the protein SDPR (Ser241: ↑10ADP; Ser264: ↑10/0ADP/Ilo; Ser296: ↑10ADP) [9]. Immediately 

after ADP stimulation, pleckstrin phosphorylation at the PKC phosphorylation site Ser11710 

increased strongly and remained constant over 60 s, while the second PKC site Ser113 was not 

observed. For SDPR, we observed a significant increase of phosphorylation upon ADP stimulation 

at Ser241 (potential substrate of PKC, according to GPS 2.1 prediction), Ser264 and Ser296 which 

were down-regulated after iloprost treatment. Additionally, we identified two phosphorylations 

that were significantly up-regulated by iloprost only after 60 s [5]. The other Thr375 and Tyr399 

phosphorylation sites have not been described yet, and owing to their sequence cannot be 

clearly attributed to a specific kinase. The DAG levels are controlled by diacyclglycerol kinases 

(DGK), which phosphorylate DAG, forming phosphatidic acid (PA) [11], and thus acting as 

negative regulators of PKC. DGK activity is up-regulated by phosphorylation at Ser779 and Ser782 

[12]. DGK gamma phosphorylation was slightly up-regulated after 60 s of ADP stimulation, 

indicating a late PKC phosphorylation event which limits the DAG concentration by increased DGK 

gamma activity. Iloprost diminished DGK phosphorylation at Ser782 immediately. For DGK delta 

no significant change in phosphorylation was observed. In addition, we found two isoforms of 

protein kinase C (PKC delta and theta) to be strongly regulated on several sites (delta: Thr43: 

↑30ADP; Ser130: ↑10ADP; Thr218: ↑10ADP; Ser304: ↑10ADP; theta: Thr219: ↑10ADP; Ser685: 

↑10ADP). PKC delta and theta are so-called novel isoforms, which have a mostly suppressive effect 

on platelet activation [13]. The four phosphorylation sites of PKC delta are localized within its 

autoregulatory part and Ser304 phosphorylation is auto-induced after DAG binding [14]. PKC 

theta regulates many proteins responsible for calcium influx, degranulation and actin remodeling 

[15]. Furthermore, PKC theta phosphorylation at Thr219 has been shown to be involved in its 

recruitment to the plasma membrane, being a major regulatory site in leukocytes [16]. However, 

the function of this kinase is discussed, as one paper showed inhibitory signaling in platelets after 

collagen stimulation, such as by decreasing the intracellular calcium concentration [17]. 

According to GO-term analysis, seven regulated proteins might interact with PKC isoforms. 

Among these are AVPR1A (vasopressin V1a receptor; Thr386: ↑10ADP) and IRS1 (insulin receptor 

substrate 1; Ser374: ↑10ADP). Furthermore, we identified several regulated IP3-binding proteins, 

including DAPP1 (Thr271: ↑60ADP; Ser276: ↑10ADP; Ser137/141: ↑10ADP), TWF2 (Ser167: ↑10ADP) 

and SH3PXD2A (Thr731: ↓10ADP). 

The guanylyl exchange factor CALDAG-GEFI (RASGRP2) is another target of phospholipase C 

signaling, integrating calcium and DAG signals and linking these pathways with signaling through 

small GTPases [18, 19]. CALDAG-GEFI plays a central role in the platelet activation [20, 21]. It is 
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phosphorylated by PKA on Ser587 and Ser116/Ser117, which prevents further CALDAG-GEFI-

mediated Rap1b activation. Ser587 was downregulated after ADP stimulation (Ser587: ↓30ADP) 

which may enhance Rap1b activation.  

Stimulation of the P2Y12 receptor resulted in a multitude of signals initiating several pathways in 

parallel. P2Y12 is a Giα-coupled receptor thus causing adenylyl cyclase inhibition. The significant 

role of P2Y12 receptors in platelet aggregation though cannot be explained by adenylate cyclase 

inhibition alone [22]. Careful investigation of the P2Y12 dependent pathways has indicated a 

major role for signaling mediated by the β/γ subunit liberated through G-protein activation [23, 

24]. The pathways involved are the activation of the classical phosphoinositde 3-kinase (PI3K) [25, 

26], and further Akt/PKB [27], p38 MAPK [28, 29], ERK2 [30], Rap1b [31], and the inwardly 

rectifying potassium channel GirK [32]. All together, these signals add up to induce full platelet 

activation and formation of a stable platelet aggregate. PI3K is most probably a major hub in 

P2Y12-induced signaling and has even been proposed as target for anti-platelet therapy [33]. PI3K 

fulfills two functional roles in signaling, mainly its kinase function, and in addition acting as a 

scaffolding protein [34]. As a kinase, PI3K phosphorylates phosphatidylinositolphosphates at thes 

3 position. Phosphatidylinositol-4,5-bisphosphate (PIP2) is a substrate of phospholipase C, which 

yields the second messenger 1,4,5-inositol trisphosphate (IP3). By the initial activation of PLC beta 

the phosphatidylinositolphosphates present in the membrane are hydrolyzed. Later 

phosphorylation of phosphatidylinositolphosphates by PI3K replenishes phosphatidylinositol-4,5 

bisphosphate which is subsequently used as source of IP3 resulting in sustained signaling [35]. We 

found the PIP2 shuttling protein PITPNM2 regulated on three different phosphorylation sites 

(Ser867: ↑30ADP, Ser1277: ↓60ADP, Ser1298: ↑10ADP). Notably, in our previous study on Iloprost-

stimulated platelets [5], we could show a significant upregulation at Ser1277 after 10 s of 

stimulation. In this context we further found PIKFYVE down-regulated at a potential PKA site [5] 

(Ser307) after 60 s of ADP stimulation, whereas it was up-regulated upon Iloprost stimulation 

(Ser307: ↑102nM). This enzyme processes phosphatidylinositol 3-phosphate into PIP2 [36] which 

is mostly a substrate for P2Y12-stimulated PI3K but also for phospholipase C isoforms [37]. In 

addition, we identified STIM1, a calcium sensor [38], being regulated at two sites (Ser616: 

↓60ADP; Ser621: ↑10ADP). Phosphorylation of Ser621 together with Ser575 and Ser608 by ERK1/2 

was shown to be necessary for store-operated calcium influx [39]. Diminished phosphorylation of 

these residues prevents the interaction with the calcium channel ORAI1 [40]. This observation is 

further supported by calcium signaling experiments, which showed a loss of storage dependent 

of calcium uptake (Supplemental Figure 2). We identified altered phosphorylation in 14 GEFs and 

27 GAPs which influence initial signaling processes. Most of these belong to four important 
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platelet regulatory pathways (Rho/Rac, Ras, Rab and Arf). In this context, we found AMPD2 

phosphorylation up-regulated at four sites (Ser76, Ser100, Ser134 and Thr289) after 10 s. AMPD2 

converses AMP/ADP/ATP to GMP/GDP/GTP [41]. Deaminases like nucleotidases are effective 

regulators of nucleotide signaling [42]. By degradation of nucleotides these enzymes prevent 

unwanted receptor activation but also receptor desensitization by low levels of nucleotides. 

Notably, phosphorylation at Ser74 and Ser100 was also up-regulated after iloprost stimulation, in 

contrast to Ser168, which was down-regulated [5]. Eight GAPs and twelve GEFs belong to the 

RhoA/Rac pathway, as summarized in Table 3. Of those, ten GEFs and five GAPs were already 

significantly regulated after 10 s, underlining a fast signal transduction and response upon P2Y1 or 

P2Y12 receptor stimulation. MYOB9B is one of the strongest responding GEFs with a total of four 

regulated sites. Three sites were regulated after 10 s of ADP stimulation (Thr1271, Thr1492, 

Ser1972: ↑10ADP; Ser1354: ↓60ADP). Furthermore, our data confirm the known regulation of 

phosphorylation on ROCK1 (Ser1341: ↑10ADP) and ROCK2 (Ser1374: ↑10ADP) [43]. Downstream of 

RhoA, MYLK was regulated at two sites already after 10 s (Ser1760: ↑10ADP; Ser1776/1779: 

↑10ADP), reflecting its involvement in processes that are important for platelet activation, such as 

myosin regulation and actin remodeling [43]. 

(ii) Aggregation 

The activation of Rap by RASGRP2 [44] (Ser587: ↓30ADP) leads to a conformational change of 

integrin αIIbβ3 [45]. The strong regulation of RAP1GAP2 (four sites) could modulate Rap activity 

further. For integrin activation, talin (TLN) and FERMT3 play a key role [46]. We found talin 

regulated at six phosphorylation sites (Thr144: ↓10ADP; Thr150: ↑60ADP; Thr430: ↑10ADP; Ser853: 

↑10ADP; Ser1021: ↑10ADP; Ser1201: ↑10ADP) and FERMT3 on Ser345 (↑10ADP). The latter is 

localized within a FERM domain and might be involved in the linkage of proteins to the cell 

membrane [47]. PPFIA1 (Ser1139: ↑10ADP), which interacts also with talin, could recruit integrins 

to newly formed pseudopodia [48]. 

(iii) Degranulation 

Platelets need both VAMPs and STX proteins localized on the cell membrane for successful α- and 

dense granule secretion [49]. We found VAMP5 (Ser48/49/Thr50: ↑10ADP) and VAMP8 (Ser18: 

↑10ADP) regulated. VAMP8 was demonstrated to play a role in release of dense granules in 

platelets [49]. Recently, VAMP5 was shown to regulate vesicle transportation along myosins in 

muscle cells [50]. As a potential membrane-bound fusion protein for transported granules, we 

found STX7 (Ser129: ↑10ADP) regulated. Fusion complexes containing STX11 that mediate the 

exocytosis of alpha and dense granules in platelets, have been identified and Marks et al. [51] 

speculated whether besides STX11 also STX7 could be involved in lysosome degranulation. 
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Supplemental figures of chapter 6 
Supplemental Figure 1. Inhibition of ADP-induced platelet shape change and aggregation by iloprost. Indicated concentration of 
ADP and Iloprost were added to diluted human PRP, and platelet shape change (A-C) and aggregation (D-F) were determined using 
the LaSca method. (A), Representative curves of platelet shape change (D) and aggregation are shown. Shape change was 
measured at 120 I(12) of light scattering intensity (LSI), aggregation was determined at 10 of LSI. (B), Dependence of platelet shape 
change reaction (Ish) and (E), aggregation velocity (Uia) and calculation of EC50 and Hill coefficient for indicated ADP and iloprost 
concentrations. For calculations, maximal shape change reaction (Imax) and for aggregation Umax were taken as 1. (C), calculation 
of Ki for inhibition of ADP-induced shape change, and (F) aggregation by iloprost.  
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Supplemental Figure 2: ADP induced platelet aggregation and calcium mobilization are abrogated by stimulation of adenylyl 
cyclase. (A) Platelet aggregation was stimulated by 20 μM ADP in PRP and measured by light transmission aggregometry in an 
Apact aggregometer. (B) Intracellular calcium concentration was determined with platelets loaded with 4 μM Fura-2/AM 
stimulated with 20 μM ADP in calcium-free medium, containing 4 mM EGTA according to [1]. Iloprost was added during the 
measurement at the time points indicated with arrows. The color of the arrows and traces are corresponding to the time points 
Iloprost was added after ADP stimulation as shown in the figure legend (blue: control, red: 10s, yellow: 30s, green: 60s after ADP 
stimulation). 
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Abstract 
Interconnected molecular networks are at the heart of signaling pathways that mediate adaptive 

plasticity of eukaryotic cells. To gain deeper insights into the underlying molecular mechanisms, a 

comprehensive and representative analysis demands a deep and parallel coverage of a broad 

spectrum of molecular species. Therefore, we introduce SIMPLEX (SImultaneous Metabolite, 

Protein, Lipid EXtraction procedure), a novel strategy for the quantitative investigation of lipids, 

metabolites and proteins. Compared to unimolecular workflows, SIMPLEX offers a fundamental 

turn in study design, since multiple molecular classes can be accessed in parallel from one sample 

with equal efficiency and reproducibility. Application of this method in mass spectrometry based 

workflows allowed the simultaneous quantification of 360 lipids, 75 metabolites and 3,327 

proteins from 106 cells. The versatility of this method is shown in a model system for 

adipogenesis - PPARG signaling in mesenchymal stem cells –, where we utilized SIMPLEX to 

explore cross-talk within and between all three molecular classes and identified novel potential 

molecular entry points for interventions, indicating that SIMPLEX provides a superior strategy 

compared to conventional workflows. 

 
Abbreviations:  

AGC, automatic gain control; CE, cholesteryl ester; Cer, ceramide; DAG, diacylglycerol; DDA, data-

dependent analysis; FA, fatty acid; FASP, filter aided sample preparation; FDR, false discovery 

rate; FWHM, full width at half maximum; HILIC, hydrophilic interaction liquid chromatography; 

LC-MS, liquid chromatography coupled mass spectrometry; LPA, lysophosphatidic acid; LPC, lyso-

phosphatidylcholine; LPS, lyso-phosphatidylserine; LTQ, linear ion trap; MS/MS, tandem mass 

spectrometry; NL, neutral loss; PBS, phosphate-buffered saline; PL, phospholipid glycero form; 

PA, phosphatidic acid; PC, phosphatidylcholine; PE (O/P), plasmanyl or plasmenyl-

phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PE, 

phosphatidylethanolamine; PPARG, peroxisomal proliferator-activated receptor gamma; PS, 

phosphatidylserine; SDS, sodium dodecyl sulfate; SM, sphingomyelin; SRM, selected reaction 

monitoring; TAG, triacylglycerol 

 

Supplemental information of Chapter 7: 

Supplemental Figure 1-3: page 176 

Supplemental Table 1-8: see CD 
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Introduction 
The cross-talk between lipid metabolism and protein-based signaling imposes interactions at 

various levels that are not well understood. Such interactions play a central role in the 

pathophysiology of many metabolic disorders such as insulin resistance, cancer and obesity [1-3], 

which increases the demand for novel methodology to tackle this problem from a global and 

representative perspective [4]. A major limitation in the study of such interactions is the known 

dependency of the regulations of interconnected systems, such as nuclear receptor signaling, on 

a multitude of factors. Important factors are activity, localization, and abundance of proteins, the 

overall lipid distribution including the concentration of certain signaling lipids, and the 

accessibility of metabolites as building blocks. Evident examples of such consolidated, 

heterogeneous signaling systems are the ceramide and PPARG (peroxisomal proliferator-

activated receptor gamma) signaling pathways, which are both deeply intertwined with lipid 

metabolism [5, 6]. In ceramide signaling, the formation of ceramides is regulated both by the 

sphingolipid metabolism and by signaling events, such as ceramide mediated activation of PPA2, 

cathepsin D or p38 MAPK and their downstream effects on apoptosis and proliferation [7-10]. Fat 

cell differentiation, known as adipogenesis, is controlled by a complex interconnected system 

with the PPARG isoform as the master regulator of this system. During adipogenesis, high initial 

levels of glucocorticoids, cAMP and PPARG ligand trigger differentiation, leading to an increased 

PPARG and CEBPA protein expression level as well as to an elevated insulin sensitivity [11-13]. 

