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Abstract 

 
Cardiovascular diseases (CVDs) are the leading cause of death worldwide. Recent evidence 

suggests that activated platelets play an important role in promoting the recruitment of 

leukocytes, particularly monocytes, to damaged endothelium, which leads to formation of 

atherosclerotic plaques. Lysophosphatidic acid (LPA) accumulates in atherosclerotic plaques, 

activates additional platelets and amplifies immune response. Therefore, understanding the 

molecular mechanism of how platelets are activated and the effect of platelet-monocyte 

aggregate (PMA) formation is key to the design of intervention strategies for CVDs. To achieve 

this, two novel proteomics tools, i.e. in silico protein interaction analysis and quantitative 

multiplexed small GTPase activity assay, were developed and applied to study platelet functions. 

Using the former approach, a core network involved in platelet aggregation was identified that 

consists of integrin αIIb, integrin β3, talin1, fibrinogen α and β chains, Rap1b and other 

cytoskeletal proteins. Using the latter method, time-resolved activation profiles of ten small 

GTPases, i.e. Ras, Rho, Rap and Rac isoforms, in platelets in response to thrombin, ADP and 

LPA were generated. The addition of PI3K inhibitors only reduced the activation levels of 

Rap1A and Rap1B without affecting other small GTPase isoforms in LPA-induced platelet 

activation. Moreover, the small GTPase Rac and calcium, but not PI3 kinase or the small GTPase 

Rho, were found to be key regulators for LPA-induced platelet secretion. Furthermore, PMA 

formation was significantly increased in THP-1 monocytic cells incubated with thrombin- or 

LPA-activated platelets. To investigate the signaling changes in this process systematically, a 

quantitative phosphoproteomics strategy was adapted and optimized for a two-cell system, which 

revealed several key biological processes in monocytes, including leukocyte activation, small 
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GTPase activation and cytoskeleton organization. In summary, the research in this thesis has 

furthered our understanding of platelet function in the context of cardiovascular disease, which 

might serve as a basis for designing more targeted approaches for antiplatelet therapies. In 

addition, the proteomics tools we have developed and validated now enable the exploration of 

new avenues of research, as demonstrated by their successful application to study biological 

systems. 
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Chapter 1 Introduction 

 

Cardiovascular diseases (CVDs) are the leading cause of death globally, accounting for 17.3 

million deaths or 30% of all deaths in 2008 [1]. Coronary heart disease and stroke are the top 

CVDs, representing 7.3 and 6.2 million deaths, respectively [2]. CVDs are projected to remain 

the most common cause of death through 2030 [3].  

CVDs refers to any disease that affects the cardiovascular system, i.e. heart and blood vessels. 

Blockage of blood vessels via thrombus formation leads to lack of oxygen and nutrients in 

downstream tissues or organs. Sudden occlusion of myocardial arteries results in myocardial 

infarction (heart attack); similarly, disturbance in blood supply to the brain leads to cerebral 

infarction (stroke). Atherosclerosis contributes to thrombus formation, and is considered the 

major cause of CVDs [4-6]. Although the symptoms and signs occur in the advanced stages of 

disease and usually affect older adults, atherosclerosis can be found in youths and remains 

asymptomatic for decades [4, 7]. Atherosclerosis is a chronic inflammatory process that involves 

the development of atherosclerotic plaques that accumulate and restrict blood flow. It is 

clinically silent until rupture of the plaque occurs, exposing coagulation factors and extracellular 

matrix which leads to immediate thrombus formation.  

Several risk factors, e.g. diet, smoking, physical activity and environment, have been 

associated with CVDs. However, the root cause for the development of atherosclerosis is largely 

unclear. Therefore, understanding the molecular mechanisms that lead to atherosclerosis is key to 

prevention of CVDs. 

The development of atherosclerosis is initiated by a dysfunctional endothelium that recruits 

leukocytes. Recent evidence suggests that activated platelets play an important role in promoting 
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the recruitment of leukocytes [8-10], including neutrophils [11], lymphocytes [12], and 

monocytes [13, 14]. Monocytes in particular have received much attention, not only because 

monocytes are directly involved in the formation of atherosclerotic plaques, but circulating 

platelet-monocyte aggregates in blood have also been established as an early marker for acute 

cardiovascular events, e.g. stroke [15], stable coronary artery disease [16] and hypertension [17].  

Platelets play a pivotal role in the development of atherosclerosis. Activated platelets can 

directly interact with monocytes to form platelet-monocyte aggregates (Figure 1.1). They can 

also interact with monocytes indirectly by releasing soluble factors, proteins and microparticles. 

These interactions promote a pro-inflammatory state of monocytes and increase adhesion of 

monocytes to endothelial cells. Subsequently, monocytes transmigrate across the endothelial 

layer and become resident macrophages, which gradually become foam cells upon ingestion of 

lipid deposits. The cells in these lesions secrete cytokines, chemokines, and lipids that trigger 

additional platelet and monocyte recruitment, amplify immune response and lead to formation of 

atherosclerotic plaques. Upon plaque rupture, thrombus formation is accompanied by activation 

of additional platelets and formation of platelet-monocyte aggregates. The involvement of 

platelets in atherosclerosis is further highlighted by the use of antiplatelet drugs for the treatment 

of CVDs [18].  

Lysophosphatidic acid (LPA), a phospholipid, has been implicated in atherogenesis in that 

LPA accumulates in atherosclerotic plaques, activates platelets, and facilitates adhesion of 

monocytes to the endothelium [19-21]. LPA also promotes platelet-monocyte aggregate 

formation [22]. Although LPA signaling has been established in different cell types [23, 24], the 

role of LPA in platelet activation is not well characterized. In this chapter, platelets and the 

mechanisms through which they are activated by different agonists, including LPA, are 
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discussed. Regulations of platelet secretion and aggregation, and formation of platelet-monocyte 

aggregates is also discussed. In later sections, the tools and techniques used to study platelet 

function in the context of atherosclerosis is described. 

 

 

Figure 1.1 Activation of platelets and interaction between platelets and monocytes are crucial for the 
development of atherosclerotic plaques.The development of atherosclerosis is initiated by a dysfunctional 

endothelium that recruit leukocytes, particularly monocytes. Recent evidence suggests activated platelets plays 

an important role in promoting the recruitment of monocytes. Activated platelets can directly interact with 

monocytes by forming platelet-monocyte aggregates. They can also interact with monocytes indirectly by 

releasing soluble factors, proteins and microparticles, i.e. platelet releasate. These interactions promote a pro-

inflammatory state of monocytes and increase adhesion of monocytes to endothelial cells. Subsequently, 

monocytes transmigrate across the endothelial layer and become resident macrophages, which gradually become 

foam cells upon ingestion of lipid deposits. The cells in these lesions secrete cytokines, chemokines, and lipids 

(e.g. lysophosphatidic acid (LPA)), that trigger additional platelets and monocytes recruitment, amplify immune 

response and lead to formation of atherosclerotic plaques.  

 

1.1 Platelets 

Platelets are derived from the cytoplasm of their progenitor cells, megakaryocytes, in the bone 

marrow of mammals. Human platelets are small, disc shaped non-nucleated cells that measure 2 

to 5 μm in diameter and 0.5 μm in thickness [25]. Platelets lack genomic DNA [26], but 
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messenger RNA (mRNA) and the machinery required for protein synthesis was found in 

platelets [27]. After budding from megakaryocytes, these cell fragments circulate in blood for up 

to 10 days [28] before being destroyed by the reticuloendothelial system. About 100 billion 

platelets are produced by the human body every day [25], but only a fraction of these cells take 

part in hemostatic or thrombotic processes in a healthy state. In the event of vascular injury, a 

large amount of platelets will be rapidly recruited, activated and aggregated to form a blood clot 

at the site of the injury to prevent excessive bleeding. However, it is becoming more evident that 

platelets also play an important role in initiating and regulating inflammatory processes and 

immune responses [29]. For instance, platelets exert pathological pro-inflammatory functions in 

atherosclerosis development [30-32], where platelets are activated in response to inflamed 

endothelium and release interleukin 1beta (IL-1β), which enhances monocyte recruitment [33].  

At the site of vascular injury, platelets bind to Von Willebrand factor (VWF) and collagen. 

After the initial adhesion, platelets are activated by various agonists, including thrombin, 

adenosine diphosphate (ADP), epinephrine, thromboxane A2 (TXA2) and in the case of 

atherosclerosis, LPA. Activated platelets release pro-coagulant molecules that are stored in α-

granules and dense bodies (δ granules), recruit circulating platelets and further activate them to 

form aggregates. Platelet aggregation is achieved by the activation of glycoprotein IIb/IIIa 

(integrin αIIbβ3), which binds to fibrinogen, fibrin or VWF and forms bridges between platelets. 

During activation, platelets undergo dramatic shape change to spread over the damaged site, and 

facilitate platelet aggregate formation.  

 

1.1.1 Platelet activation: a molecular view 

In healthy blood vessels, platelet activation is inhibited by mediators produced by the  
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endothelium, i.e. nitric oxide (NO), prostacyclin, and ecto-ADPase [34]. NO limits platelet 

adhesion to endothelial cells even when platelets are pre-activated [35]. Prostacyclin elevates 

intracellular cyclic AMP (cAMP) level, which prevents platelet activation [36]. Ecto-ADPase 

lowers the level of plasma ADP and ATP, and abrogates secondary activation of platelets by 

ADP [37]. 

Once vascular injury occurs, extracellular matrix is exposed, and platelets are rapidly recruited 

to the damaged site. The initial adhesion of platelets is mainly mediated by VWF-glycoprotein 

Ib-IX (GPIb-IX) and collagen-glycoprotein VI (GPVI) interactions. The VWF-GPIb-IX 

interaction is strong enough to withstand high shear stress [38], and initiates signals for platelet 

activation [39]. This interaction is required for subsequent collagen-GPVI binding [40], which 

triggers further activation of platelets and the release of agonists from platelet granules, for 

instance, ADP. In addition, biochemical synthetic pathways are activated and produce 

thromboxane A2, another potent platelet activator. These second wave agonists act as positive 

feedback mediators that amplify activation signals and recruit more platelets. Firm adhesion is 

achieved when integrin αIIbβ3 and α2β1 are activated and bind to VWF and collagen [40]. 

When platelets adhere to the injured vessel wall, they can be activated locally by collagen or 

by factors released from damaged cells or activated platelets, including ADP, thrombin, TXA2 

and LPA. In general, agonist-stimulated platelet activation is achieved through G-protein 

coupled receptors (GPCRs) [41]. Downstream of these GPCRs, three types of Gα subunits, i.e. 

Gq, Gi2 and G12/13, are involved in distinct pathways (Figure 1.2). 1) Gq leads to the activation  of 

β isoforms of phospholipase C (PLC) [42], which results in the formation of inositol 

trisphosphate (IP3) and diacyl glycerol (DAG). IP3-induced increase in cytosolic Ca2+, and DAG- 

induced activation of protein kinase C (PKC) are required for activation of integrins, e.g. 
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integrin αIIbβ3 [43]. Both Ca2+ and PKC determine secretion level of 5-hydroxytryptamine from 

platelets [44]. 2) Gi2 activation causes the release of βγ complexes [45], which regulates two 

main effectors in platelets: one being inhibition of adenylyl cyclase that in turn reduces cAMP 

level, the other being activation of phosphatidylinositol 3-kinases (PI3Ks), which subsequently 

activates protein kinase B (PKB/Akt) [46]. Finally, 3) G12/13 has been found to activate Rho/Rho-

kinase pathway by directly interacting with and activating Rho-specific activators, i.e. guanine 

Figure 1.2 Main signaling pathways mediating platelet activation.AC, adenylate cyclase; ADP, Adenosine 

diphosphate; CalDAG-GEF1, calcium and DAG-regulated guanine exchange factor 1; cAMP, cyclic adenosine 

monophosphate; COX, cyclooxygenase; DAG, diacylglycerol; GDP, guanosine diphosphate; GPVI, 

glycoprotein VI; GTP, guanosine triphosphate; IP3, Inositol triphosphate; MLC-p, myosin light chain 

phosphorylation; P2Y1, purinergic receptor P2Y1; P2Y12, purinergic receptor P2Y12; PAR1, proteinase-activated 

receptor 1; PAR4, proteinase-activated receptor 4; PI3K, phosphoinositide 3-kinase; PKA, protein kinase A; 

PKC, protein kinase C; PLC, phospholipase C; RIAM, Rap1-interacting adaptor molecule; ROCK, Rho-

associated protein kinase; TP, thromboxane receptor; TXA2, thromboxane A2. This illustration does not exclude 

additional receptors or pathways involved in platelet functions. 

GDP 

GTP 
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nucleotide exchange factors [47, 48]. Platelet shape change is regulated by Rho and Rac small 

GTPases, which will be discussed in section 1.1.2. 

The final step of platelet activation is aggregation, which is mediated by the activation of 

integrin αIIbβ3. These integrins bind to fibrinogen and VWF to bridge activated platelets and 

form a platelet plug. Platelet aggregation is regulated by Rap1 small GTPases, and discussed in 

detail in section 1.1.3. 

 

1.1.1.1 Platelet activation induced by ADP 

ADP is released by damaged cells at the injured vessel wall, and also secreted from the dense 

granules in activated platelets. Therefore, ADP acts as an autocrine and paracrine platelet 

stimulus for recruitment and activation of additional platelets, and stabilization of the platelet 

plug [49]. Although ADP is a weak platelet activator, other stimuli are dependent on secondary 

activation by the secreted ADP to reach maximal platelet aggregation [50, 51]. 

Two ADP receptors, P2Y1 and P2Y12, are expressed on human and mouse platelets [52-55]. 

Both of these receptors are GPCRs, but they utilize distinct downstream pathways (Figure 1.2). 

Activation of P2Y1 by binding to ADP signals through the Gq α subunit, which leads to the 

increase of cytosolic Ca2+ and activation of PKC as previously mentioned. In addition, the P2Y1-

Gq signaling is also responsible for platelet shape change mediated by small GTPase Rac [56]. In 

contrast, activation of P2Y12 leads to formation of lipid raft- associated P2Y12 oligomers [57], 

which couple to downstream Gi2 α subunits [58]. This coupling is critical for activation of PI3K 

isoforms [51, 59]. Among the four PI3K isoforms, PI3Kα-δ, PI3Kβ and PI3Kγ were found to be 

required for ADP-induced platelet aggregation [60, 61], which is achieved by the activation of 
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the small GTPase Rap1 and integrin αIIbβ3 activation [62-65]. ADP-induced platelet 

aggregation is independent of activation of PKC [63].  

 

1.1.1.2 Platelet activation induced by thrombin  

Thrombin is the main effector protease for the coagulation cascade and the most potent 

activator of platelets. Thrombin generation is regulated by a series of coagulation factors [66]. 

Conversion of prothrombin to active thrombin occurs on cellular surfaces, including that of 

activated platelets [67].  

Thrombin activates platelets by cleaving and activating the protease-activated receptor (PAR) 

family of GPCRs [68]. Three out of four members of the PAR family can be activated by 

thrombin, i.e. PAR1, PAR3 and PAR4. PAR1 and PAR4 are expressed on human platelets, 

whereas PAR3 and PAR4 are found in mouse platelets [69]. This makes mouse platelets not an 

ideal system to study human platelet functions. When thrombin cleaves the PAR receptors, a 

short N-terminal receptor fragment / peptide is released. A newly formed N-terminus is exposed 

that starts with the sequence SFLLRN, which in turn activates PAR receptors [68, 70]. 

Chemically synthesized peptide SFLLRN (Thrombin Receptor Activating Peptide or TRAP) is 

also able to activate the PAR receptors.  

Signaling pathways downstream of PAR1 and PAR4 have been well established (Figure 1.2) 

[68, 71-73]. Both PAR receptors trigger downstream G12/13 and Gq signaling. Activation of G12/13 

leads to Rho/Rho-kinase-mediated platelet shape change [74]. Activation of Gq results in strong 

activation of PLCβ, which in turn increases cytosolic Ca2+ concentration, activates PKC, and 

triggers integrin αIIbβ3 activation and platelet degranulation. Although PAR1 and PAR4 do not 

couple to Gi directly, they activate the Gi pathway by releasing the secondary mediator ADP 
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from platelet dense granules (Figure 1.2) [51, 73]. The ADP-induced P2Y12/PI3K pathway is 

critical for PAR1-mediated irreversible platelet aggregation [75]. Interestingly, activation of 

PAR1 leads to a transient influx of Ca2+, while a prolonged Ca2+ signal is mediated by PAR4 

activation [73]. Furthermore, PAR1-induced platelet aggregation is transient and reversible, and 

requires additional signaling from ADP or PAR4 to reach maximum platelet aggregation [76]. 