These and other coupled signaling systems illustrate an unmet need for a parallel analysis of lipid 

and protein-based signaling in order to understand complex mechanisms at a systems biology 

level. An essential prerequisite is the availability of methods that enable the simultaneous, 

comprehensive, unbiased, and quantitative analysis of proteins, lipids and metabolites from a 

single sample, rather than separate analysis with unimolecular strategies. While independent 

molecular extraction techniques may allow for the correlation of individual molecular classes, the 

additional experimental deviations, increased duration of the sample preparation and the high 

sample consumptions that would be needed for such parallel large scale studies poses several 

limitations in study design and is a particular challenge for clinically derived tissues or cells. 

The few current approaches that focus on individual molecular classes [14-16] to analyze lipid 

protein cross-talk cannot be used for multi-molecular studies from the very same sample and 

thus neglect important and possibly direct interplay between metabolic and signaling events. 

Here, we demonstrate that lipids, metabolites, and proteins as well as protein post-translational 

modifications can be extracted and analyzed from the same sample in an unbiased and 

reproducible fashion, thus supporting parallel systems-wide quantification. We developed a 
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biphasic organic extraction protocol SIMPLEX (SImultaneous Metabolite, Proteins Lipid 

EXtraction), which is adapted to state-of-the-art lipidomics, metabolomics, and proteomics 

workflows. The performance, sensitivity, and reproducibility of SIMPLEX are comparable in 

quality to currently used, well-established unimolecular protocols. Finally, the applicability of 

SIMPLEX from a systems biology perspective was validated and confirmed by the study of the 

PPAR signaling network during the onset of adipogenesis. 

Materials and Methods 

Reagents and standards 

Methyl tert-butyl ether, chloroform, iodacetamide, CaCl2, ammonium bicarbonate, 

triethylammonium bicarbonate, ammonium acetate and ammonium hydroxide were purchase 

from Sigma Aldrich (Steinheim, Germany). Water with 0.1% ammonium acetate (LC-MS grade) 

was purchased from Fluka (Buchs, Switzerland). Acetonitrile, 2-propanol and methanol, ultrapure 

grade were obtained from Biosolve (Valkenswaard, The Netherlands). Sequencing grade trypsin, 

was obtained from Promega (Mannheim, Germany). Dithiothreitol and benzonase were 

purchased from Roche Diagnostics (Mannheim, Germany). Tris was purchased from Applichem 

(Darmstadt, Germany), sodium dodecyl sulfate (SDS) from Roth (Karlsruhe, Germany) and NaCl 

from Merck (Darmstadt, Germany). The bicinchoninic acid assay was purchased from Thermo 

Scientific (Schwerte, Germany). The lipid standards: cholesteryl ester (CE) 22:0, triacylglycerol 

(TAG) 14:0/14:0/14:0, diacylglycerol (DAG) 10:0/10:0, phosphatidic acid (PA) 17:0/14:1, 

phosphatidylserine (PS) 12:0/13:0, phosphatidylethanolamine (PE) 21:0/22:6, lyso-

phosphatidylcholine (LPC) 19:0, phosphatidylcholine (PC) 21:0/22:6, phosphatidylglycerol (PG) 

17:0/20:4, phosphatidylinositol (PI) 17:0/14:1 and ceramide/sphingoid mixture II were purchased 

from Avanti Polar Lipids (Alabaster, AL USA). Metabolite standards (non isotope-labeled) were 

serine, proline, riboflavin, succinic acid, tryptophan, reduced glutathione, adenosine and 

nicotinamide adenine dinucleotide from Sigma Aldrich, and the corresponding isotope-labeled 

compounds: serine (2,3,3-D3, 98%), proline (2,3,3,4,4,5,5-D7, 97-98%), riboflavin (13C4, 99%; 15N2, 

98%), succinic acid (D4, 98%), tryptophan (indole-D5, 98%), reduced glutathione (glycine-13C2, 

98%; 15N, 96-99%) and adenosine (ribose-13C5, 98%) from Euriso-Top (Saarbrücken, Germany) and 

nicotinamide adenine dinucleotide (13C5, 96%) from Sycom (Groningen, The Netherlands). 

Phosphate-buffered saline (pH 7.4), fetal bovine serum, minimum essential media (MEM-α) and 

penicillin-streptomycin-glutamine (100x) solution were obtained from Gibco (Thermo Fisher 

Scientific, Darmstadt, Germany). Goat anti-mouse control antibody, labeled with Alexa Fluor 488 

or BODIPY 493, was purchased from Life Technologies (Darmstadt, Germany), and DAPI from 
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AppliChem (Darmstadt, Germany). Rosiglitazone was obtained from Biomol (Hamburg, Germany) 

and mouse anti-PPARG antibody from Santa Cruze Biotechnologies (Heidelberg, Germany). 

Cell culturing 

OP9, a mesenchymal cell line from mouse bone marrow, was purchased from the Tokyo 

Metropolitan Institute of Medical Science. OP9 cells were grown in growth medium consisting of 

MEM-α, 2 mM l-glutamine, 100 units/ml penicillin and 100 µg/ml streptomycin, plus 20% fetal 

bovine serum, collected by centrifugation, washed once with PBS solution and resuspended in 

0.1% ammonium acetate. To study PPARG activation, for each condition, three biological 

replicates were prepared; the cells were grown as described above but with 10% fetal bovine 

serum, and were treated for 48 h with different concentrations (1 nM to 1 µM) or fixed 

concentration (1 µM) of rosiglitazone, a PPARG activator. Here, a 0.01% dimethyl sulfoxide 

solution served as control. 

Immunofluorescence staining 

The OP9 cells were fixed with 5% formaldehyde in PBS for 30 min. The cells were then gently 

washed 3 times with PBS, and permeabilized with 0.05% saponin (Sigma-Aldrich), blocked with 

3% bovine serum albumin (Sigma-Aldrich), and stained with DAPI (1:1000), anti-PPARG mAb 

(1:500 Santa Cruz Biotech) or BODIPY 493/503 (1 μg/ml, Molecular Probes), and with Alexa Fluor-

488 as secondary antibody for the PPARG staining. 

Experimental design 
For each extraction method, three replicates were carried out. Based on previous studies with 

this model system [12], also three biological experiments were employed for PPARG activation. A 

molecular species (lipid, metabolite or protein) was confirmed as regulated, if a fold change of 2 

in the 95% confidence interval (student t-test) was achieved. 

SIMPLEX protocol 

For extraction 3 aliquots, each containing 106 cells were used and treated with methanol in tubes 

containing the internal lipid standard. Therefore, 225 µl of cold methanol was added to the cells, 

vortexed for 20 s, and incubated in liquid nitrogen for 1 min. The samples were then allowed to 

thaw at room temperature, and were sonicated for 10 min at 4 °C. The cell lysis cycle and the 

sonication step were repeated three times. Then, 750 µl of cold methyl tert.-butyl ether were 

added, and the mixture was incubated for 1 h at 4 °C under agitation. Phase separation was 

induced by adding 188 µl water with 0.1% ammonium acetate. The extract was centrifuged at 

10,000 g for 5 min and the upper phase was collected, dried under nitrogen flow and dissolved in 

100 µl 2-propanol/methanol/chloroform (4:2:1, v/v/v) containing 7.5 mM ammonium acetate for 
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further analysis (lipid containing fraction). For protein precipitation, methanol was added to the 

remaining lower phase in a final ratio of 4:1, v/v methanol/water, and the samples were 

incubated for 1 h at -20 °C, followed by 12 min centrifugation (13,000 g) at 4 °C. The resulting 

supernatant was removed (metabolite containing fraction), and the remaining pellet dissolved in 

1% SDS, 150 mM NaCl, 50 mM Tris (pH 7.8) for further proteomics experiments (protein 

containing fraction). The dried extracts of metabolites were resuspended in 100 µl 

acetonitrile/water (9:1, v/v), mixed, centrifuged for 12 min (13,000 g) at 4 °C, to remove any 

insoluble debris and then stored at -20 °C prior to LC/MS analysis. 

Proteomics sample preparation 

A BCA assay was performed to determine protein concentrations. The disulfide bonds were 

reduced with 10 mM dithiothreitol for 30 min at 56 °C, and free sulfhydryl groups were alkylated 

using 30 mM IAA for 30 min at room temperature in the dark. Samples were processed using 

filter aided sample preparation (FASP) [17, 18], with minor changes. Briefly, the samples were 

diluted to 10 mM SDS using freshly prepared 8 M urea, 100 mM Tris-HCl (pH 8.5), and loaded 

onto a spin filter by centrifugation for 25 min at 13,500 g. Subsequently, an aliquot of 8 M urea in 

100 mM Tris-HCl (pH 8.5) was placed on the filter, followed by centrifugation for 15 min at 13,500 

g; this step was repeated 3 times. Finally, the samples were washed 3 times with 50 mM 

triethylammonium bicarbonate, and the digestion was performed in 50 mM triethylammonium 

bicarbonate, 0.2 M guanidinium chloride, 2 mM CaCl2, using a trypsin to protein ratio of 1:20 

(w/w) for 12 h at 37 °C [19]. Peptides were eluted by centrifugation, with 50 mM 

triethylammonium bicarbonate and acidified to a final concentration of 1% trifluoroacetic acid. 

Digestion efficiency was controlled by monolithic reversed-phase separation, and the samples 

were stored at -40 °C [20]. 

Phosphopeptides enrichment 

Phosphopeptides were enriched using TiO2, as previously described [21]. Samples were dried 

under vacuum and resuspended in TiO2 loading buffer (80% acetonitrile, 5% trifluoroacetic acid 

and 1 M glycolic acid). TiO2 beads were added in a bead-to-peptide ratio of 6:1. The suspension 

was incubated for 10 min at room temperature, and centrifuged to pellet the beads containing 

the phosphopeptides. This step was repeated twice using 1/2 and 1/3 of the amount of beads 

previously used for the 3 enrichment steps. Beads were pooled and washed with 80% 

acetonitrile, 1% trifluoroacetic acid, followed by a second washing step with 10% acetonitrile, 

0.1% trifluoroacetic acid. Phosphopeptides were eluted with 1% ammonium hydroxide, pH 11.3. 

The eluted phosphopeptides were recovered and dried under vacuum, followed by a second 

enrichment step as previously described [19], however using loading buffer 2 (70% acetonitrile, 
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2% trifluoroacetic acid). The eluates were acidified using formic acid and trifluoroacetic acid (pH < 

2), desalted using Oligo R3 micro-columns and stored at -40 °C until analysis. 

Recovery of metabolite standards 

Aliquots of a mixture of unlabeled metabolite standards were pipetted into 2 ml Eppendorf tubes 

and dried under N2 flow. A second mixture containing stable isotope labeled versions of these 

metabolites was added to 3 out of 9 aliquots (control), dried under N2 flow, resuspended in 

acetonitrile/water (9:1, v/v) and stored at -20 °C prior to LC/MS analysis. The other aliquots were 

subjected to either SIMPLEX or methanol extraction protocols, as described above. Metabolite 

containing pellets were re-dissolved in the isotopic labeled mix, dried and prepared for LC MS/MS 

analysis as the control samples. Metabolite analysis was performed as described above. The 

metabolite standard recovery was determined as the ratio of the peak areas of the labeled and 

the unlabeled standards. 

Amino acid analysis 

The absolute protein amount was determined before SIMPLEX and after SIMPLEX by amino acid 

analysis. Therefore, OP9 cells were lysed in 1% SDS buffer and divided in 2 sets of samples with 

technical replicates, where each replicate represented approximately 106 cells. 9 volumes of ice 

cold ethanol were added to the lysates and the samples were incubated overnight at -40 °C. 

Afterwards, the supernatant was removed by centrifugation at 20,000 g for 30 min at 4 °C. From 

the resulting pellets, one set of samples (control) was stored at -80 °C for amino acid analysis and 

the second set was subjected to the SIMPLEX workflow, as described above prior to amino acid 

analysis. Next, protein pellets were hydrolyzed with acidic gas phase hydrolysis for 24 h at 110 °C 

using 6 N HCl and 0.2% phenol. Subsequently, amino acids were derivatized according to Cohen 

et al. [22] and norleucine was added as internal standard prior to this step. The derivatized amino 

acids were analyzed on an Ultimate 3000 system with a fluorescence detector (Thermo 

Scientific). As mobile phase a modified buffer system was used, as previously described [23], and 

the amino acids were separated on a 130 Å, 2.5 µm, 1 x 100 mm XBridge C18 column (Waters) 

using a flow rate of 100 µl/min in a 45 min gradient. Quantification of total protein amount was 

performed based on a 5 point calibration curve (5 -25 pmol/µl). 