PAR4 has been shown to be responsible for platelet aggregation at low level of thrombin, 

whereas PAR4-induced irreversible platelet aggregation is ADP independent [76]. 

 

1.1.1.3 Platelet activation induced by LPA 

LPA accumulates in human atherosclerotic plaques and evidence suggests that LPA plays a 

role in aggravating cardiovascular disease [19, 20, 77, 78]. At the site of atherosclerotic plaques, 

LPA can be released by activated cells, particularly platelets [79]. LPA in turn induces further 

platelet activation and aggregation [80]. Similar to ADP, LPA can also be considered a 

secondary platelet mediator in an autocrine fashion.  

Different forms of LPA exist which vary in the type of fatty acid and the type of linkage to the 

glycerol backbone. These LPA molecules differ greatly in their potency of platelet activation, 

e.g. alkyl ether-linked LPA has much stronger aggregating activity than acyl-LPA [22, 81]. 

However, it is unclear which receptor(s) LPA activates in platelets. There are six LPA receptors 

identified, i.e. LPA1-LPA6, which are all GPCRs [82-85]. A few other LPA receptors were 

proposed, but require more validation, i.e. GPR87 [86], P2Y10 [87], GPR35 [88], and PPARγ 

[89]. The mRNA for all six LPA receptors can be found in human platelets, with LPA4 and 

LPA5 having the most abundant mRNA levels [90]. LPA-induced platelet activation can be 

inhibited by LPA1 and LPA3 antagonists [77]; however, the ligand specificities showed in LPA-
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induced platelet aggregation is not accounted for LPA1-3, which showed no preference in binding 

with either alkyl- or acyl-LPA [80, 81, 91, 92]. This suggests that other receptor(s) are involved 

in LPA-induced platelet aggregation. Moreover, the downstream signaling pathways mediated by 

LPA are not very well characterized. LPA-induced platelet aggregation can be inhibited by ADP 

receptor antagonist [22], suggesting LPA acts on platelets by activating ADP receptors. 

Moreover, LPA-induced platelet shape change is mediated by G12/13-Rho pathway, as seen with 

other platelet agonists [22, 93]. 

Interestingly, individual heterogeneity was observed in platelet response to LPA in that 

platelets from 20% of healthy donors do not aggregate in response to LPA treatment [94]. The 

high LPA4 mRNA level in nonresponsive platelets suggests LPA4 regulates inhibitory pathway(s) 

that block platelet aggregation [94]. However, this inhibitory pathway might not involve cAMP, 

since cAMP level was not significantly changed in LPA-induced platelet aggregation [90]. 

Furthermore, LPA-induced platelet aggregation may be species-specific. Only human and cat 

platelets have showed LPA response [95], and mouse platelets cannot be activated by LPA, 

which seems to inhibit other agonist-induced aggregation [96, 97]. 

 

1.1.2 Platelet shape change and secretion regulated by the small GTPase Rho and Rac 

Platelet shape change and secretion of granules is one of the hallmarks of platelet activation. 

Mature platelets form a surface-connected open canalicular system, which allows transportation 

of substances into the cells, as well as secretion of granule contents out of the cells [98]. The 

open canalicular system consists of surface membrane that does not only expand the total surface 

area, but also enables platelets to spread rapidly upon activation [99].  When vascular injury 

occurs, platelets adhere, spread over the damaged sites, secret granule contents and initiate the 
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following processes: 1) reorganization of platelet cytoskeleton proteins to change shape; 2) 

release of second wave agonists to recruit and activate additional platelets; and 3) relocation of 

adhesive and inflammatory molecules from the granules to the platelet surface to attract and 

activate leukocytes. 

Platelet cytoskeleton reorganization plays an important role in triggering release of granules 

[100, 101]. Current evidence suggests that these two events are mainly regulated by the small 

GTPase Rho and Rac, myosin light chain kinase and Ca2+/calmodulin interaction (Figure 1.2). 

Inhibition of the Rho/ROCK pathway using the ROCK inhibitor, Y-27632, led to impaired 

myosin light chain phosphorylation as well as decreased granule secretion [102, 103]. Similarly, 

inhibition of myosin light chain kinase also inhibited granule secretion [104]. Independent of the 

Rho/ROCK pathway, Ca2+/calmodulin has also been shown to mediate myosin light chain 

phosphorylation and therefore platelet shape change [105, 106]. In addition, Rac activation has 

been shown to be involved in platelet secretion. Human and mouse platelets treated with Rac1 

inhibitor, NSC23766, showed diminished relocation of P-selectin to the platelet membrane and 

decreased secretion of ATP [107]. These effects of Rac1 inhibition were also observed in 

atherosclerotic plaque-stimulated platelets [108]. Furthermore, PKC might be another regulator 

of platelet shape change; however, the effect has been shown to be PKC isoform dependent [103, 

109-111]. 

Platelet secretion involves the release of three types of granules: α-granules, dense granules 

and lysosomes. More than 300 proteins that are released by α-granules have been identified [112, 

113]. These α-granule proteins include: 1) membrane proteins, e.g. integrin αIIbβ3, GPVI and P-

selectin; 2) coagulation factors: e.g. factor V, factor IX and factor XIII; 3) adhesion proteins: 

fibrinogen, VWF and thrombospondin; 4) chemokines: e.g. CXCL4 (platelet factor 4), CCL5 
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(RANTES) and CCL2 (MCP-1); 5) growth factors: e.g. epidermal growth factor, insulin-like 

growth factor and transforming growth factor β. Most of the membrane proteins in the α-granules 

can be found on resting platelets [114]; however, P-selectin translocates from α-granules to the 

platelet surface membrane when activated, which recruits leukocytes via P-selectin and P-

selectin glyocoprotein ligand-1 (PSGL-1) interaction [115, 116]. The second type of platelet 

granules, dense granules, contain high concentrations of cations and nucleotides, e.g. 2.2 M 

calcium and 653mM ADP [117], which are critical for platelet activation. Dense granules also 

contain bioactive amines including serotonin and histamine [118]. The third type of platelet 

granules, lysosomes, mainly contain enzymes that are involved in protein degradation. 

Interestingly, platelet shape change and secretion of coagulation factors, adhesion proteins and 

agonists facilitate platelet aggregation;  however, platelet shape change and secretion is not a 

prerequisite for aggregation, and these processes might occur independently [119]. 

 

1.1.3 Platelet aggregation regulated by integrin αIIbβ3 and the small GTPase Rap1 

Platelet aggregation is achieved primarily by activation of integrin αIIbβ3, which in turn binds 

to fibrinogen or VWF that bridges platelets to form platelet aggregates [120]. Blockade of 

integrin αIIbβ3 using antibody or peptide inhibits platelet aggregation [121], and inhibitors 

targeting integrin αIIbβ3 have been developed into antiplatelet agents to prevent cardiovascular 

events [18, 122, 123]. Integrin αIIbβ3 is one of the major platelet membrane receptors, 

approximately 80,000 copies per platelet [124, 125]. A substantial amount of the αIIbβ3 is stored 

in the platelet α-granules, and these integrins translocate to the platelet surface membrane upon 

activation [126, 127]. 
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Cellular signals leading to the activation of integrin αIIbβ3 are referred to as “inside out 

signaling”, which mainly consist of the Gq-PLC and Gi-PI3K-Rap1 pathways (Figure 1.2). 

Downstream of the Gq-PLC pathway, formation of DAG and elevation of cytosolic Ca2+ results 

in the activation of CalDAG-GEFI, a guanine nucleotide exchange factor for the small GTPase 

Rap1 [128-130]. CalDAG-GEFI- or Rap1b-deficient mice lead to compromised αIIbβ3 

activation [130, 131]. In addition, Rap1-mediated αIIbβ3 activation can also be achieved through 

the Gi-PI3K pathway [132, 133]. Rap1 plays a vital role in mediating integrin αIIbβ3 activation. 

Activated Rap1 binds to Rap1-GTP-interacting adaptor molecule (RIAM), which recruits the 

cytoskeletal protein talin to the plasma membrane, and in turn activates integrin αIIbβ3 [134]. 

However, evidence suggests that talin itself might not be sufficient to activate integrin αIIbβ3 

[135, 136]. Kindlin-3 has been found as a co-activator with talin for integrin αIIbβ3 activation 

[136-138]. Apart from talin and kindlin-3, additional interacting partners might also be involved 

integrin αIIbβ3 activation [139, 140]. 

 

1.1.4 Platelet-monocyte aggregate formation via P-selectin / PSGL-1 binding 

As previously discussed, platelet-monocyte aggregate formation, which was found in various 

CVDs, is a direct result of platelet activation. LPA, which accumulates at the sites of 

atherosclerotic plaques, stimulates the formation of platelet-monocyte aggregates [22]. This 

formation is mainly mediated by the interaction of P-selectin on the surface of activated platelets 

and PSGL-1 on monocytes. The interaction can be abolished by blockage of PSGL-1 alone, and 

no further reduction of  platelet-monocyte aggregates was observed by the addition of integrin 

αIIbβ3 and αMβ2 antagonists in combination with PSGL-1 inhibition [116].  
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P-selectin / PSGL-1 binding is not unique to platelet-monocyte interaction. For instance, 

neutrophils also express PSGL-1 and can bind to platelets; however, preferential interaction of 

platelets to monocytes over neutrophils has been shown in vitro [141]. In addition, clinical 

studies showed that platelet-neutrophil aggregates have a shorter half-life than platelet-monocyte 

aggregates [142]. Moreover, monocytes can bind to P-selectin on the surface of endothelial cells. 

Platelet-monocyte interaction may be favored due to the vast number of P-selectin molecules on 

activated platelets, i.e. 10,000 per cell [143]. This is among the most abundant membrane 

proteins after integrin αIIbβ3 (80,000 per cell) [125] and glycoprotein Ib (20,000 per cell) [144]. 

Signals initiated by P-selectin / PSGL-1 binding in monocytes trigger the expression and 

activation of β1 and β2 integrins, and increase their adhesiveness and ability to transmigrate 

across the endothelium [145]. In addition to direct binding to monocytes, platelets release soluble 

factors, i.e. RANTES and PF4 (platelet factor 4), that amplify the recruitment of monocytes to 

endothelium and accelerate atherosclerosis [146].  

Soluble P-selectin shed from activated platelets may have biological implications in 

atherosclerosis [147]. Although translocation of P-selectin is not reversible in activated platelets 

in vitro [148], P-selectin on platelet surface can be shed to produce a soluble form of P-selectin 

in vivo [149]. Shedding of P-selectin occurs rapidly (within a few hours), and does not cause a 

defect in platelet function and circulation [150]. Therefore, P-selectin levels may not be an ideal 

marker for platelet activation in vivo, which might be better represented by circulating platelet-

monocyte aggregates [142, 151]. 

Platelet-monocyte aggregates might be a potential target for the prevention of CVDs without 

affecting hemostatic functions of platelets. However, formation of platelet-monocyte aggregates 

induced by LPA is insensitive to aspirin treatment [22], which is a widely used antiplatelet drug 
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inhibiting COX-1 and production of TXA2 [152]. Clearly, a better understanding of how platelets 

are activated and how platelet-monocyte aggregates are formed in the context of atherosclerosis 

would help identify possible pathways or even drug targets for the development of intervention 

strategies for CVDs. 

 

1.2 Proteomics 

1.2.1 Mass spectrometry-based proteomics 

Proteomics, defined as the comprehensive analysis of the proteins that are expressed in cells or 

tissues [153, 154], has seen dramatic technical advances in the past few years [155]. The credit 

for the advancement of proteomics is largely given to the development of more powerful mass 

spectrometers [156]. For example, the linear ion trap (LIT) provides wide dynamic range, high 

sensitivity and speed, and the capability to analyze posttranslational modifications (PTMs) [157]. 

Other examples include the triple quadrupole (QQQ), which enables reliable quantification of 

low abundant proteins using the multiple reaction monitoring (MRM) technique [158]; the 

fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer, which excels in high 

mass accuracy and high resolution [159, 160], and a recently developed mass spectrometer, the 

Orbitrap, which offers similar mass accuracy and resolution to FT-ICR without the need of a 

superconducting magnet [161, 162]. These technologies have increased the ability of mass 

spectrometry (MS)-based proteomics to identify and quantify thousands of proteins from 

complex samples, in a single experiment, which has already made an impact on biology and 

medicine [155, 163].  
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1.2.2 General workflow in mass spectrometry 

In a general MS-based proteomics workflow, protein samples are appropriately isolated from 

their biological source, optionally separated by one dimensional (1D)/two dimensional (2D) gel 

electrophoresis or 1D/2D liquid chromatography (LC) techniques, followed by either in-gel or 

in-solution digestion, and additional peptide separation by LC if needed, and subsequently 

introduced to an ion source for ionization (Figure 1.3). Two popular techniques are utilized to 

generate peptide/protein ions: electrospray ionization (ESI) [164] and matrix-assisted laser 

desorption/ionization (MALDI) [165]. ESI is commonly applied to complex peptide/protein 

samples due to its ability to be coupled online with LC for further fractionation. MALDI is 

hampered by the sample complexity and is thus less popular; however, it is a valuable alternative 

for analyzing simple biological samples since it is more tolerant than ESI to the presence of salts 

and detergents. 

The ionized peptides/proteins can then be directly analyzed in a mass spectrometer that 

measures the mass-to-charge (m/z) ratio and intensity of each peptide/protein (Figure 1.3). The 

real strength of this methodology appears when the ionized peptides/proteins are analyzed by 

tandem mass spectrometry (MS/MS), which allows the determination of their amino acid 

sequence and/or the type and site of PTMs [166]. To achieve this, a fragmentation step is 

introduced between two mass analysis steps, allowing determination of the masses of each of the 

intact ions, as well as the fragmentation pattern of each individual ion. These fragmentations can 

be induced in many different ways, including collision-induced dissociation (CID) [167], 

electron capture dissociation (ECD) [168] and electron transfer dissociation (ETD) [169, 170]. 

CID, where the peptide/protein ions are collided with neutral gas molecules for fragmentation, is 

currently the most widely used method. ECD involves the direct introduction of low energy 
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electrons into trapped gas phase ions, and ETD involves the transfer of electrons between the 

peptide/protein cations and reagent anions. Each of these fragmentation modes is controllable 

and produces predictable fragmentations. Tens of thousands of these experiments can be 

performed per sample, producing an enormous amount of data that requires computational 

approaches to fully decipher. 

The identities of peptides/proteins are obtained from this data by comparing the acquired MS 

or MS/MS spectra to those predicted from a protein or genomic database using search algorithms 

(Figure 1.3). Genomic databases can be in silico transcribed to produce databases of possible 

proteins. Due to the completeness, accuracy and quality of genomic sequence annotation, the 

most widely used databases are Entrez Protein, Reference Sequence (RefSeq), Swiss-Prot and 

International Protein Index (IPI). The protein sequences in these databases can then be 

computationally converted into peptides and peptide fragments, the calculated masses of which 

can be used to compare to the input peptide spectrum. A number of database search algorithms 

are available for this comparison, including SEQUEST [171], MASCOT [172], 

ProteinProspector [173], TANDEM [174] and OMSSA [175]. These spectral matching search 

engines rank the possible peptide matches for each of the input spectra by measuring the degree 

of similarity between the input spectrum and the theoretical spectrum. However, due to high 

contaminant rate, low quality spectra, presence of homologous peptides, sequence variants and 

novel peptides, performance of the MS and the size of the database, the error rate might vary 

significantly, and even top-scoring peptides assignment could be incorrect. Therefore, statistical 

validation of peptide and protein assignment should be carried out [176]. 
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Figure 1.3 General workflow for mass spectrometry-based proteomics 
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1.2.3 Bottom-up or top-down proteomics 

MS-based proteomics can be divided into two workflows based on the size of the analyte that 

enters the mass spectrometer: bottom-up analyses focus on enzymatically digested samples with 

peptides about 25 amino acids or less, while top-down analyses tend to focus on large peptides 

and intact proteins. Top-down mass spectrometry is an effective tool to monitor modifications 

for small proteins (<30kDa) [177], which is typically performed using ESI-ECD/ETD-FT-

ICR/quadruple ion trap or the traditional CID setups. Although the mass range of this method has 

been extended to more than 200 kDa by Han et al. in 2006 [178], its lack of the ability to analyze 

complex sample makes top-down proteomics less popular than bottom-up proteomics [179]. 