Lipid analysis, direct infusion MS and MS/MS analysis 

The lipid extracts were diluted in 2-propanol/methanol/chloroform (4:2:1, v/v/v) with 7.5 mM 

ammonium acetate in a 96 well plate (Eppendorf, Hamburg, Germany) and then infused via 

robotic nanoflow ion source TriVersa NanoMate (Advion BioSciences, Ithaca, NY, USA) into a LTQ 

Orbitrap Velos instrument (Thermo Fisher Scientific, Bremen, Germany), using chips with spraying 

nozzles of 4.1 µm. The ion source was controlled by Chipsoft 8.3.1 software (Advion Biosciences). 
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Ionization voltage was set to +1.25 kV in positive and -1.25 kV in negative mode; backpressure 

was set at 0.95 psi in both modes. The temperature of the ion transfer capillary was adjusted to 

175 °C and the s-lens level was 63%. Polarity switch of the TriVersa NanoMate ion source was 

triggered by the mass spectrometer via contact closure signal, as described previously [24].  

For data-dependent analysis (DDA), full MS spectra were acquired under the target mass 

resolution Rm/z 400 of 100 000 (full width at half maximum at m/z 400) and background peaks of 

octadecyl (di-tert.-butyl hydroxyphenyl) propionate ([M-H]-, m/z 529.4626) and decaethylene 

glycol ([M+NH4]+, m/z 476.3063) were used as lock masses. MS/MS experiments were carried out 

using higher energy collision dissociation in a HCD collision cell. Precursors were selected within 

the m/z window of 1.4 Da, and the fragment ions were detected in the Orbitrap mass analyzer, 

using a target mass resolution Rm/z 400 of 7500 FWHM. DDA experiments were repeated three 

times for each sample. 

All spectra were imported by LipidXplorer software into a MasterScan database under the 

following settings: mass tolerance 5 ppm; m/z range of 400-1200; min occupation of 1; intensity 

threshold 1 x 104. Lipid identification was carried on as described by Herzog et al. [25, 26]. For 

each glycerophospholipid class, the average number of carbon atoms and the average number of 

double bonds was calculated, as previously described [27]. 

Metabolite Analysis, LC-MS/MS 

The metabolite analyses were performed on an UltiMate 3000 system coupled to a QTRAP 6500 

mass spectrometer (AB Sciex, Dreieich, Germany). For separation, hydrophilic interaction liquid 

chromatography (HILIC) was carried out on a Luna-HILIC column (150 x 2 mm, 3-µm particle size, 

200 Å pore size) from Phenomenex (Torrance, CA, USA), equipped with a HILIC guard column of 4 

x 2.0 mm. The mobile phases were 95% acetonitrile (solvent A) and 10 mM ammonium acetate, 

and 10 mM ammonium hydroxide in 95% water (solvent B). The gradient eluted isocratic with 

95% acetonitrile for 3 min, followed by an increase to 50% over 6 min, held at 50% for 1 min and 

increased to 65% over 5 min. Subsequent reconstitution of the starting conditions and re-

equilibration with 95% solvent A for 10 min resulted in a total analysis time of 25 min. The LC 

separation was carried out at 25 °C under a flow rate of 180 µl/min, in which 5 µl of sample was 

injected. After each sample injection, one blank run was performed to avoid any carry-over 

effects. 

ESI Turbo V source parameters were set as follows: curtain gas, 30 arbitrary units; temperature, 

350 °C; ion source gas 1, 40 arbitrary units; ion source gas 2, 65 arbitrary units; collision gas, 

medium; ion spray voltage, 5500 V/-4500 V (positive mode/negative mode). For the selected 

reaction monitoring (SRM) mode, Q1 and Q3 were set to unit resolution and the transitions for all 
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compounds were adapted [28, 29]. The SRM conditions are described in Table S4. For data 

acquisition and analysis, Analyst (1.6.2) and MultiQuant 3.0 were used, respectively. 

Protein Analysis, nano-LC-MS/MS and SRM  

Samples were separated on an Ultimate 3000 Rapid Separation Liquid Chromatography (RSLC) 

system (Dionex, Amsterdam, The Netherlands) coupled to an Orbitrap Fusion for label free 

analysis, a Q Exactive Plus for the PPARG endpoint study or Orbitrap Elite mass spectrometer 

(Thermo Scientific) for phosphopeptide analysis, using data dependent MS/MS acquisition. 

Peptides were pre-concentrated on a 100 µm ID trapping column (Acclaim C18 PepMap100, 100 

µm x 2 cm, Thermo Scientific) followed by separation on a 75 µm ID RP main column (Acclaim C18 

PepMap100, 75 µm x 50 cm, Thermo Scientific) using a binary gradient (solvent A: 0.1% formic 

acid and solvent B: 0.1% formic acid in 84% acetonitrile) at a flow rate of 250 nl/min. The gradient 

increased linearly from 5% to 45% solvent B over 200 min, and from 3% to 42% solvent B over 

108 min for phosphopeptide analysis. In order to minimize carry-over effects from previous 

samples, a dedicated LC-wash program with high organic content was used prior to each sample 

injection [20]. 

Survey scans were acquired in the Orbitrap with a resolution of 120,000 (Fusion) or 60,000 (Elite) 

FWHM. Data dependent MS/MS of the 20 (Fusion) or 15 (Elite) most intense signals were 

acquired in the ion trap using collision-induced dissociation for Fusion and Elite. MS target values 

and maximum injection times were 4 x 105 ions and 50 ms for the Orbitrap Fusion, and 1 x 106 

ions and 100 ms for the Orbitrap Elite. For MS/MS scans, the target values were set to 1 x 104 

ions and 35 ms for Fusion and 1 x 104 ions and 50 ms for Elite. For the Q Exactive analysis, full MS 

scans were acquired at a resolution of 70,000 FWHM, followed by MS/MS of the 15 most 

abundant ions at 17,500 FWHM. Target value and maximum injection time were set to 3 x 106 

ions and 120 ms for the full scan and 5 x 104 ions and 250 ms for MS/MS scans. Only precursors 

with charge states between +2 and +5 were selected for fragmentation.  

Scheduled SRM experiments were conducted on a TSQ Vantage (Thermo Fisher Scientific), in the 

positive ion mode with the following tuning parameters: retention time window of 5 min, a cycle 

time of 1 s and an average dwell time of 26 ms; the Q1 and Q3 were set to 0.70 u (FWHM), 

emitter voltage was set to 1500 V and the temperature of the transfer capillary to 270 °C.  

Label free data analysis 

Label free quantification was performed using the Progenesis LC-MS software version 4.1 from 

Nonlinear Dynamics (Newcastle upon Tyne, UK). MS raw data were aligned in automatic mode. 

Exported peak lists were searched using SearchGUI 1.14.4 [30], Mascot 2.4 (Matrix Science) and 

X!Tandem Jackhammer (2013.06.15), with a concatenated target/decoy version of the mouse 
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Uniprot database (December 2013, containing 20273 target sequences). Data analysis was done 

using PeptideShaker 0.28.0 (http://code.google.com/p/peptide-shaker/) [31], in order to 

maximize number of identified peptides and proteins. The following search parameters were 

used: trypsin as protease with a maximum of two missed cleavages; carbamidomethylation of Cys 

as fixed and oxidation of Met as variable modification. MS and MS/MS tolerances were set to 10 

ppm and 0.5 Da. In PeptideShaker [31], search results were combined and filtered at a FDR of 1% 

on the protein level prior to export and re-import into Progenesis. Peptide sequences containing 

oxidized Met and pyro-Glu (derived from X!Tandem 2nd pass search) were omitted from further 

data analysis. Only proteins with at least two unique peptides were considered for quantification. 

For each protein, the average of the normalized abundances (obtained from three replicates 

processed with Progenesis) was calculated to determine the ratios between SIMPLEX and FASP, 

and for the comparison of PPARG activated versus non-activated cells, respectively. Finally, only 

proteins which were (i) commonly quantified in all six samples with (ii) at least two unique 

peptides, (iii) an ANOVA P-value of < 0.05 (Progenesis) and (iv) an average ratio < 0.5 or > 2 

(corresponding to 2-fold regulation) were considered as regulated. The transitions list of the 

investigated proteins are given in Supplemental Table 5. The mass spectrometry data can be 

downloaded from ProteomeXchange PXD002101 [32]. 

Phosphoproteomics data analysis 

Phosphopeptide data analysis was done using Proteome Discoverer version 1.4 (Thermo 

Scientific). Data were searched against the mouse Uniprot database (December 2013, containing 

20,273 target sequences), using Mascot and Sequest. Search settings were as described above. 

Target decoy peptide spectrum matches (PSM) validator was used to assess 1% FDR. PhosphoRS 

3.1 was used to determine phosphorylation site localization [33]. Only phosphopeptide PSM with 

site localization ≥99% were considered. A ready-to-use Excel macro provided by Mechtler lab 

(http://ms.imp.ac.at/?goto=phosphors) was used to determine the confident phosphorylation 

sites for each peptide, as well as the position of the phosphorylation within the protein sequence. 

Further, only unique phospho-sites were considered by using R scripts. Peptides were considered 

as non-redundant if they differed either in their amino acid sequences, in phosphorylation site 

position or number of phosphorylation sites. The mass spectrometry proteomics data are 

deposited at ProteomeXchange [32]. 

Network analysis 

For pathway and network visualization upon PPARG activation we used the browser based 

software String 9.1 (http://string-db.org/) and Cytoscape 3.2.0 including the plugin ClueGO for 

http://code.google.com/p/peptide-shaker/
http://string-db.org/
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GO-Term analysis. In String 9.1, a confidence score with a cutoff at 0.5 was applied, correlating in 

this way co-expression, experimental, knowledge and text-mining scores. 

To visualize the dynamics upon PPARG activation we color coded the nodes of the visualized 

network. Proteins showing a fold change ≥ 2 were considered up-regulated and marked in red 

whereas for down-regulated proteins fold change ≤ 0.5 are indicated in blue. For the visualization 

of the different pathways that are built up from the regulated proteins we performed a GO-Term 

analysis using the plugin ClueGO for Cytoscape. The ontologies were taken from the KEGG 

database (updated in ClueGO in November 2014). The network specificity was set between global 

and medium by showing only significant pathways with a P-value of 0.05. The Kappa score for 

GO Term/Pathway network connectivity was set to 0.4. 

Results 
The present study introduces SIMPLEX – a workflow for the simultaneous isolation of lipids, 

metabolites and proteins to study interconnected networks at the systems scale. The protocol is 

based on the previously published lipid extraction protocol of Matyash [34]. In brief, the cells 

were incubated with cold methanol and methyl tert.-butyl ether. Subsequently, water was added 

to induce phase separation. Fractions containing lipids (top phase), metabolites (lower phase) 

and proteins (pellet) were then subjected to individual well-established omics workflows.  

Extraction and workflow reliability 

In order to investigate and analyze the cross talk between proteins, lipids, and metabolites, it is 

crucial that all chemical species are extracted and measured with high reproducibility and 

confidence. Therefore, three independent SIMPLEX extractions were conducted sequentially 

using OP9 cells, a mouse mesenchymal stem cell line with the ability to differentiate to 

adipocytes [35, 36]. Cells were harvested and subsequently lipids, metabolites and proteins were 

extracted by methyl tert.-butyl ether/methanol, a lipid extraction procedure previously reported 

by Matyash et al. [34]. The obtained methanol, ether, and protein fractions were subjected to the 

individual molecular class dependent omics workflow and analyzed by MS (Figure 1A). For the 

proteomics pipeline, precipitated proteins were processed and analyzed after a quality control 

step using nano LC-MS on a high resolution MS instrument. Raw data were processed with 

multiple search engines for protein identification together with Progenesis (Nonlinear Dynamics) 

for label-free quantification. 

Lipid fractions were analyzed by individual direct infusion experiments, applying a combination of 

MS and MS/MS-based analysis. The obtained spectra were processed using LipidXplorer [25, 26], 

a de novo lipid sequencing platform for identification and quantification at the fatty acid scan 
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species level. Extracted metabolites were identified and quantified using selected reaction 

monitoring (SRM) in HILIC mode, engaging fast polarity switching in order to ensure simultaneous 

analysis of negatively and positively charged metabolites. 

Applying the SIMPLEX protocol and simple MS or LC-MS workflows, 360 lipids, 75 metabolites 

and 3,327 proteins (with at least 2 unique peptides per protein) were identified and quantified in 

a label free fashion from just one sample containing approximately 1 million cells per replicate. 

For all three omics approaches we achieved an excellent reproducibility, on both the spectral and 

chromatographic level, even when polarity switching was applied (Figure 1B-G). To illustrate the 

reliability of the workflow, the intensity of each identified molecular feature (protein, lipid or 

metabolite) was plotted against the same feature of the two other extraction replicates (Figure 

1E-G). All plots show coefficients of determination over 0.96, demonstrating the robustness of 

the applied protocol. An average relative standard deviation of 5% for lipids, 15% for metabolites 

and 18% for proteins, all over 3-4 orders of magnitude was achieved. Notably, our results are in 

line with previously published studies in lipidomics, metabolomics, and proteomics reporting 

similar errors and dynamic ranges for eukaryotic cell culture models [18, 37, 38]. 

 

 

 
Figure 1: SIMPLEX a reproducible workflow to isolate and analyze lipids, metabolites and proteins. (A) For lipid extraction, methyl 
tert-butyl ether (MTBE) was added and phase separation was induced. The individual fractions containing lipids (top phase), 
metabolites (lower phase) and proteins (pellet) were then subjected to the individual omics workflows. The lipidomics workflow 
employs shotgun lipidomics to achieve a quantitative picture of extracted lipids. LipidXplorer was utilized for identification and 
quantification. For metabolomics, the methanol fraction was subjected to a HILIC separation followed by a selected reaction 
monitoring (SRM) MS approach; the data were subsequently analyzed by MultiQuant. The remaining protein pellet was dissolved, 
reduced, alkylated and trypsinized. Subsequently, the samples were separated by nano-RP liquid chromatography and analyzed by a 
top 20 MS/MS analysis. For data analysis, a combination of different search algorithms was used. (B) FT-MS spectra of the lipid 
fraction with a resolution of 100 000 (m/z 400) obtained in positive (left) and negative ionization mode (right). (C) SRM extracted ion 
chromatograms of monitored metabolite transitions separated on a HILIC column, and analyzed with fast polarity switching. (D) Total 
ion chromatogram obtained from nano-reversed phase (RP) peptide separation. For three extractions, the peak or chromatographic 
areas of the identified molecular features (lipidomics, metabolomics, and proteomics) were sorted by intensity, and a linear fit was 
applied. Average coefficients of determination were calculated for the (E) lipidomics, (F) metabolomics, and (G) proteomics data sets, 
respectively. 
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Validation and comparison with standard proteomics and metabolomics 

workflows 

To validate the efficiency of our protocol, we directly compared SIMPLEX with state-of-the-art 

extractions procedures currently used in the fields of metabolomics and proteomics. To assess 

and verify the protein and metabolite extraction efficiency in comparison to standard proteomics 

and metabolomics workflows, SIMPLEX was evaluated against filter aided sample preparation 

(FSAP) [17, 39] for proteomics and methanol extraction for metabolomics [40]. 

For metabolites, both the SIMPLEX and the standard metabolomics extraction method relied on 

methanol/water; consequently similar metabolite intensities are expected, as reflected by the 

coefficient of determination of R2 0.97 (Figure 2A, Supplemental Table 1). For both protocols, the 

quantified metabolites spanned a dynamic range of 3 to 4 orders of magnitude and high 

abundant metabolites such as glutamate and glutathione (millimolar cellular concentration) could 

be analyzed next to low abundant metabolites such as adenosine and adenine (low micromolar 

cellular concentration) [28]. Using stable isotope-labeled standards, we determined the absolute 

recoveries for 8 metabolites representing polar amino acids (serine), aromatic amino acids 

(tryptophan), nonpolar amino acids (proline), organic acids (succinic acid), cofactors (NAD+), 

vitamins (riboflavin), peptides (reduced glutathione) and nucleosides (adenosine) using either 

SIMPLEX or methanol extraction in triplicate. Recoveries achieved with both methods were very 

similar for glutathione, succinic acid, serine, proline and NAD+ with an average of 102 ± 2% for 

SIMPLEX and 101 ± 2% for methanol (Supplemental Figure 1A). The notable exceptions for 

SIMPLEX were adenosine, tryptophan and riboflavin with an average recovery of 64 ± 0.5%, 

probably due to the partitioning of the compounds, as compared to 90 ± 0.8% for methanol. 

Further, we did not observe any bias regarding the error distribution (Figure 2B) with average 

RSD of 12%, and 15% for methanol and SIMPLEX, respectively (Figure 2C). For all detected 

metabolites, the average and median standard deviations were below 15% (Figure 2C), which is 

within the range of the instrumentation variability and in a good agreement with previous 

metabolomics studies [41, 42]. 

A broad variety of standardized protocols for sample preparation is available in proteomics. Here, 

we selected the FASP protocol [39], due to its high reproducibility, applicability and its wide use 

within the field. Comparing SIMPLEX and the FASP protocol, we obtained a coefficient of 

determination R2 = 0.997 for all quantified proteins across three replicates (Figure 2D, 

Supplemental Table 2).  
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Figure 2: SIMPLEX is as efficient as state of the art protocols for metabolomics and proteomics. To compare SIMPLEX against other 

extraction protocols the proteins were extracted with and without methanol precipitation prior FASP, followed by a standard 

proteomics workflow. For metabolites a standard methanol extraction versus the methyl tert-butyl ether/methanol extraction was 

used to demonstrate the comparability of the proposed strategy. Correlation plots and linear fits of the identified molecular features 

(A) metabolites (control versus SIMPLEX) and (D) proteins (control versus FASP). To investigate if the error between the samples 

correlated, the relative standard deviation (RSD) was plotted for each identified feature against the SD of the corresponding feature 

from the control experiment, for metabolites (B) and proteins (E). Panels C and F, display the average, median RSD for metabolites 

and proteins for the SIMPLEX and control experiment, as well as their error distribution (n = 3 for all experiments). 

 

For both methods the dynamic range spanned over 4 orders of magnitude, and the RSDs were 

18% and 10% for SIMPLEX and FASP, respectively (Figure 2F). Importantly, we did not observe a 

bias concerning standard deviations (Figure 2E) for particular protein groups or regarding 

molecular features such as molecular weight, pI or hydrophobicity (Figure 3A, B). Furthermore, 

we performed amino acid analysis to absolutely quantify the total protein content before and 

after SIMPLEX (biological triplicates) where a recovery of 115 ± 3% was achieved (Supplemental 

Figure 1B), confirming that there is no significant protein content loss. Notably, recoveries slightly 

above 100% are within the expected accuracy of the respective assays. Both the FASP and 

SIMPLEX protocol enables the simultaneous analysis of high abundant proteins (> 1,000,000 

copies/cell) such as ACTN1, FABP5, HIST1H4a as well as low abundant proteins (< 1000 

copies/cell) such as NCOR1, SSFA2 and DOCK6 [43] (Figure 3D), rendering SIMPLEX as an excellent 

and convenient protocol for label free quantitative proteomics. 

Next, we evaluated whether the SIMPLEX method could be employed beyond the application of 

global proteome analysis. A phosphoproteome analysis was performed, by using titanium dioxide 

in order to enrich phosphopeptides from the digested samples. Using only 60 µg per sample and 

2 h LC-MS analysis time, it was possible to identify, in average, between the 3 replicates, 1,957 

and 1,846 phospho-sites for FASP and SIMPLEX (Figure 3E, Supplemental Table 3A, B), where 

similar serine, threonine and tyrosine site distributions and number of phosphorylation sites 
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were obtained (Figure 3E, F). Moreover, the approach can be carried out in the normal time 

frame of a proteomics experiment with only an additional 3 hours for the SIMPLEX extraction (3 h 

for the SIMPLEX extraction and 15 h for the proteomics sample preparation). 

Together, these experiments provide evidence for the versatility and robustness of our method. 

Applying SIMPLEX to singular samples resulted in an excellent reproducibility, without any bias 

and limits from a restricted amount of cells.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: SIMPLEX displays no bias regarding protein properties, number of quantified proteins or identified phosphopeptides. (A) 
Hydrophobicity versus molecular weight plot of every quantified protein. Proteins in black are not significantly changed between the 
two protocols, while the proteins in red show a significant change (> 2.5 or < 0.4) in the SIMPLEX extraction, and those in blue with the 
FASP control. (B) The isoelectric point was plotted against the molecular weight, with the same criteria applied as in panel A. (C) 
Relative protein distribution over different cellular compartments between the SIMPLEX and the control workflow, overall 3327 
proteins were quantified. (D) Protein abundance as NSAF, covering 4 orders of magnitude. (E) Number of identified Ser/Thr/Tyr 
phosphorylation sites comparing the SIMPLEX and the FASP protocol. (F) Distribution of the phosphorylation sites per peptide for the 
two protocols; in total 2018 phosphorylation sites were identified with both protocols (n = 3 technical replicates). 

 

Accessibility of the different molecular classes  
In order to decipher systematic correlative relationships across molecular layers, a deep coverage 

of the different molecular classes is mandatory. To ensure the suitability of our SIMPLEX method 

that can equally identify lipids, metabolites and proteins with distinct chemical and functional 

properties; we investigated the class-specific coverage of SIMPLEX. 

Notably, the SIMPLEX workflow does not interfere with lipid identification. Consequently, the 

analysis at both the species level (MS) and the fatty acid scan species level (MS/MS) of main 

glycerophospholipid classes (PC, PE, PA, PI, PG, and PS), glycerolipids (DAG, TAG), steryl esters, 

and sphingolipids (Cer and SM) (Figure 4A) can be carried out [24, 44], exploiting the same 
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advantages of the extraction procedure as described by Matyash et al. [34], namely faster, 

cleaner lipid extraction and similar or better recoveries compared with Folch or Bligh and Dyer 

protocols [45, 46]. Performing data analysis for glycerol-backbone phospholipids (PL) at the 

species level for both fatty acid chains, total carbon counts ranging from 32 to 42 atoms were 

covered with a higher abundance of species containing 34 and 36 carbon atoms (Figure 4C). 

Moreover, the detected glycerophospholipids displayed 0 to 7 double bonds per lipid species, 

with one to four double bonds per species being the most abundant at the individual class level 

(Figure 4B). These findings are in agreement with other eukaryotic model systems such as 

Drosophila or human plasma where similar distributions were observed and numbers of species 

identified [27, 47]. 

Considering that the lipid analysis was conducted on both MS and MS/MS levels, a further 

characterization at the fatty acid scan species level was feasible [48, 49], allowing the 

determination of individual chain length and number of double bonds per chain (Figure 4D). This 

revealed that the length of fatty acid chains and number of double bonds differ significantly 

among various phospholipid classes. For instance, in the class of PI the most abundant fatty acids 

displayed chain length of 18 or 20 carbon atoms with 0, 1 and 4 double bonds whereas PS’s fatty 

acids have had a chain length of 18 carbon atoms and 0 to 1 double bond per fatty acid. Here, in 

addition to even carbon numbered fatty acid chains, less abundant odd chain fatty acids were 

also detected with chain length ranging from 17 to 21 carbon atoms confirming the presence of 

odd chain fatty acid in mammalian cell systems [50]. 

To investigate correlative effects and interconnectivity between lipids and proteins, metabolites 

are important entities, as they occupy key positions in signaling and serve as building blocks for 

lipid and protein synthesis. Considering that probably only about 10% of all existing metabolites 

are known [51], here we utilized a targeted approach for metabolites involved into central 

metabolic functions such as amino acid, nucleotides and nucleosides metabolism (Supplemental 

Table 4). We were able to detect intracellular metabolites, such as nucleosides, nucleotides and 

analogues (23x), organic acids and derivatives (11x), amino acids and derivatives (25x), redox 

cofactors and others (11x), as well as carbohydrates and conjugates (5x), thus providing access to 

metabolites at the systems-level.  

In addition to the lipidome and metabolome analysis, a significant coverage of the proteome was 

achieved: 3,327 proteins with at least 2 unique peptides (1% FDR) were identified and quantified 

without any fractionation steps and only by single-shot LC-MS analyses (Figure 3C, Supplemental 

Table 2). In this study the identified proteins represent the protein content of the entire cell 

without bias, and are of cytosolic (1,016), nuclear (837), mitochondrial (340), endoplasmic 
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reticular (236), Golgi apparatus (161), endosomal (87) and lysosomal (59) origin, as assigned by 

GO-term analysis (Figure 3C). Major metabolic pathways such as oxidative phosphorylation (62), 

purine metabolism (51), glycolysis/gluconeogenesis (30), citric acid cycle (20), and lipid 

metabolism (37) were detected in addition to signaling networks with metabolic impact such as 

insulin (42), PPAR (25) and ceramide signaling (22) indicating a representative proteomic 

coverage of the OP9 proteome. Finally, even with single shot MS experiments, these findings 

match or outperform previous reports for other model systems where similar numbers of 

proteins (900-3,287), metabolites (45-100) and lipids (250) were quantitatively accessed [27, 43, 

52-54]. 

To the best of our knowledge, this is the first study quantifying and identifying 3762 molecular 

species including lipids, metabolites and proteins from one sample. Thus, the application of 

SIMPLEX enabled us to generate the most exhaustive molecular study of mesenchymal stem cells 

currently available.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4: Lipid composition of mesenchymal stem cells. (A) Identified lipid classes by direct infusion high resolution MS and MS/MS 
experiments. In total, 360 lipids were identified. (B) Sum of double bonds in fatty acids for all major phospholipid classes. (C) Total 
length analysis of glycerophospholipids, as sum of fatty acids, pointing out the most abundant species per class. (D) Investigation at 
the fatty acid scan species level applying MS/MS experiments elucidates the unsaturation level and chain length per fatty acid and is 
demonstrating that this distribution is distinct between different glycerophospholipid classes. Examples of phosphatidylserine (PS) 
and phosphatidylinositol (PI) are given in (D), the upper panel displays the abundance of double bonds and fatty acid chain length 
(number of carbons), and the lower panel the number of total identified fatty acids with a certain number of double bonds and chain 
length (n = 3 technical replicates for all performed experiments). 
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Analysis of a molecular network system via SIMPLEX 

In order to determine whether this protocol is suitable to identify cross talk between metabolism 

and signaling, we employed SIMPLEX to study the network of PPAR signaling upon PPARG 

activation. PPARG activity was monitored by measuring the abundance of PPARG and FABP4, a 

downstream target of PPARG with several PPARG binding motifs upstream of its corresponding 

promoter region.  

Over a time period of 48 h, PPARG was activated with an increasing agonist stimulus 

(rosiglitazone) and analyzed by SRM (Figure 5, Supplemental Table 5). The sigmoidal increase of 

PPARG and the induction of FABP4 and CEBPA were monitored as indicators of active PPAR 

signaling [12, 55]. To study the effect of PPARG activation on the proteome, lipidome and 

metabolome, we conducted a differential endpoint study utilizing samples with the lowest and 

highest levels of PPARG expression (Figure 5A). Overall, the abundance of 910 molecules was 

significantly regulated with a fold change ≥ 2 or ≤ 0.5 in the 95% confidence interval (Figure 6A-

C). Among those, we identified 154 regulated lipids at the species level, 48 regulated metabolites, 

and 718 regulated proteins. Taken together, this renders the present work to the most 

comprehensive study describing the effect of PPARG activation on a cellular system to date. In 

addition to already known PPARG downstream targets such as CD36, FABP4, GLUT4, LIPIN1 [11, 

56], we identified several so far undescribed targets, including focal adhesion proteins (ACTN1, 

ZYX, PPP1CB, MYL9) and proteins involved in lipid synthesis (Supplemental Table 6). Notably, the 

strongest regulations were observed for the following protein groups: (i) glycerolipid and 

glycerophospholipid metabolism, (ii) PPAR signaling, (iii) glycolysis/gluconeogeneses, (iv) pentose 

phosphate pathway, (v) insulin signaling, and (vi) focal adhesion. In total, 420 proteins were 

found to be up-regulated and 298 were found to be down-regulated after PPARG activation 

(Figure 6E, Supplemental Table 6).  