However, top-down proteomics remains a potentially powerful technique, particularly in 

analyzing PTMs of proteins by measuring them intact rather than the indirect method of 

measuring peptides from the proteins [180]. 

 

1.2.4 Quantitative proteomics 

  The ability of quantifying the differences in protein expression between two or more 

physiological states of a biological sample has been greatly improved over the past decade (for 

recent reviews, see Ref. [181, 182]). While methods for label-free quantification have also been 

developed [183, 184], most of the current quantitative proteomics techniques require differential 

stable isotope labeling to be able to quantify small differences. In order to test an experimental 

variable, one state is given a light isotopic label, the other a heavy label, then the samples are 

mixed and analyzed simultaneously using LC-MS or LC-MS/MS. The chemical and physical 

properties of the heavy and light stable isotope-labeled peptides remain the same, the only 

difference lies in their mass, making these peptides distinguishable using MS. The relative 
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intensities of the peptide ions in the mass spectra directly reflect the relative quantities of the 

peptide under different physiological conditions, and thus the differences in the amounts of the 

proteins that incorporate the label can be deduced. The most accurate and widely used techniques 

are discussed below. 

 

1.2.4.1 Metabolic incorporation of stable isotopes 

Mann and coworkers introduced stable isotope labeling by amino acids in cell culture 

(SILAC) in 2002 [185]. In this technique, cells are cultured in either normal medium (i.e. 

“light”) or 13C6-arginine and/or 13C6-lysine containing medium. Since trypsin, the most 

commonly used protease in proteomics, cleaves the amide bonds next to the carbonyl group of 

either an arginine or lysine residue, 13C6-arginine and 13C6-lysine labeling ensures that the trypsin 

cleaved peptides contain at least one heavy-labeled amino acid, leading to at least one mass 

increment over the non-labeled counterpart. The heavy amino acids can be incorporated into 

more than 95% of proteins in 6-8 passages [185].The advantage of SILAC is that the heavy and 

light labeled samples can be combined at intact cell level, which excludes errors that may 

otherwise be introduced by subtle variations of parallel purification and sample handling 

procedures. Therefore, SILAC is the most accurate quantitative proteomics technique to date, 

and it is suitable for tracking small changes and PTMs [186-191]. Currently, up to five 

conditions can be compared in a single SILAC experiment using different forms of heavy 

arginine and/or lysine, which is particularly useful in time-course and multiple drug treatment 

studies [192]. Interestingly, although SILAC is routinely performed in cell culture systems, it has 

recently also been applied to in vivo studies in mice [193]. However, SILAC cannot be done on 
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humans and is prohibitively expensive to do on mice, thus non-metabolic quantitative methods, 

i.e. chemical tagging approaches, are needed as well. 

   

1.2.4.2 Chemical tagging approaches 

Chemical labeling methods are based on the reaction of isotope labeled mass tags with 

cysteines, amino groups or carboxylic groups [194]. The reaction can be carried out on the 

protein level; however, it is more often employed at the peptide level after proteolytic digestion. 

Isotope-coded affinity tags (ICAT) were introduced by Aebersold and coworkers in 1999 [195], 

in which cysteines first react with a mass tag containing zero or eight deuterium atoms and a 

biotin group, and proteins are mixed and digested. The cysteine-derivatized peptides are then 

purified by the affinity of the biotin group in the mass tag and subsequently analyzed by MS. As 

cysteine is a less common amino acid, and ICAT enriches cysteine-containing peptides in the 

mixture, ICAT can be used to analyze highly complex peptide mixtures. However, proteins that 

only contain a few (or not any) cysteine residues can be difficult to characterize using ICAT. 

More recently, another chemical labeling method was introduced. Isotope tags for relative and 

absolute quantification (iTRAQ) [196] utilize isobaric amine-specific tandem mass tags that 

consist of a reporter and a balance group. The isobaric labeled peptides are indistinguishable in 

the MS spectra; however, each tag generates a unique reporter ion upon fragmentation, which 

allows the simultaneous determination of both identity and relative abundance of the peptides. 

Commercially available iTRAQ reagents enable up to eight different conditions to be analyzed in 

a single experiment, which is useful for studying multiple time points and comparing multiple 

drug treatments. Although chemical tagging approaches are not as accurate as SILAC due to the 
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sample handling required prior to joining the samples, ICAT and iTRAQ can be directly applied 

to tissue samples, and therefore directly to human health research. 

 

 1.2.4.3 Computer tools for quantitative proteomics 

Tens of thousands of spectra can be generated in a single experiment, and the mass shift 

introduced by the stable isotopes or mass tags makes these spectra more complicated. Therefore, 

a number of computer tools for protein quantification have been developed to automate their 

interpretation, such as MSQuant [197] and XPRESS [198] for SILAC and ICAT analysis, 

MaxQuant [199] for SILAC analysis, RelEx [200] for ICAT analysis, as well as Libra [201], 

Multi-Q [202] and i-Tracker [203] for iTRAQ isobaric labeling analysis. 

 

1.2.5 Comparative proteomics 

Comparative proteomics techniques have been adopted in this discovery-driven process to 

identifiy potential drug targets (for recent reviews, see [204, 205]), which typically involve 

sample preparation, separation/fractionation, MS analysis, protein identification and 

quantification. 

Sample preparation should be tailored to the hypothesized potential protein targets. In the case 

of membrane proteins, differential centrifugation steps may be incorporated for isolating 

membranes from the sample. In the case of serum and plasma where levels of different proteins 

vary by up to 10 orders of magnitude, high abundance protein depletion is needed [206]. 

However, in many cases, little is known about the potential protein targets, therefore global 

proteomics techniques should be used to characterize as many proteins in the sample as possible. 

http://tools.proteomecenter.org/wiki/index.php?title=Software:XPRESS
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Due to the complexity of biological samples that potentially contain many thousands of 

proteins, low abundance proteins can be masked by those of high abundance, and thus be 

difficult to detect by MS. Therefore, it is critical to do appropriate, usually extensive, sample 

separation and/or fractionation prior to MS analysis. Because of the high resolving power and its 

large sample loading capacity, two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) 

has been adopted to compare proteomes from normal versus disease samples [207]. In 2D-

PAGE, proteins are separated based on their mass and isoelectric point (pI). The relative 

abundances of proteins from different samples can be compared by the intensity of the protein 

staining. A number of mathematical–statistical methods have been developed for decoding the 

complex maps of 2D-PAGE [208-210].  

Similarly, differential in-gel electrophoresis (DIGE) is also used to separate and compare 

proteins from different samples [211]. In DIGE, up to three different protein samples can be 

labeled with fluorescent dyes (Cy2, Cy3 and Cy5) and mixed together prior to two-dimensional 

electrophoresis. Changes in protein abundances can be observed by different colors of the protein 

spots. DIGE uses only one 2D gel, circumventing the limitation of inter-gel variation in 

traditional 2D electrophoresis.  

However, both 2D-PAGE and DIGE are limited by the extreme complexity of biological 

samples, where subtle changes between two different conditions of the same sample are difficult 

to characterize. In this case, sample fractionation of protein digests is used as an alternative, i.e. 

strong cation exchange (SCX) followed by reversed-phase LC, which can be performed online 

using a bi-phasic column. SCX is based on the electrostatic interaction of positively charged 

peptides/proteins to the negatively charged particles on the SCX column. The pH and ionic 

http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Fluorescent_dye
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strength of the buffers determine the sequential elution of the bound molecules from the SCX 

column.  

After appropriate sample preparation and separation/fractionation, MS or MS/MS analysis and 

database search tools are generally employed for the identification of critical proteins that are 

expressed differently under normal versus disease conditions, which could be potential drug 

targets. 

 

1.2.6 Functional proteomics 

Living cells rely on the interplay of thousands of proteins to maintain their cellular integrity  

and execute biological functions. These protein-protein interactions can be indirectly affected by 

external stimuli and/or inhibitors, which lead to changes in the biological state of cells. Thus 

studying protein-protein interactions in normal versus disease or disease versus inhibitor-treated 

conditions can help identify disease-related sub-networks [212-216], to clarify indirect inhibitor 

effects at the cell level. 

Functional proteomics aims to identify and quantify changes in protein interactions in 

response to a specific biological condition, and seeks to address the complex protein interaction 

networks in an integrative and physiologically relevant fashion [217-220]. Here, several state-of-

the-art functional proteomics techniques are discussed. 