The dynamic changes induced upon PPARG activation were as well reflected at the lipidome and 

metabolome level, as many lipid classes were significantly altered, with exception of Cer, SM, PI, 

and LPA (Figure 6F, Supplemental Table 7). As expected from the global proteome analysis the 

levels of lipids and metabolites involved in TAG synthesis were increased (Figure 6C, F). 

Consequently, our data reflect the induction of adipogenesis and nascent lipid droplet formation, 

which is in agreement with lipid droplet staining (Figure 5B). Next to the abundance changes at 

the lipid class level, the total number of detected lipid species was also increased with a gain in 

species which were strongly up-regulated at the class level including PE, PA and TAG (Figure 6F). 

Since lipid identification was conducted at the fatty acid scan species level, it was possible for the 

first time to observe changes in the chain length and double bond distribution that were induced 
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upon PPARG activation. The abundance and number of short chain lipids were significantly 

increased while the level of unsaturated lipids was decreased (Supplemental Figure 2), most likely 

leading to the same membrane fluidity but an increased protection against oxidative stress [57] 

that is known to be elevated in adipogenesis [58].  

In addition, all targeted metabolites were detectable in all samples generated prior and after 

PPARG induction, with the exception of succinyl-CoA and dephospho-CoA whose level was not 

detected without stimulation (Supplemental Table 8). Nonetheless, our analysis revealed a strong 

regulation of nucleosides and nucleotides (Figure 6D) upon PPARG activation. These higher 

amounts of nucleotides and nucleosides reflects the final clonal expansion step which is required 

prior the differentiation into mature adipocytes [55]. As expected, for the formation of lipid 

droplet membranes, also building blocks required for phospholipid lipid biosynthesis, such as 

glycerol-3-phosphate as well as ethanolamine were increased. 

Notably, correlative effects between proteome and lipidome were most obvious for the TAG 

synthesis pathway for which the enzyme concentration levels seem to be tightly controlled by 

PPARG (Figure 6F, G). The up-regulation of all proteins in this pathway is likely due to the 

presence of PPARG binding sites at the promoter regions of their corresponding genes (44x), 

repetitively indicating that the entire pathway is controlled by PPARG. This protein regulation 

goes along with an up-regulation of lipids and metabolites of the TAG synthesis pathway, 

obviously needed for nascent lipid droplets, with the exception of LPA levels which remained 

constant (Figure 6F, G). Therefore, we presume that the LPA level might be exactly controlled by 

PPARG since elevated LPA levels are known to blunt PPARG activation [59]. Within the PPARG 

pathway, the concentration of LPA directly depends on the amount of glycerol-3-phosphate 

acyltransferase, the LPA synthesizing enzyme (GPAT), and on 1-acylglycerol-3- phosphate-O-

acyltransferase (AGPAT2), which further processes LPA to PA [60]. On average, all GPAT isoforms 

are modestly up-regulated (3x), whereas AGPAT2, the predominant isoform in preadipocytes is 

strongly induced (19x) by PPARG (Figure 6G). This strong induction is ensuring the synthesis of PA 

and results in a low, constant level of LPA, therefore avoiding a negative feedback to PPARG, and 

favoring adipogenesis. Our finding points out that a tight control of LPA is needed for 

adipogenesis, which is further supported by the down-regulation of PPARG in AGPAT2 

knockdown and knockout models [61], as well as the development of steatosis and insulin 

resistance in an AGPAT2-deficient mouse model [62]. 
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Figure 5: PPARG activation induces downstream 
targets and lipid droplet formation. (A) To activate 
PPARG signaling confluent OP9 cells were treated 
over 48 h with different amounts of rosiglitazone 
ranging from 0.005 to 1 µM. Subsequently the cells 
were harvested and subjected to a targeted 
proteomics workflow monitoring PPARG as well as 
its downstream targets FABP4 and CEBPA with at 
least 2 peptides. (B) To further validate obtained 
MS data the expression of adipogenesis master 
regulator PPARG and lipid accumulation after 48 h, 
compared to the control (0.01% dimethyl 
sulfoxide, v/v) is illustrated protocols (n = 3 
biological replicates). Immunohistochemistry 
staining of OP9 cells using specific antibodies to 
visualize PPARG (yellow), BODIPY 493/503 to 
visualize lipid droplets (green), and DAPI to 
visualize nuclei (blue) is presented. Scale bar, 100 
µm. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Activated PPAR signaling alters major metabolic pathways and lipid distribution. Mesenchymal OP9 mouse stem cells with 
the capability to differentiate to adipocytes were treated with 1 µM rosiglitazone for 48 h to induce PPARG signaling. After induction 
of PPARG, 3 induced and 3 unstimulated controls were subjected to the SIMPLEX workflow. (A) Cytoscape network analysis, in which 
the nodes display the quantified proteins and the strings describe the relations between those at the confidence level. All proteins in 
red are at least 2 fold up-regulated whereas proteins in blue are at least 2-fold down-regulated. (B) The prominent regulated 
pathways at the protein level, here the same color code is applied. (C) Volcano plot of quantified lipids with 222 regulated species 
after the activation of PPARG signaling pathway, indicating a major remodeling of the entire lipidome. The most relevant molecules 
regarding PPARG signaling are indicated in red: TAG, PA and PE (O/P). (D) Volcano plot of the regulation of metabolites after PPARG 
activation. (E) Volcano plot of 3327 quantified proteins, 285 were classified as down-regulated and 435 proteins as up-regulated. (F) 
Bar plot of major regulated lipid classes. (G) Triacylglycerol synthesis pathway with all major enzymes and lipid abundance changes 
which are going along with activation of PPARG. For all experiments the following criteria were applied n = 3 biological replicates and 
n = 2 for technical replicates. 
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Discussion 
The development of strategies for the description of relationships between gene expression, 

protein abundance, and metabolite concentrations including lipids is a considerable challenge 

due to the multiple layers of regulation among these different molecular classes. Many of the 

regulatory mechanisms involved, such as metabolic control and feedback between those 

molecular classes are insufficiently understood on the systems scale. As an answer to these 

challenges, we are proposing SIMPLEX, an extraction strategy capable of bridging the currently 

existing gaps between these different molecular levels. The major advantages of SIMPLEX are (i) 

parallel access to different molecular classes, along with further advantages including, (ii) 

reduced amounts of required sample, (iii) straightforward handling of small sample amounts, (iv) 

prevention of contamination through distinct layers between molecular classes, and (v) low 

sample handling errors by a reduced number of extraction steps. The introduced workflow 

quantified over 3762 molecular species. This thorough characterization at the lipid layer provides 

valuable insights for future studies into physical properties of membranes such as membrane 

thickness, rigidity, transverse forces and lateral pressure which are directly controlled by the 

length and saturation level of fatty acids, as well as by lipid composition [63]. In addition to even 

chain fatty acids accounting for 95% of the total fatty acid content, we also observed odd chain 

fatty acids with up to 5% per class (Figure 4). The origin and presence of these odd chain fatty 

acids in lipids is controversial since it is still unclear whether these occur as endogenously 

synthesized products or as artifacts derived from cell culture. In a case of pre-adipocyte culture, it 

is most likely that lipids with odd chain fatty acids derive from α-oxidation, which is increased 

during the transition process to mature adipocytes [64, 65]. 

Whereas the current study is a proof-of-concept, the SIMPLEX approach will have to be adapted 

to more complex samples such as tissues or body fluids. We are aware of the limitations of 

SIMPLEX, which can be mainly attributed to the large variety of molecular characteristics. One 

can expect that certain low abundant or very hydrophilic lipids will be hard to detect and might 

escape the hydrophobic phase. A similar behavior is likely for low abundant, lipidated proteins 

[66] or amphiphilic metabolites. In such cases, additional enrichment steps and re-extraction will 

be required, respectively. Furthermore, we are aware that amphiphilic metabolites might be 

distributed over more than one phase and this could hamper their analysis if they are already low 

abundant or difficult to detect. 

In addition, future experiments on bigger cohorts (e.g., dynamic processes or clinical samples) 

have to be carried out to further prove the robustness of the here developed approach. 

Nonetheless, we believe that SIMPLEX permits a fundamental turn in study design that will 
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provide novel insights into the systems biology of multi-molecular cellular processes and the 

etiopathology of metabolic disorders such insulin resistance, lipid storage diseases as well as 

obesity. This is emphasized by an analysis of the mesenchymal stem cell line OP9 (pre-

adipocytes), which is able to differentiate into fat cells. The identification of a close collaboration 

between the PPARG signaling on the protein level and TAG metabolism on the metabolite level 

proves our initial motivation to investigate the system within the cellular context rather than a 

restricted single-sided way and allowed for the elucidation of a further level of feedback based 

PPARG control derived from the lipid level. 

In summary, we established a protocol that can deliver a representative picture of an entire 

biological system by extending the detection capabilities to more than one molecular class. As 

mass spectrometry instrumentation continuously advances regarding sensitivity and speed, we 

expect that this novel workflow will soon accommodate more quantitatively accessible molecular 

species and will deliver new exiting perspectives into metabolic disorders. 
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Supplemental figures of chapter 7 

Supplemental Figure 1. Global recovery for different metabolite standards and total protein content. 
 
 

 

 

 

 

 

 

 

 

 

(A) SIMPLEX shows similar recoveries when compared to the methanol extraction for NAD+, proline, serine, GSH and succinic acid. In 
contrast, adenosine, tryptophan and riboflavin were better recovered by the methanol extraction. (B) Total amino acid analysis shows 

that the SIMPLEX workflow it is not affecting the extracted protein level. 
 

Supplemental Figure 2. PPARG activation results in shorter chain length and a lower degree of fatty acid unsaturation.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mesenchymal OP9 mouse stem cells with the capability to differentiate to adipocytes were treated with 1 µM rosiglitazone for 48 h to 
induce PPARG signaling. (A) Heat map displaying the fold change at the phospholipid unsaturation level prior and after PPARG 
activation ranging from 0 to 6 double bonds, as sum for each lipid class at the fatty acid scan species level. (B) Heat map of the 
phospholipid fatty acid chain length. The hierarchical clustering is based on the fold change after PPARG activation and was carried 
out by using the ‘gplot’ and ‘RColorBrewer’ packages in the program R. The color key indicates up-regulation (red) or down-regulation 
(blue) within and between different lipid classes; * indicates absence of fatty acids in one of the conditions.  
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Supplemental Figure 3. Comparative lipidome analysis of OP9 cells before and after PPARG activation shows specific changes in the 
composition of glycerophospholipid and glycerolipid species.  
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Mesenchymal OP9 mouse stem cells were treated with 1 μM rosiglitazone for 48h to induce PPARG signaling. After induction of 
PPARG, 3 induced and 3 unstimulated controls were subjected to the SIMPLEX workflow. Thereby, the lipidomics workflow employed 
shotgun lipidomics with internal standards to achieve a quantitative picture of extracted lipids. LipidXplorer was utilized for 
identification and quantification. The bar graphs are displaying the average quantities, and the standard deviation of all analyzed lipid 
species (n = 3 biological replicates). 
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Chapter 8:  

General Discussion 
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Platelets play a central role in thrombus formation. Therefore, a shift from physiological to 

pathological platelet function may trigger the genesis and progression of thrombosis and 

cardiovascular disorders [1, 2], and also be directly related to congenital bleeding disorders. Since 

platelets lack a nucleus and have only a limited amount of protein translation, platelet regulatory 

mechanisms are mainly ruled by post-translational modifications. Therefore, mass spectrometry-

based proteomics can be a powerful tool to investigate platelet pathways with the potential to 

elucidate molecular mechanisms identifying novel biomarkers to develop new diagnostic and 

therapeutic approaches [3, 4]. 

Improving proteomics technology for platelet research 

For this thesis, a main focus was on investigating alterations in protein expression and dynamic 

differences in post-translational modifications in healthy and syndromatic human platelets. 

However, in order to study these modifications it is mandatory to apply specific enrichment 

strategies to remove the bulk of non-modified peptides, because post-translational modifications 

are versatile and have low stoichiometry compared to the entire proteome [5]. Until recently, 

most of these enrichment strategies required large sample amounts in the milligram range for a 

comprehensive analysis [3, 6]. Nowadays sample amounts for phosphoproteomics workflows can 

be scaled down to the microgram range, making this technique applicable to biomedical research 

[7, 8]. However, this has not yet been shown for N-terminomics workflows. Therefore, in Chapter 

3, an extended Charge based Fractional DIagonal Chromatography (ChaFRADIC) workflow was 

developed using an Isobaric Tag for Relative and Absolute Quantification (iTRAQ) labeling and a 

multi-enzymatic protease approach. The purpose was to evaluate the biases in iTRAQ 

quantification [9], the benefit of a multi-enzymatic approach, and the possibility to scale down 

sample amounts for N-terminomics. 

As a proof of principle in Chapter 3, the extended workflow was applied to study proteolytic 

events in Arabidopsis thaliana seedlings. The data showed that reliable quantification is possible 

of the proteolytic events, across eight different conditions, using iTRAQ based quantification with 

as little as 20 µg protein per condition. This rendered the improved ChaFRADIC workflow 

applicable to clinical samples, such as platelet samples from patients, in cases where sample 

amounts are the bottle neck for analysis. This chapter also demonstrated that the employment of 

various proteolytic enzymes in proteomics workflows increases the proteome coverage. This is in 

agreement with studies from Giansanti et al. [10] and Kleifeld et al. [11] and several othe authors 

[12-14]. Moreover, the introduction of an unspecific protease to proteomics workflows is 

valuable to reveal so far hidden parts of proteomes [15], in this particular case of the N-

terminome in Arabidopsis thaliana seedlings. 
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With the knowledge that phosphoproteomics and N-terminomics workflows can be used for 

biomedical research, we for the first time applied the optimized enrichment strategies to 

characterize the platelets from selected patients in Chapters 4 and 5. The Scott syndrome is a 

rare bleeding disorder, associated with mutations in the gene encoding anoctamin-6 [16, 17]. The 

syndrome is characterized by impaired Ca2+-dependent platelet responses such as 

phosphatidylserine exposure, and by impaired morphological changes such as ballooning [18]. 