  Yeast Two Hybrid (Y2H) The Y2H system was introduced by Fields and Song in 1989 [221], to 

detect direct interaction between two proteins, in which the two proteins are fused to either the 

DNA-binding domain (BD) or the activation domain (AD) of a transcriptional activator in the 

yeast Saccharomyces cerevisiae). If a physical interaction occurs between the two proteins, then 

the AD and BD are indirectly connected, allowing the activation of a downstream reporter gene, 

http://en.wikipedia.org/wiki/Saccharomyces_cerevisiae
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the expression of which changes the cell phenotype. The Y2H method estimates the possibility 

of protein interactions regardless of the protein localization, expression level, protein processing, 

possible PTMs and competition with other alternative interacting partners in living cells. The 

high false positive rates that usually occur can be minimized when combined with Tandem 

affinity purification mass spectrometry (TAP-MS) [222], while the protein localization issue can 

be avoided using computational approaches [223-225].  

Variant Y2H methodologies have been developed [226], including reverse Y2H (rY2H) [227] 

and repressed transactivator Y2H (RTA-Y2H) [228] systems to monitor the disruption of 

protein-protein interactions, and yeast three hybrid (Y3H) to detect direct binding of small 

molecules to proteins [229]. Moreover, mammalian protein–protein interaction trap (MAPPIT), 

an Y2H variant based on mammalian cells, has also been developed. MAPPIT relies on a variant 

JAK-STAT (Janus kinase-Signal Transducer and Activator of Transcription) signaling pathway 

[230]. The bait protein is fused to a signaling-deficient receptor that cannot recruit STAT, and 

the prey protein is fused to a functional receptor containing STAT-binding sites. The bait-prey 

interaction results in the phosphorylation of STAT and in turn activates a reporter gene. 

Protein-fragment Complementation Assay (PCA) Michnick and coworkers developed PCA as 

an in vivo screen for protein-protein interactions [231, 232]. In their recent study on yeast protein 

interaction networks using the PCA approach [233], two proteins of interest were fused to 

complementary fragments of mutated murine dihydrofolate reductase (mDHFR), which is 

insensitive to the DHFR inhibitor methotrexate but retains full catalytic activity. The interaction 

between the two proteins allows the two fragments of mDHFR to fold and form the functional 

enzyme so that the yeast can survive the treatment with methotrexate. They identified 2770 

interactions among 1124 yeast proteins, most of which were novel, and unraveled an unexplored 
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subspace of the yeast protein interactome. PCAs based on reporter proteins other than mDHFR 

have also been developed, including glycinamide ribonucleotide transformylase [234], 

aminoglycoside kinase [234], hygromycin B kinase [234], TEM1 β-lactamase [235, 236] and 

green fluorescent protein [237]. PCA can be used not only to identify protein-protein 

interactions, but also to characterize the localization of protein complexes, and the temporal and 

spatial protein interaction dynamics [238]. 

  Affinity Purification Mass Spectrometry (AP-MS) AP-MS allows the isolation of multiprotein 

complexes from cell lysates through one or more affinity purification steps [239]. In contrast to 

Y2H and PCA, AP-MS can be performed under physiological conditions and coupled to 

quantitative proteomics methods to probe dynamic changes. TAP-MS was developed by 

Séraphin and coworkers to identify both direct and indirect protein interactions among protein 

complexes in vivo [240]. In TAP-MS, the C- or N-terminus of the protein of interest is fused to a 

TAP tag which consists of a calmodulin binding peptide that binds specifically to calcium, a 

TEV protease cleavage site and Protein A that binds to IgG with high affinity. The two different 

purification steps increase specificity and thus reduce false positives. 

However, TAP-MS only detects strong interactions that can withstand the two purification 

steps, while transient or weak interactions are missed. This problem could be solved using a 

protein cross-linking strategy [241, 242], which relies on the formation of covalent bonds 

between interacting proteins in cells, regardless of whether the interaction is strong, weak or 

transient [243-245]. A number of protein cross-linkers have been introduced, such as BS3 [246], 

[d12]DSS and [d6]DSG [247]. In addition, formaldehyde has been identified as a powerful cross-

linking reagent, as it can enter the cell through the intact membrane, and form covalent bonds 
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between interacting proteins inside the cell [248, 249]. With the help of these cross-linkers, it is 

feasible to use TAP-MS for the comprehensive study of all types of protein interactions in cells. 

 

1.2.7 Phosphoproteomics 

Cellular functions often result in changes of the PTMs on proteins, which alter the protein-

ligand and protein-protein interactions. These PTMs include phosphorylation, glycosylation, 

sulfation, methylation, acylation, ubiquitylation, acetylation [250]. Phosphorylation is the most 

extensively studied PTM and has been recognized as essential for the regulation of protein 

function and protein-ligand/protein-protein interactions [251, 252] (for a recent review, see Ref. 

[253, 254]). Glycosylation is another important PTM which regulates cell-cell recognition and 

communication that has drawn increasing attention in proteomics [255, 256]. Sulfation [257], 

methylation [258] and others have also been targeted for studying cellular functions. Here, 

phosphoproteomics techniques that identify phosphorylation events for the purpose of clarifying 

the mechanisms of cell signal transduction were discussed.  

Phosphorylation occurs on tyrosine, serine and threonine of eukaryotic proteins, and is 

reversibly regulated by protein kinases and phosphatases. Phosphorylation often presents an 

activating or deactivating switch of protein activity that dynamically controls the signaling 

propagation in cellular networks [259], and interference of the balance of this process often leads 

to diseases [260]. However, drugs could be designed to activate or deactivate certain protein 

kinases [261] or phosphatases to regain the balance under disease conditions. For instance, 

imatinib, a tyrosine kinase inhibitor, has been designed for treating chronic myelogenous 

leukemia, gastrointestinal stromal tumors and other cancers [262]. Combined with quantitative 

analysis, phosphopeptide enrichment strategies can be used to clarify the mechanisms of 

http://en.wikipedia.org/wiki/Tyrosine_kinase
http://en.wikipedia.org/wiki/Chronic_myelogenous_leukemia
http://en.wikipedia.org/wiki/Chronic_myelogenous_leukemia
http://en.wikipedia.org/wiki/Gastrointestinal_stromal_tumor
http://en.wikipedia.org/wiki/Malignancy
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phosphorylation-induced changes in protein function and cell signaling transduction [186, 191, 

263]. 

Phosphoproteins represent a small, difficult to detect portion of proteins in a whole cell lysate, 

thus they need to be enriched for efficient measurement in an LC-MS/MS system. The 

phosphopeptide/phosphoprotein enrichment step is the major difference from standard 

proteomics techniques, with the most successful enrichment methods to date being either 

antibody or affinity based. 

Phosphorylation Site Specific Antibodies Immunoprecipitation using phosphotyrosine-specific 

antibodies followed by MS-based protein identification is a well-established strategy for the 

differential analysis and identification of novel activated signaling proteins in growth-factor 

stimulated or unstimulated cells [190, 264]. This process can also be applied to investigate the 

effects of drug treatment. In addition, phosphotyrosine-specific antibodies have been 

successfully used to globally enrich thousands of tyrosine phosphorylated peptides in cancer 

cells [265, 266]. Moreover, phosphoserine- and phosphothreonine antibodies are also available 

for monitoring phosphorylation events and discovering novel phosphosites [267]. 

Immobilized Metal Affinity Chromatography (IMAC) IMAC is based on the high affinity of 

phosphates to Fe3+ or Ga3+ that is immobilized onto porous column packing material [268, 269]. 

This method is most efficient in an acidic environment (pH 2-3.5 range), with nonspecific 

binding of nonphosphorylated peptides possible outside this pH range or when loading excessive 

amounts of peptide samples. Strongly acidic peptides rich in glutamic and aspartic acid also have 

high affinity to IMAC beads; however, these acidic groups can be methylated before IMAC 

enrichment, significantly increasing the selectivity of IMAC for phosphopeptides [270]. IMAC 
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has been successfully used in large-scale phosphoproteomics from various species [186, 270-

272]. Moreover, IMAC is also useful for intact phosphoprotein enrichment [273]. 