Blood donations were only possible from one single individual, thus limiting the samples for 

proteomics analyses.  

Nevertheless, in Chapter 4, it was possible to comprehensively analyze the proteome 

composition, protein phosphorylation and cleavage of Scott platelets. We could identify only 

limited differences in platelet protein composition, except for a complete down-regulation of 

anoctamin-6, which is in agreement with the overall stability of the quantitative platelet 

proteome [19]. Surprisingly, we observed an upregulation of aquaporin-1 in the patient's 

platelets, which protein was absent in platelets from three healthy donors. A potential 

contamination of erythrocytes expressing aquaporin-1 could be excluded. The data may suggest 

that the aquaporin-1 present in the patient's platelets has a compensatory role for the lack of 

anoctamin-6. This is in line with the work of Gao et al. [20], who showed that blockage of 

aquaporin water channels induces retraction of the ballooning membrane. This hypothesis 

should be further investigated with platelets from the newest described Scott patients [16] 

and/or in the mouse models of this syndrome. 

The phosphoproteome analysis showed major differences in phosphorylation levels in the Scott 

platelets upon stimulation with agonist that induce high cytosolic Ca2+ rises, in particular 

convulxin/thrombin and ionomycin. Altered phosphorylation was not observed after stimulation 

with thrombin alone, likely because of the long incubation time, and since thrombin by itself does 

not evoke a procoagulant response (phosphatidylserine exposure, ballooning) [21]. We 

speculated that the increased phosphorylation in Scott platelets was due to a decreased Ca2+-and 

calpain-dependent protein cleavage.  

Mass-spectrometry-based proteomics enabled the identification of calpain consensus motifs 

which could previously only be estimated by probabilistic or computational modeling [22]. With 

this knowledge in combination with the improved ChaFRADIC approach, we identified in Chapter 

4 multiple calpain substrates that may contribute to the procoagulant response in platelets, such 

as listed in Figure 1. In addition, we established from the N-terminomics data a different 

spectrum of proteolysis due to calpain activation or to caspase activity (apoptosis), reflecting the 

two different mechanisms of phosphatidylserine exposure [23]. When applied to the syndromic 
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Scott platelets, the improved ChaFRADIC approach indicated that calpain activity, overall, was 

lower than in platelets from control subjects (Figure 1). Taken together, this work indicates that 

the procoagulant platelet response is a complex Ca2+-dependent activation mechanism, involving 

not only anoctamin-6 acting as a scramblase mediating phosphatidylserine exposure, but also 

calpain cleavage of a multitude of intracellular proteins. 

Limited sample amounts were available as well in Chapter 5, where we studied the molecular 

mechanisms in platelets from patients with Albright hereditary osteodystrophy (AHO) syndrome. 

Such platelets are known to give a decreased response to IP (prostacyclin) receptor and EP 

(prostaglandin E2) receptor stimulation, due to a loss-of-function of the Gsα protein that is 

normally linked to these receptors. The sample amount for this study was limited because: (i) low 

prevalence of the AHO syndrome (3.5 cases per 1 million subjects) [24], and (ii) most of the AHO 

patients are children, who can give only a few milliliters of blood. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Heatmap of the top 40 regulated identified calpain substrates. Effects are mapped of a calpain inhibitor on protein cleavage 
in platelets from healthy controls and a Scott patient (see  Chapter 4). In control platelets, treatment with ionomycin, leading to a 
procoagulant response, induced upregulation of multiple calpain substrates (red), while the same treatment downregulated 
substrates in patient platelets (green). This was also observed after stimulation of Scott platelets with convulxin/thrombin. The calpain 
inhibitor aborted most of the endoprotelytical activity, as reflected by inability of quantification of corresponding substrates (grey).` 
 
 
In Chapter 5, we used the optimized phosphoproteomics workflow to compare the IP receptor-

dependent phosphoproteome of AHO and control platelets. Quantitative comparison was 

possible for 3,457 phosphopeptides, i.e. substantially higher than in earlier phosphoproteomics 

analyses [7]. The results demonstrated a lower reactivity of syndromatic platelets to different 
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concentrations of iloprost, an analog of prostacyclin [25]. We identified several new 

phosphoproteins likely to be involved in the platelet inhibitory pathway mediated by cAMP and 

protein kinase A, which hence may mediate the changes in phosphorylation profile of AHO 

platelets. If confirmed in future studies, these proteins might serve as biomarkers for a precise 

diagnosis of the disease. 

In Chapter 6, we applied a quantitative phosphoproteomics workflow to elucidate the molecular 

details of ADP-induced protein phosphorylation through platelet P2Y1 and P2Y12 receptors. Such 

elucidation can help to better understand the variability of P2Y12 inhibition between patients 

taking drugs like clopidogrel, prasugrel or ticagrelor [26]. Simultaneously, we evaluated the 

antagonistic effects of iloprost (prostacyclin mimetic) to reverse ADP-mediated signaling events. 

Temporal profiles for 4,797 phosphopeptides were obtained, of which 608 corresponding to 393 

proteins showed significant up- or down-regulation. This was a 50% increase in quantified 

phosphopeptides in comparison to earlier data sets [7].  

A major challenge in the study of Chapter 6 was validation of ADP and ADP/iloprost-regulated 

phosphorylation sites, without the availability of specific antibodies against these sites for 

Western blotting or ELISA. As an alternative approach, we used a mass-spectrometry-based 

antibody-free method, known as Parallel Reaction Monitoring (PRM) [27]. It allows precise 

quantification of a limited number of selected (phospho)peptides with high accuracy. Using PRM, 

we could confirm the regulation of 23 phosphorylation sites, including scavenger receptor class F 

member 1 (SCARFSer589) and cGMP-inhibited 3',5'-cyclic phosphodiesterase A (PDE3ASer312), with 

good correlation among experimental procedures. An example of this use of PRM is given in 

Figure 2. Of note, we performed PRM analyses for 7 different conditions with platelets from 5 

donors, thus amounting to an equivalent of 805 Western blots.  

Intracellular proteins constantly interact with molecular classes of lipids [28]. Multi-omics 

approaches may help to better understanding these complex interactions [29]. In Chapter 7, a 

novel multi-omics approach called SImultaneous Metabolite, Protein, Lipid EXtraction procedure 

(SIMPLEX) is presented. Using this mass spectrometry based strategy it was possible to 

simultaneously quantify lipids, metabolites, proteins and phosphopeptides in mesenchymal OP9 

stem cells, as a model system for adipogenesis. The SIMPLEX protocol was compared to widely 

used workflows of proteomics [30] and metabolomics [31], showing a similar performance. 

Importantly, SIMPLEX was the only available protocol: (i) offering parallel access to different 

molecular classes, (ii) using low sample amounts, and (iii) allowing complete separation between 

proteins and lipids for analysis. Our multi-omics data are in general agreement with the lipid 

conversions reported by Simon et al. [32] and other authors [33, 34]. Interestingly, we observed a 
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novel interaction between peroxisomal proliferator-activated receptor-γ signaling on the protein 

level and the triacylglycerol metabolism on the metabolite level. Altogether, SIMPLEX 

demonstrated to be a robust, sensitive and reproducible workflow to simultaneously analyze the 

diverse intracellular molecules. However, its suitability needs to be confirmed for human cells, 

such as platelets. Application of multi-omics may help then to improve the phenotyping of 

metabolic and platelet-related disorders. 

Platelet proteomes, signaling and functions 

Inherited platelet-based bleeding disorders can be due to abnormalities of platelet receptors, 

granules, signal transduction, or membrane phospholipid regulation [35]. A complete and precise 

knowledge of the corresponding platelet proteins is hence imperative for understanding platelet 

functionality. Chapter 6 provides new insights in this respect, in the elucidation of ADP-mediated 

signaling events with partial reversal by iloprost. Reversible (de)phosphorylation of a serine, 

threonine or tyrosine was observed in several proteins, such as phosphodiesterase 3A 

(PDE3ASer312), scavenger receptor class F member 1 (SCARF1Ser589), RAS guanyl releasing protein 2 

(RASGRP2Ser587), protein MRVI1 (MRV1Ser657), and filamin (FLNThr2336). In these signaling proteins, a 

primary dephosphorylation of the corresponding site was observed after ADP stimulation, while 

their phosphorylation increased upon ADP+iloprost treatment. The high dynamics suggested that 

these phosphorylation sites might form central nodes regulating platelet homeostasis. These 

observations were in the line of previous data from Beck et al. [7] and Smolenski [36], where 

several of the sites were found to be up-regulated in response to iloprost alone. By implication, 

this reversibility suggests that, in the initiation phase platelet activation, endothelial-derived 

prostacyclin can offset platelet responses, perhaps as a check point to restrict pathological 

thrombus formation.  

As shown in Chapter 5, the inhibitory effect of iloprost appeared to be reduced in platelets from 

an AHO patient, such as anticipated from the literature [25]. Our phosphoproteomics data thereby 

confirmed the hypo-responsiveness of AHO platelets to Gsα-linked receptors. Markedly, we 

observed a reduction of 149 iloprost-induced phosphorylation sites in AHO platelets. Many of the 

corresponding proteins could be classified as signaling & adaptor proteins, kinases & 

phosphatases or small GTPase proteins. Among the regulated protein sites were filamin 

(FLNThr2336) and MRVI1 (MRV1Ser657) which, interestingly, were also identified in Chapter 6 as 

central nodes in platelet activation and inhibition pathways. Down-regulated in the patient´s 

platelets were also proteins implicated in key activation pathways, such as vasodilator-stimulated 

phosphoprotein (VASPSer239) [7, 36], and a member of the mitogen-activated protein kinase 

cascades (MAP2K4Ser257) [7]. 
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Figure 2. Illustration of advantage of a PRM assay for the RTsLCIPR peptide of PDE3A, in which phosphorylation is located at Ser312. A. 
The peptide was quantified in 7 indicated conditions with 13 transitions. B. Sum areas of the transitions normalized to 1, being the 
maximum; SD given for 5 biological replicates per condition. Basal phosphorylation of PDE3A at Ser312 was not affected with ADP, but 
increased up to 10-fold with iloprost.  

 

Platelet adhesion and activation are accompanied by shape changes including filopodia formation 

[37, 38]. Moreover, platelet procoagulant activity is accompanied by balloon formation along 

with phosphatidylserine exposure, both of which responses are impaired in Scott platelets [18, 

39]. In Chapter 4, we found changes in not only proteolytic cleavage, but also in phosphorlyation 

patterns of Scott platelets, stimulated with thrombin/convulxin or ionomycin. The former change 

could be explained by aberrant calpain activity. One implication is that, due to the intracellular 

cleavage of αIIbβ3 integrin [39, 40], the calpain-active, phosphatidylserine-exposing platelets loose 

their ability to form aggregates. We speculate that the altered phosphorylation patter in 

convulxin/thrombin- or ionomycin-stimulated Scott platelets is secondary to the diminished 

calpain activity. Calpain cleavage of intracellar protein kinases, phosphatases or their substrates 

will, most likely, substantially alter the complex protein (de)phosphorylation networks in the 

A 

B 
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platelets. Altogether, the Chapters 4-6 provide novel insights into platelet proteomes, signaling 

processes, and platelet functionality at normal and diseased conditions. 

Clinical perspectives 

Platelet-related disorders can be caused by a low platelet count and/or by a platelet dysfunction. 

To assess the functions of platelets, it is important to dispose of discriminative and precise 

laboratory tests. Over the past 50 years, the gold standard to diagnose platelet disorders has 

been light transmission aggregometry, which to a certain extent identifies dysfunctional platelet 

[41]. Even at present days, it is stil the most useful technique for monitoring of efficacy of 

antiplatelet therapies [42]. However, conventional aggregometry requires relative large blood 

volumes, centrifugation steps, and the training of laboratory personnel. One of the recent 

developments is to adapt this test to a 96-well plate format, in order to reduce blood volumes 

and allow faster diagnosis. However, this assay still needs to improve regarding reproducibility 

between laboratories [43]. In this respect, other diagnostic tests to reveal platelet-related 

disorders are still required.  

Chapters 4-6 describe the usage of mass-spectrometry based proteomics to identify changes in 

the platelets from particular patients. This work can lead to potential biomarkers, which though 

have to be further studied in independent patient cohorts before clinical use. In particular, 

application of targeted mass-spectrometric approaches, like PRM, seems to be a promising 

strategy to develop precise and accurate platelet tests, using little sample amounts. These 

targeted methods can be standardized and combined with stable isotope-labeled reference 

peptides. This allows reproducible quantification of peptides and proteins of interest across 

laboratories [44, 45]. As an example, in Chapter 6 PRM assays were used to monitor changes in 

platelet protein phosphorylation patterns between individuals over time. A critical remark is that, 

for bringing PRM approaches to the clinic, there are limitations, such as the need of experienced 

personnel, the still high costs, and the long analysis time. On the other hand, it should be realized 

that with mass spectrometry in one run even hundreds of platelet-related biomarkers can be 

identified simultaneously. Hopefully, the technology employed in this thesis will make its way to 

the clinic, with the possibility to precise diagnosis and improve treatment, for each patient with a 

bleeding problem. 
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Summary 

Blood platelets are key mediators of hemostasis, being responsible of the formation of a blood 

clot after vessel wall injury. Platelet dysfunction or a low platelet count may thus lead to an 

increased bleeding risk. On the other hand, unwanted platelet reactivity in an atherosclerotic 

blood vessel may result in cardiovascular disease, such as heart infarction or stroke. Since 

platelets lack nuclei, they have a limited capacity of protein translation, implying that their 

protein content is relatively stable. Accordingly, proteomics approaches can be regarded as 

valuable tools to study the composition and activation state of platelets in health and disease. 

Usage of modern mass-spectrometry based proteomics, as presented in this thesis, allows full 

characterization of the platelet proteome, phosphoproteome and N-terminone. This technology 

now has the potential to elucidate new molecular mechanisms and novel biomarkers of platelet 

activation, which may serve for future diagnostic and therapeutic approaches. 

Chapter 1 of this thesis provides a general introduction of established platelet functions and 

mechanisms in hemostasis. In addition, this chapter underscores the importance of studying 

platelets from healthy and diseased subjects using proteomics approaches, to gain insight into 

normal and affected platelet activation mechanisms. In Chapter 2 a review is presented on 

important pitfalls in the performing and analysis of phosphoproteomics experiments. In this 

opinion article, major flaws and challenges of the technology are discussed, as well as strategies 

to address current problems in phosphoproteomics studies. In Chapter 3 an improved Charged 

based Fractional Diagonal Chromatography (ChaFRADIC) approach is developed. Tools are 

described on how to: (i) assess the reproducibility of N-terminomics workflows using iTRAQ 

technology, (ii) evaluate the benefit of a multi-protease approach to increase the N-terminome 

coverage, and (iii) investigate the possibility to scale down sample amounts for N-terminomics 

experiments. For this work, Arabidopsis thaliana seedlings were divided into six aliquots, and per 

aliqout, the proteins were individually labeled with stable isotope iTRAQ reagents. After pooling, 

the sample was divided again into three parts, each of which was digested with different 

proteases. After ChaFRADIC, the enriched fractions containing N-terminal peptides were analyzed 

by LC-MS/MS. Altogether; we quantified 2,249 unique N-termini from 1,270 Arabidopsis proteins, 

in a way that sample amounts for N-terminomics workflows could be down-scaled to become 

applicable for biomedical research. In addition, the data showed the advantage of a multi-

protease digestion approach. We observed low overlap between the quantified N-terminal 

peptides among the 3 digestions, in that 82% of the N-terminal peptides were quantified with 

just one protease. Given the low variation of the iTRAQ intensities in the three data sets, we 
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concluded that the reproducibility of this N-terminomics workflow was good. A relevant 

biological result was that our analysis could underscore the roles of known intracellular 

endoproteolytic pathways in plant cells, such as the N-terminal methionine excision and the N-

end rule degradation pathways. 

In Chapter 4, we performed a multipronged analysis of the proteome, phosphoproteome and N-

terminome of platelets from control subjects and a Scott platelets in order to investigate 

mechanisms underlying the platelet procoagulant response. The Scott syndrome is a rare 

bleeding disorder, characterized by mutations in the ion channel/scramblase protein, anoctamin-

6. Platelets from Scott patients show impairments in Ca2+-dependent procoagulant 

phosphatidylserine exposure, protein cleavage and balloon formation (membrane blebbing). 

These impairments are seen, when Scott platelets are stimulated with strong, Ca2+-elevating 

agonists, such as convulxin/thrombin or ionomycin. Using an iTRAQ-based proteomics workflow, 

we found minor changes at the quantitative proteome level in 2,278 proteins, except for 

anoctamin-6 and calpain-2 catalytic subunit which were down-regulated, and aquaporin-1 which 

was up-regulated in the patient´s platelets. By parallel reaction monitoring analyses, we verified 

that anoctamin-6 was absent and aquaporin-1 was present in the syndromatic platelets. 

Additional phosphoproteomic analysis, using the same samples, resulted in 1,566 quantified 

phosphopeptides, which showed major changes in phosphorylation patterns between control 

and Scott platelets, after stimulation with convulxin/thrombin or ionomycin. 

In Chapter 4, we also assessed the intracellular proteolytic activity of the Ca2+-dependent 

protease calpain in activated platelets. Firstly, calpain consensus motifs were defined using a 

separate proteomics workflow. Then, platelets from control subjects were stimulated in the 

presence or absence of a calpain or caspase inhibitor, and used for ChaFRADIC to enrich for newly 

formed N-terminal peptides. This resulted in a list of 180 calpain-regulated cleavage sites in 

platelets, while a distinct set of 23 cleavage sites appeared to be caspase-regulated. 

Subsequently, the convulxin/thrombin- or ionomycin-stimulated patient platelets were subjected 

to ChaFRADIC and neo-N-terminal peptide analysis, in order to assess the calpain substrates 

involved in the procoagulant response. This analysis indicated that multiple of the calpain-

regulated cleavage sites were down-regulated in the activated Scott platelets. Phenotypic 

analysis, using microfluidics and Western blotting, confirmed that the patient's platelets were 

deficient in procoagulant response and were reduced in calpain activity. 

In Chapter 5, we compared altered platelet function with quantitative phosphoproteomics 

analysis for platelets from Albright hereditary osteodystrophy (AHO) patients, carrying a 

mutation in the GNAS complex gene locus for Gsα. Such patients have impairments in the 
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inhibitory platelet signaling pathway, mediated by Gsα, adenylate cyclase, cAMP and protein 

kinase A (PKA). Under certain conditions, this hence leads to platelet hyperactivity. In AHO 

platelets, we observed a reduced ability of Gsα-signaling prostaglandins (prostaglandin E1 and 

iloprost) to inhibit platelet aggregation, secretion and thrombus formation. This was confirmed 

by proteomics analyses, in that AHO platelets, in comparison to platelets from controls, showed 

hypo-responsiveness of iloprost-induced protein phosphorylation. Thus, from the 3,457 

quantified phosphopeptides, 62% appeared to be upregulated in control platelets, but relatively 

decreased in the patient's platelets. Several of the regulated phosphorylation sites are known 

PKA targets, such as vasodilator-stimulated phosphoprotein and phospholipase C-β3, whilst 149 

novel phosphorylation sites were elucidated. 

In Chapter 6, we focussed on ADP-induced phosphorylation pathways in platelets from healthy 

subjects. The autacoid ADP, released from activated platelets, binds to the G-protein coupled 

receptors P2Y1 and P2Y12, and triggers downstream signal cascades, leading to platelet 

aggregation. Drugs interfering with the P2Y12 receptors are frequently prescribed to patients 

suffering from cardiovascular disease. We applied a quantitative phosphoproteomics approach to 

study the temporal phosphorylation events induced by ADP alone or in combination with the 

platelet-inhibiting prostacyclin analog, iloprost. This resulted in temporal profiles of 4,797 

phosphopeptides, of which 608 showed a significant regulation by ADP/iloprost. The regulatory 

sites were linked to mostly to proteins involved in platelet degranulation, cytoskeletal re-

organization and pathways involving ubiquitin ligases or GTPase exchange factors/GTPase-

activating proteins. Overall, this resulted in a complete map of phosphorylation events induced 

by ADP alone or in combination with iloprost. Interestingly, certain phosphorylation sites were 

inversely regulated by ADP and iloprost, as confirmed by a developed assays using parallel-

reaction monitoring, suggesting that these sites may act as central nodes in platelet homeostasis. 

Chapter 8 presents a workflow to simultaneously analyzed cellular proteins, lipids and 

metabolites, named SImultaneous Metabolite, Protein and Lipid EXtraction procedure (SIMPLEX). 

The development of such a strategy allows the investigation of complex signaling networks that 

rely on protein-lipid and protein-metabolite interactions. In the SIMPLEX workflow, the 

separation of proteins, lipids and metabolites is done by differential extraction and 

centrifugation, to minimize contamination between these molecular classes. The method does 

not require higher amounts of starting material than any other proteomic measurements. As a 

proof-of-principle we conducted SIMPLEX using mesenchymal OP9 cells, in which we quantified 

360 lipid species, 75 metabolites, 3327 proteins and 1846 phosphopeptides. We compared 

SIMPLEX to standard proteomics and metabolomics workflows, such as filter-aided sample 
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preparation and methanol extraction, respectively. In both comparisons, a good percentage of 

recovery was achieved with SIMPLEX. In addition, we investigated the peroxisomal proliferator-

activated receptor-γ signaling pathway, where changes at the proteome level appeared to 

correlate well with changes at the lipidome level, particularly with respect to triacylglycerol 

turnover. Overall, SIMPLEX showed to be a robust, sensitive and reproducible protocol to analyze 

cross-talk between different molecular classes in a cell, with promising possibilities for the future 

analysis of platelets. 
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Samenvatting 

Bloedplaatjes spelen een eminente rol bij de bloedstelping en hemostase. Zij bewerkstelligen de 

vorming van plug en stolsel na beschadiging van de bloedvatwand. Plaatjesdysfunctie of een 

sterke verlaging van de plaatjesconcentratie in het bloed kunnen daarmee resulteren in een 

verhoogd bloedingsrisico. Anderzijds kan ongewenste activering van plaatjes in een 

atherosclerotisch bloedvat aanleiding geven tot arteriële trombose, met als gevolg een hart- of 

herseninfarct. Gezien de afwezigheid van een celkern, hebben plaatjes slechts een beperkt 

vermogen tot eiwitsynthese, waarmee hun eiwitsamenstelling relatief stabiel is. Dit betekent dat 

proteomics-analysen inzicht kunnen geven in de activeringsprocessen van plaatjes bij gezondheid 

en ziekte. Zoals in dit proefschrift beschreven, is het nu mogelijk om met behulp de nieuwste 

massaspectrometrie-technieken een volledig inzicht te krijgen in het proteoom, het 

fosfoproteoom en het N-terminoom van bloedplaatjes. Deze technologieën bieden daarmee de 

mogelijkheid om nieuwe moleculaire mechanismen en nieuwe biomarkers op te sporen van de 

plaatjesactivering, ten faveure van de diagnostiek en therapie van tromboses en bloedingen in de 

toekomst. 

Hoofdstuk 1 van dit proefschrift geeft een algemene inleiding over reeds bekende functies van 

plaatjes en mechanismen van hemostase. Verder gaat dit hoofdstuk in op het belang van 

plaatjesonderzoek bij gezondheid en ziekte, vooral ook om beter inzicht te krijgen in de 'normale' 

en 'abnormale' activeringsprocessen in plaatjes, en in de rol die proteomics-technieken hierin 

kunnen spelen. Hoofdstuk 2 bestaat uit een overzichtsartikel over belangrijke valkuilen bij het 

uitvoeren en analyzeren van fosfoproteoom-experimenten. In deze opiniërende paper zijn 

leemtes en tekortkomingen van deze technologie bediscussieerd, evenals mogelijkheden om de 

huidige beperkingen van fosfoproteoom-studies op te heffen. In Hoofdstuk 3 is een verbeterde 

methode bescheven van de conventionele techniek Charged based Fractional Diagonal 

Chromatography (ChaFRADIC). De mogelijkheden zijn opgetekend om: (i) de 

reproduceerbaarheid van N-terminoom workprotocollen te verbeteren, daarbij gebruik makend 

van iTRAQ-technologie, (ii) middels een multi-protease aanpak de opbrengst van een N-

terminoom te verhogen, en (iii) na te gaan in hoeverre N-terminoom experimenten kleinschaliger 

uitgevoerd kunnen worden met kleinere samples. Daartoe werden zaailingen van Arabidopsis 

thaliana verdeeld in zes gelijke porties, en werden per portie de eiwitten individueel gelabeld 

met stabiele isotopen (iTRAQ reagentia). Na poolen werden er drie nieuwe porties gemaakt, die 

elk gedigesteerd werden met verschillende proteasen. Na ChaFRADIC om de N-terminale 

peptiden aan te rijken werden de fracties geanalyzeerd middels LC-MS/MS. Al met al konden we 
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2.249 unieke N-termini kwantificeren, afkomstig van 1.270 Arabidopsis eiwitten. Verder bleek dat 

de sample-hoeveelheid voor N-terminoom bepalingen verminderd kon worden tot een niveau 

geschikt voor biomedisch onderzoek. De gegevens lieten tevens de voordelen zien van multi-

protease eiwitdigestie. Er bleek slechts een geringe overlap te zijn tussen de drie digesties wat 

betreft de gemeten N-terminale peptiden. De meeste (82%) van deze peptiden konden slechts 

bepaald worden na digestie met één bepaald protease. Op grond van de lage variabiliteit van de 

iTRAQ-intensiteiten in de drie digestieprofielen konden we voorts de conclusie trekken dat de 

reproduceerbaarheid van deze N-terminoom aanpak goed was. Een relevant biologisch resultaat 

was deze aanpal in staat was om bekende intracellulaire endoproteolytische activiteit op te 

pikken, zoals de N-terminal methionine excision en de N-end rule degradation activeringspaden. 

In Hoofdstuk 4 is een uitgebreide analyse uitgevoerd van het proteoom, het fosfoproteoom en 

het N-terminoom van de plaatjes van gezonde donoren en van een Scott patiënt. Het Scott 

syndroom is een zeldzame bloedingsziekte, die gekarakteriseerd wordt door mutaties in het 

ionkanaal, annex scramblase-eiwit anoctamine-6. De plaatjes van Scott-patiënten vertonen een 

defect in de Ca2+-afhankelijke expositie van het procoagulante fosfolipide fosfatidylserine, 

alsmede defecten in de intracellulaire protease-activiteit en in ballonvorming (membraan 

blebbing). Deze afwijkingen zijn met name te zien, wanneer Scott-plaatjes gestimuleerd worden 

met sterke, Ca2+-verhogende agonisten zoals convulxine + trombine of ionomycine. Scott-plaatjes 

bieden daarmee een uitgelezen mogelijkheid om intracellulaire mechanismen van de plaatjes 

procoagulante respons te onderzoeken middels proteomics-technieken. Na analyse van het 

kwantitatief proteoom (2.278 eiwitten) middels een iTRAQ werkprotocol konden wij slechts 

beperkte verschillen vinden tussen plaatjes van controles en patiënt, met bepaaldelijk als 

uitzondering anoctamine-6 en het katalytisch deel van calpaïne-2, welke verminderd waren, en 

aquaporine-1 dat verhoogd was in de patiëntplaatjes. Door middel van gerichte 

verificatietechnieken (parallel reaction monitoring), konden we bevestigen dat anoctamine-6 

afwezig en aquaporine-1 aanwezig waren in de syndromatische plaatjes. Een aanvullende 

fosfoproteoom-analyse, gebruik makend van dezelfde samples, resulteerde in 1.566 

gekwantificeerde fosfopeptiden, die aanzienlijke veranderingen lieten zien in 

fosforyleringspatroon tussen controle- en Scott-plaatjes, zulks na stimulering met 

convulxine/trombine of ionomycine. 