Titanium Dioxide (TiO2) Enrichment TiO2 enrichment is a more recently developed method in 

large-scale phosphopeptide enrichment that features even higher affinity and selectivity than 

IMAC [274, 275]. TiO2 spheres as a column packing material have replaced the silica-based 

supports in IMAC because of their high chemical stability and anion-exchange properties. 

Similar to IMAC, acidic peptides rich in glutamic and aspartic acid are also likely to be collected 

using TiO2 enrichment. This problem was solved by Jørgensen and coworkers when they 

introduced excess 2,5-dihydroxy benzoic acid (DHB) as a competitive binder to outcompete 

these acidic peptides, while phosphopeptides are retained [274]. Although excess DHB greatly 

improves the selectivity of TiO2 enrichment, the amount of DHB needs to be optimized from 

system to system, as too much DHB will result in introduction of chemical noise and poor 

reproducibility. 

  Strong Cation Exchange (SCX) SCX can also be used as a pre-separation step for 

phosphopeptides to exploit the difference in their solution charge states at low pH; each of the 

negatively charged phosphate groups reduces the net charge state by one. Therefore, 

phosphopeptides can be enriched in early SCX fractions by their decreased charge state. Gygi 

and coworkers have identified more than 2000 phosphopeptides in these early SCX factions 

using LC-MS/MS [276]. Coupled with IMAC or TiO2, SCX has shown to be a powerful pre-

fractionation tool in large-scale phosphoproteomics studies [186, 188, 277]. 

Peptide Fragmentation in Phosphoproteomics Another interesting aspect of analyzing 

phosphopeptides is the fragmentation step in the MS/MS workflow. Increasing attention has 

been given to ECD and ETD for their unique fragmentation patterns, which yield more extensive 
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and even backbone cleavages than CID, with PTMs (particularly phosphorylation) remaining 

retained on the peptide/protein fragments [169, 278-280]. However, because the efficiency of 

ECD and ETD is proportional to charge state, only highly charged peptides can be efficiently 

analyzed. The optimal strategy is to combine the data from identical samples using both CID (for 

singly and doubly charged peptides) and ETD (for multiply charged peptides) [281]. 

 

1.2.8 Computational tools 

As the use of high performance mass spectrometers has become the norm, tens of thousands of 

proteins can be identified and quantified in a single experiment, and therefore computational 

approaches have emerged to aid in the analysis of complex proteomic data. These computational 

approaches are crucial not only for accurate protein identification, quantification, and the 

determination of PTMs, but also for the conversion of complex proteomic data into sophisticated 

computer models of cellular protein networks, and for the comparison of these protein networks 

under multiple conditions, e.g. disease versus normal. Later in this thesis, a computational tool 

was developed to study protein-protein interaction networks using the archived datasets in a 

proteomics database. Here, two computer tools that can visualize and interpret proteomic data 

into protein networks are discussed. 

Ingenuity Pathway Analysis (IPA) IPA software (www.ingenuity.com) has drawn increasing 

attention in its ability to identify drug targets on a signaling pathway, provide up-to-date clinical 

status of drugs that target the pathway, and interpret large proteomic datasets into protein 

interaction networks. The IPA software allows users to upload proteomic data in a variety of 

ways and formats, and to compare the changes of protein abundance and protein organization 

http://www.ingenuity.com/
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among different samples. Interpretation of these large models and their reduction to a small set of 

significant changes then helps to clarify the mechanism of drug action.  

VisANT VisANT (http://visant.bu.edu) can be used for visualizing and analyzing biological 

interaction networks between genes and proteins [282]. VisANT also supports known/predicted 

metabolic pathway analysis by querying either co-expressed components of a pathway or 

physical interactions of the components. In addition, VisANT 3.5 enables the application of gene 

ontology (GO) in network analysis, particularly in finding over-represented GO terms in a given 

sub-network and expression-enriched GO modules in different experimental conditions [283]. 

 

1.3 Platelets and proteomic research 

Platelets are a challenging system to study at the molecular level. Since platelets are anucleate 

cells, the lack of DNA prevents any genetic manipulations, for instance, transfection. Platelets 

contain low levels of mRNA and are capable of synthesizing proteins; however, protein synthesis 

in platelets is minimal and its biological relevance is still unclear [284]. In addition, platelets 

cannot be cultured in great abundance and isolated platelets can only be stored for a limited time, 

normally 5-7 days. Due to the small size, the use of microscopic techniques to study protein 

distribution in platelets requires high resolution and thus it can be difficult to perform. Moreover, 

although numerous studies have used mice to study platelet functions in vivo, mouse platelets 

may not be a perfect representation of human platelets, as for example mouse platelets express 

the PAR3 thrombin receptor instead of PAR1. Moreover, unlike human platelets, mouse platelets 

do not aggregate in response to LPA [96, 97]. 

Due to these unique features of platelets, proteomics has emerged as an ideal approach to 

study human platelet function at the protein or peptide level [285-288]. Approximately 4,000 

http://visant.bu.edu/
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proteins have been identified in human platelets [289-292]. Protein compositions have been 

characterized in microparticles [293, 294] and the soluble protein fraction derived from activated 

platelets [112, 295]. Proteins that are stored in platelet α-granules [113, 296] and dense granules 

[297] were also identified. Enrichment strategies were employed in combination with LC-

MS/MS to analyze different sub-proteomes of platelets. Membrane protein composition of 

human platelets was studied by proteomic approaches [298-300]. Phosphoprotemics analysis was 

performed for resting platelets [301] and agonist-stimulated platelets [302, 303]. Similarly, 

glycoproteomics analysis was also applied to study human platelets [304, 305]. Moreover, 

comparative proteomics approaches were employed to characterize protein changes involved in 

platelet activation [306-310], platelet storage [311-314], platelet shedding [315], platelets in 

elderly populations [316] and various diseases [296, 314, 317-331]. 

 

1.4 Research hypotheses and aims 

Platelet activation and platelet-monocyte aggregate (PMA) formation plays an important role 

in the development of atherosclerosis. Platelets can be activated by normal hemostatic stimuli 

such as thrombin, as well as by atherosclerotic plaque-released factors such as LPA. In response 

to both, platelet aggregation occurs via integrin αIIbβ3. In addition, the process of platelet 

activation is mediated by multiple small GTPases. Activated platelets in turn recruit monocytes 

to the atherosclerotic lesions and facilitate plaque formation. Activated platelets also form PMAs 

circulating in blood, which are established early markers for CVDs. 

The overarching hypothesis of this thesis was that by characterizing protein-protein 

interactions and signaling pathways in platelets and PMAs in detail, it is possible to identify 
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potential markers and targets that would contribute to the development of intervention strategies 

for CVDs.  

This hypothesis resulted in the following specific aims: 

In the first aim, we wanted to study protein-protein interaction networks in platelet 

aggregation using bioinformatics; to achieve this, a novel computational tool had to be developed 

that could use archived datasets in a proteomics database (Chapter 2). 

In the second aim, we decided to investigate activation levels of several small GTPases and 

signaling pathways in platelet activation in parallel; to achieve this, a novel targeted proteomics-

based tool needed to be developed to quantify activity level changes of multiple small GTPase 

isoforms from a single sample aliquot (Chapter 3). 

In the third and final aim, we sought to identify key signaling pathways and regulators 

involved in PMA formation; to achieve this, a quantitative phosphoproteomics strategy had to be 

adapted and optimized for a two-cell system in order to study the global phosphorylation events 

in monocytes incubated with activated platelets (Chapter 4). 
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Chapter 2 Development of in silico protein interaction 

analysis and application on platelet aggregation 

2.1 Introduction  

The ability to generate data in proteomics experiments far outstrips the ability to analyze it 

[332]. Indeed, as large scale proteomics on high performance mass spectrometers has become the 

norm [333], and experiments frequently analyze hundreds of thousands of peptides from 

thousands of proteins, data processing and analysis has become a significant challenge [334]. As 

a result, an enormous amount of data has been submitted to public databases, only a small 

portion of which has been studied beyond confirming the presence or absence of a group of 

proteins. It is likely that the large amount of data in public repositories derived from a diverse set 

of experiments contains useful information that is not accessible from a single proteomics 

experiment. For instance, by extracting the datasets that are the most likely to contain 

information on protein-protein interactions for a protein of interest, one should be able to identify 

the proteins that are frequently observed, which are either known/unknown interaction partners 

or non-specifically binding proteins. Using this approach, one could then generate new 

hypotheses for novel protein-protein interactions, i.e. perform an in silico protein interaction 

analysis. 