In Hoofdstuk 4 onderzochten we tevens de intracellulaire proteolytische activiteit van het Ca2+-

afhankelijk protease calpaïne in geactiveerde plaatjes. Daartoe bepaalden we eerst de calpaïne 

consensus-motieven, gebruik makend van een daartoe ontwikkelde proteomics-methode. 

Vervolgens werden de plaatjes van controlepersonen gestimuleerd in aan- of afwezigheid van 
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een calpaïne- of caspase-remmer, en dan onderworpen aan ChaFRADIC om de nieuw gevormde 

N-terminale peptiden aan te rijken. Dit resulteerde in een lijst van 180 calpaïne-gereguleerde 

splitsingsplaatsen in plaatjeseiwitten, alsmede in een aparte set van 23 splitsingsplaatsen 

gereguleerd door caspasen. Tenslotte werden de plaatjes van controlepersonen en Scott-patiënt, 

al dan niet na stimulering met convulxine/trombine of ionomycine, onderworpen aan ChaFRADIC 

en N-terminale peptiden-analysis, om daarmee de calpaïne-substraten te vinden die betreokken 

zijn bij de procoagulante respons. Deze analyse toonde aan dat een substantieel aantal van de 

calpaïne-gereguleerde splitsingsplaatsen relatief inactief waren in de Scott-plaatjes. Fenotype-

analyse, gebruik makend van microfluidics en Western blotten, bevestigde de defecten in 

procoagulante respons en calpaïne-activiteit in de patiëntplaatjes. 

In Hoofdstuk 5 heben we functionele veranderingen in de plaatjes van patiënten met Albright 

hereditaire osteodystrofie (AHO) vergeleken met het kwantitatieve fosfoproteoom in deze 

plaatjes. Patiënten met AHO hebben een genetische mutatie in de GNAS-complex genlocus, die 

codeert voor het eiwit Gsα. De plaatjes van dergelijke patiënten vertonen daarmee een defect in 

plaatjesremmende signaleringspaden, die verlopen via Gsα, adenylaatcyclase, cyclisch AMP en 

proteïnekinase A (PKA). Dit leidt onder bepaalde condities tot cellulaire hyperactiviteit. Bij de 

onderzochte AHO patiënten konden wij een vermindering meten van het vermogen van 

prostaglandines (prostaglandine E1 en iloprost) om de plaatjes Gsα-signalering te onderdrukken, 

en daarmee secretie- en aggregatieprocessen af te remmen. Dit kon worden bevestigd middels 

een proteoom-analyse, waarin bij patiëntenplaatjes in vergelijking met controleplaatjes een 

verminderde proteïnefosforylering werd gemeten in respons op iloprost. Meer specifiek bleken 

er van de 3.457 gemeten fosfopeptiden 62% verhoogd te zijn in de controleplaatjes, maar 

duidelijk minder sterk verhoogd in de patiëntenplaatjes. Verschillende van de gereguleerde 

fosforyleringplaatsen zijn bekende PKA substraten, zoals vasodilator-stimulated phosphoprotein 

(VASP) en fosfolipase C-β3. Echter daarnaast vonden wij 149 nieuwe fosforyleringsplaatsen in 

eiwitten met soms onbekende functies. 

Hoofdstuk 6 betreft een uitgebreide studie naar de ADP-gestimuleerde fosforyleringpaden in de 

plaatjes van gezonde donoren. De metaboliet ADP wordt uitgescheiden door geactiveerde 

plaatjes, en bindt vervolgens aan de G-eiwit gekoppelde receptoren P2Y1 and P2Y12 van ander 

plaatjes Dit triggert een uitgebreid repertoire aan signaaloverdracht-mechanismen, uiteindelijk 

resulterend in plaatjesaggregatie. Patiënten met hart- en vaatziekten krijgen vaak medicatie 

voorgeschreven, die gericht is tegen de P2Y12-receptoren. Middels een kwantitatieve analyse van 

het fosfoproteoom hebben wij tijdsafhankelijk de fosforyleringspatronen bepaald, die opgewekt 

worden door ADP of door de combinatie van ADP and iloprost (een plaatjesremmende 
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prostacycline-analoog). Dit resulteerde in tijdsafhankelijke patronen van 4.797 fosfopeptiden, 

waarvan er 608 significant veranderd bleken te zijn door ADP en/of iloprost. De gereguleerde 

fosforyleringsplaatsen betroffen meestal eiwitten met een rol in plaatjesdegranulering of 

celskelet-reorganisatie; en daarnaast ubiquitine-ligasen en GTP-gereguleerde eiwitten. Op basis 

van deze resultaten konden we een complete kaart opstellen van de fosforyleringsstappen 

opgewekt door ADP alleen of met iloprost. Een zeer interessante bevinding is dat bepaalde 

fosforyleringsplaatsen invers gereguleerd waren door ADP en iloprost. Dit werd voor een aantal 

eiwitten bevestigd middels nieuw ontwikkelde, specifike assays. De veronderstelling is dat deze 

fosforyleringsplaatsen fungeren als knooppunten bepalend voor de activering en inactivering van 

plaatjes. 

Hoofdstuk 8 beschrijft een werkschema om gelijktijdig de metabolieten, eiwitten en lipiden van 

een cel of weefsel te analyzeren, genaamd SIMPLEX (SImultaneous Metabolite, Protein and Lipid 

EXtraction procedure). Zo'n strategie maakt het mogelijk om ook complexe 

signaleringsnetwerken te onderzoeken, die bepaald worden door specifieke eiwit-eiwit en eiwit-

metaboliet interacties. In het SIMPLEX protocol wordt de scheiding van eiwitten, lipiden en 

metabolieten uitgevoerd middels differentiële extractie en centrifugatie, wat resulteert in een 

minimale contaminatie tussen deze typen moleculen. Voor de methode zijn geen grotere 

hoeveelheden uitgangsmateriaal nodig dan voor de bestaande proteomics-protocollen. Om de 

geschiktheid van de SIMPLEX-methode aan te tonen hebben wij eerst een analyse uitgevoerd 

met mesenchymale OP9-cellen, waarin we 360 soorten lipiden, 75 metabolieten, 3.327 eiwitten 

en 1.846 fosfopeptiden konden gemeten. Daarna hebben we het SIMPLEX-protocol vergeleken 

met de standaard werkschema's voor proteomics en metabolomics, zoals de filter-afhankelijke 

sample-preparatie en methanolextractie. In beide gevallen gaf SIMPLEX een goede opbrengst. 

Voorts hebben we bepalingen gedaan aan het signaleringspad van de peroxisomal proliferator-

activated receptor-γ. Hierin konden we typische veranderingen op eiwitniveau correleren aan 

relevante veranderingen in het lipidenspectrum, in het bijzonder van de metabolisering van 

triacylglycerol. Samengevat laten deze resultaten zien dat SIMPLEX een robuuste, gevoelige en 

reproduceerbare methode is om de interacties tussen verschillende soorten van moleculen in 

een cel te bepalen, die veel belooft voor toekomstige analysen van bloedplaatjes. 
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Valorization 

Valorization can be defined and applied in various ways, the most used definition being: 

"Valorization is the process of creating value from knowledge, by making knowledge suitable 

and/or available for social and/or economic use and by making knowledge suitable for translation 

into competitive products, services, processes and new commercial activities” [Rathenau Institute, 

2011]. My PhD project was dedicated to characterize molecular mechanisms at the basis of 

platelet activation and inhibition pathways using mainly quantitative mass spectrometry based 

proteomics on healthy and syndromatic platelets. The work presented here can as such be 

considered as basic research with the primary aim to gain more insight into platelet function and 

to improve technical mass-spectrometry workflows to benefit this research. In this respect, the 

value of my research lays in addressing three questions: (i) why is it important to elucidate these 

mechanisms in platelets; (ii) what is the advantage in using mass spectrometry (MS) based 

proteomics, and (iii) who will benefit from this knowledge? 

To address the first question it is important to remark that platelets have a primary role in 

hemostasis, and malfunction in their activation mechanisms may lead to the development of 

Cardiovascular Disorders (CVDs) and bleeding disorders. Furthermore, it has been reported by 

World Health Organization that CVDs are the main cause of the death globally, responsible for an 

estimated 31% of all deaths in Western Europe in 2012. Therefore, much effort has been done to 

find appropriate drugs to protect patients with CVDs without negatively affecting the process of 

hemostasis. So far, there are numerous drugs available on the market. However, not all patients 

have an appropriate response towards these drugs due to their genotypic and phenotypic 

characteristics or simply because of the stage of the disease. These differences in response 

toward clinically used drugs increase the risk of thrombotic events, also during surgery. 

Therefore, in order to develop new therapeutic approaches, it is important to investigate 

molecular interactions of platelet activation and inhibition mechanisms, permitting to obtain not 

only novel candidates for drug targets, but also biomarkers for a more precise diagnosis, to 

monitor disease progression and to evaluate disease state. Accordingly, in this thesis I 

investigated activation mechanisms of platelets from healthy and syndromatic subjects to obtain 

crucial information on the importance of a certain protein or pathway. New insights into different 

platelet mechanisms were obtained, together with potential key protein players serving as 

potential novel drug target and biomarkers. 

MS-based proteomics is regarded as one of the best tools for discovery studies providing good 

coverage, allowing the investigation of alteration in proteins expression and dynamic differences 
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in PTMs using little sample amounts. Thus, to address the second question, it is noteworthy that 

investigating platelet activation mechanisms was only possible by the use of MS-based 

proteomics, due to the platelets’ lack of a nucleus and insufficient DNA/RNA material for 

genomics or transcriptomics approaches.  

Using quantitative phospho(proteomics) and N-terminomics approaches on healthy and 

syndromatic platelets from a Scott patient, we obtained novel insight into the platelet 

procoagulant response pathway. Investigation of the procoagulant response is important, 

because it marks the last stage of platelet activation, allowing stabilization of the blood clot. 

Consequently, insight into this mechanism revealed specific proteins players and/or substrates, 

which may serve as biomarkers or novel drug targets. In this respect, elucidation of key players 

involved in the procoagulant response was only possible by comparing platelets from healthy 

donors and from a Scott patient with aberrant response. A similar experimental design was used 

to analyze the phosphoproteome of platelets from a patient with Albright hereditary 

osteodystrophy (AHO) syndrome. The AHO patients have a mutation in the GNAS gene, encoding 

for Gsα. Syndromatic platelets are characterized by a decreased platelet response to IP and EP 

receptor stimulation, due to a loss-of-function of the Gsα protein linked to the mentioned 

receptors. Consequently, in syndromatic platelets an aberrant cAMP/PKA inhibitory platelet 

pathway is observed. In this study, we identified 149 novel PKA-dependent phosphorylation sites 

involved in the platelet inhibitory pathway. Thereby, the clear and straightforward identification 

of protein key players was possible to better understanding the cAMP/PKA pathway.  

Furthermore, in this thesis changes are investigated in phosphorylation patterns of platelets from 

healthy subjects upon stimulation with ADP, allowing activation, and after consecutive 

stimulation with ADP and iloprost, allowing activation and afterwards inhibition. Thereby, central 

phosphorylation events at the basis of platelet activation and inhibition pathways could be 

elucidated. For this purpose, we used a phosphoproteomics approach and Parallel Reaction 

Monitoring (PRM) assays to quantitatively validate our data. This resulted in insight into the 

interplay between kinases and phosphatases on certain phosphorylation sites during the process 

of hemostasis, by investigating the inhibitory effect of iloprost after ADP stimulation. 

Consequently, we generated a list of proteins involved in the activation and inhibition 

mechanisms of platelets, as potential new drug targets.  

Beside the new and comprehensive insights obtained at the proteome level, it must be pointed 

out that MS-based approaches could be used to study the interaction between different 

molecular classes to gain deeper knowledge into complex molecular mechanisms. The usage of 

multi-omics approaches, such as SIMPLEX presented in thesis, to investigate the interaction 
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between different molecular classes and the use of other MS-based approaches such as 

crosslinking MS allowing the investigation of dynamic changes of protein complexes, could be the 

key to better understand the molecular basis of platelet mechanisms providing a broader 

overview of bleeding disorders and platelet related disorders.  

Overall, the benefit of using MS approaches and obtaining vast knowledge in this case in platelet 

mechanisms is directed at the generation of more precise diagnostics approaches and more 

efficient and personalized therapeutic approaches. Also another question can be raised, are MS 

technologies ready for the clinics? So far, one can predict that MS technology will certainly move 

into clinics, e.g. using Multiple Reaction Monitoring (MRM) and PRM approaches to diagnose a 

certain disease or condition due to the known difficulties in generating specific antibodies for 

novel biomarkers.  

In this thesis, the first steps towards this process have been already described in Chapter 6. In 

this chapter, PRM assays were developed for specific phosphorylation sites representing a 

specific functional state of platelets. Thus, after standardization of these PRM assays they could 

be used in the clinics to monitor platelet activation states, potentially instead of platelet 

aggration assays, where larger sample amounts are needed for accurate diagnosis.  

Finally, in respect to the third question who will benefit from this knowledge? It is obvious to first 

think about the patients, like children suffering from non-diagnosed bleeding disorder or patients 

suffering from thrombotic events. The disease also causes a massive social burden on them and 

their family members. Therefore, reducing costs through better diagnosis, developing better 

treatments and ideally precision medicine are the key for better life expectations and less 

suffering. This could bring an enormous benefit to the clinics and to the pharmaceutical industry, 

having the possibility to develop new drugs. However, at the current state researchers in the field 

might use the results obtained in this thesis to develop new ideas and strategies to investigate 

and study CVDs and bleeding disorders. The results obtained in this thesis provide several 

potential biomarkers, such as Ras guanyl-releasing protein 2 (Ser 587), protein MRVI1 (Ser 657) 

and filamin A (Thr 2336), which showed an aberrant response in platelets from the AHO patient 

and were also identifed as central nodes in hemostasis. Further characterization of these 

biomarkers must be performed in order to be applicable to the clinics, leaving space to further 

study in this field. 
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