To test this idea, the Global Proteome Machine Database (GPMDB) [335] was used, which is 

the largest curated and publicly available data repository for proteomics information derived 

from tandem mass spectrometry. As of October 2010, there are >150,000 datasets contained in 

the GPMDB with the identification of >26,000,000 proteins and >200,000,000 peptides. Each 

dataset or “model” in the GPMDB is a mass spectrometry-based proteomic experiment, which is 
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essentially an estimation of proteins contained in a sample, based on the MS/MS information 

provided, using the X!Tandem algorithm [336-338]. Each dataset contains a list of the estimated 

proteins with the identities of the sequenced peptides and proteins, as well as their confidence 

(log(e) value), intensity (log(I) value), sequence coverage and information about any relevant 

homologues.  

In order to perform an in silico protein interaction analysis using the Homo sapiens datasets in 

the GPMDB, a well-known biological model was selected and a general method was developed 

that allows the extraction of the most appropriate datasets and their relevant features. 

Subsequently, this method was applied to other biological models to demonstrate its general 

value in identifying candidate interaction partners, and proteins that share similar functions in a 

protein network. 

 

2.2 Method development 

2.2.1 In silico protein interaction analysis 

In order to develop a general method for in silico protein interaction analysis using the 

GPMDB, an adequate model protein was needed with known interaction partners and large 

number of identifications archived in the GPMDB. Human HIST4H4, a member of the histone 

H4 protein family, was chosen, because the histone octamer, which consists of various isoforms 

in the histone H2A, H2B, H3 and H4 protein families [339], is a well-defined complex; and 

HIST4H4 was positively identified in the highest number (2199) of datasets among all the 

histone proteins in the GPMDB as of April 21st, 2010.  
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Among the 2199 datasets which sequenced HIST4H4, some of them were identical, due to 

researchers periodically submitting the same raw data to the GPMDB multiple times. In order to 

eliminate these repetitive datasets, a filter was developed where datasets with all of the following 

three criteria were removed (Figure 2.1, step 1): the same dataset size (number of proteins 

identified in a dataset), the same sequence coverage for the protein of interest (HIST4H4 in this 

case) and the same protein identification score (log(e) value) for the protein of interest. 1981 out 

Figure 2.1 General workflow of in silico protein interaction analysis. 
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of the 2199 datasets remained after removing datasets identified as being repetitive. These 1981 

datasets were considered unique datasets.  

Next, datasets were sorted and filtered based on the confidence of identification for HIST4H4 

(Figure 2.1, step 2), which consists of two parts: sequence coverage and protein identification 

score. As used here, sequence coverage is the number of identified amino acids of the protein of 

interest, and protein identification score is the log(e) value of the protein of interest, based on the 

expectation values of identified peptides [251]. The goal of this filter is to minimize false 

positives or spurious identifications by sequencing at least two small peptides or a single large 

one with high confidence for the protein of interest. The correlation of sequence coverage and 

protein identification score for HIST4H4 in the remaining 1981 datasets is shown in Figure 2.2A. 

Sequence coverage reached a maximum of 87 amino acids (AA) for HIST4H4 (103AA), due to 

the fact that some regions of HIST4H4 produce peptides upon trypsin digestion that are very 

small (e.g. 37RRLARR41), and are therefore unlikely to be observed using standard mass 

spectrometry techniques. Notably, HIST4H4 was not identified with a sequence coverage of 16 

or 17AA (Figure 2.2B), which is due to the fact that among the most observed peptides from 

HIST4H4, no peptides were sequenced within this range, and the minimum number of amino 

acids identified from two peptides (47ISGLIYEETR56 and 61VFLENVIR68) was 18AA. Therefore, 

sequence coverage ≥18AA for HIST4H4 could only be achieved with confident identification of 

at least a single 18AA peptide or two smaller peptides. A sequence coverage cutoff of ≥18AA 

was therefore applied, leaving 1370 out of the 1981 datasets remaining. Interestingly, while 

93.5% of the identifications of HIST4H4 with sequence coverage≥18AA have log(e)≤-10 (top 

right quadrant, Figure 1a), only 7.0% of the HIST4H4 with lower sequence coverage were 

identified with log(e)≤-10 (bottom right quadrant, Figure 2.2A). This indicates that log(e)≤-10 
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can be used as an additional confidence cutoff to eliminate the datasets containing HIST4H4 

with many amino acids sequenced but poor identification score (Figure 2.2B). Thus, sequence 

coverage ≥18AA and protein identification score log(e)≤-10 were considered to provide high 

confidence for HIST4H4 (top top right quadrant, Figure 2.2B) 

 

 

 

 

Figure 2.2 Datasets filtered based on the confidence of identification for HIST4H4. (A) The correlation of 

-log(e) with sequence coverage for HIST4H4 in the 2336 datasets. (B) Enlarged area for sequence coverage from 

0 to 20AA. (C) The distribution of dataset size for the 1395 datasets remaining after the confidence filter. (D) 

The distribution of ProDis scores for the 271 datasets. 
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As a result, 1284 out of the 1981 datasets were selected and extracted from the GPMDB, each 

being unique and containing HIST4H4 with high confidence. In general, a lower log(e) value 

correlates with HIST4H4 having a higher rank (when sorted by confidence); however, HIST4H4 

was the top ranked protein in only a fraction of the datasets (Figure 2.3). 

Among these 1284 datasets, any type of proteomic experiment may be represented, e.g. global 

proteomics studies, samples from enrichment of specific organelles, or phosphopeptides, co-

immunoprecipitation (co-IP), or a single gel band from any such experiment. Due to the fact that 

researchers do not usually provide the description of how the samples were generated when 

submitting their data to the GPMDB, information about the exact type of each experiment is not 

available. Large-scale proteomics experiments, where up to 3500 proteins were identified 

alongside HIST4H4 (Figure 2.2C), aim to identify the highest number of proteins and therefore 

may have insufficient specificity to provide information about functional links. In contrast, 100 

to 300 proteins can be identified in a high-throughput co-IP/MS experiment [340], and less than 

Figure 2.3 The correlation of protein rank vs confidence log(e) value. 
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100 proteins are normally identified by a standard co-IP experiment. These experiments with 

small number of protein identifications are the ones which are most likely to provide information 

on protein-protein interactions. Therefore, a dataset size filter was introduced (Figure 2.1, step 

3), size being defined as the number of proteins identified in a dataset. The distribution of dataset 

size for the 1284 datasets is shown in Figure 2.2C. A dataset size cutoff of ≤100 proteins was 

used to test effects of the remaining criteria. The effect of increasing dataset size on the final 

result of the analysis is discussed later in this section. 271 datasets remained with dataset size 

≤100 proteins. 

Moreover, proteins identified from the analysis of a single gel band do not necessarily have 

functional links, as they may simply be co-incident as the result of a gel fractionation from a 

larger sample. In order to eliminate these type of datasets, a protein distribution (ProDis) filter 

was introduced (Figure 2.1, step 4), which is defined as a threshold in the geometric standard 

deviation of molecular weights (MW) of identified proteins in a given dataset (equation 1). 

                                 1
(ln ln )

ProDis exp( )
n

i gi
A

n








                                  (equation 1) 

Where the geometric mean of a set of protein MW’s (A1, A2, ..., An) is denoted as μg. ProDis 

describes the spread of the molecular weights of the identified proteins in a predicted one-

dimensional SDS-PAGE gel, which can be visualized by the gel display feature in the GPMDB 

(Figure 2.4), where one can see that as the ProDis decreases, the molecular weight spread of the 

identified proteins becomes more focused. The distribution of ProDis for the 271 remaining 

datasets is shown in Figure 2.2D. Low ProDis values represent experiments which likely result 

from the analysis of a single gel band, whereas experiments with a high ProDis are more likely to 

be the result of an experiment without MW-based protein level fractionation steps. Upon manual 
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inspection, a ProDis of >2 was determined to be a reasonable protein distribution cutoff, as all 

datasets with ProDis>2 confidently identified proteins with widely varying molecular weights, 

whereas with decreasing ProDis, datasets were increasingly likely to contain a tightly focused 

grouping of identified proteins’ molecular weights. As a result of applying a ProDis cutoff of > 

2, 195 datasets remained. 

 

 

These 195 datasets were unique and likely to provide information on protein-protein 

interactions with high confidence for HIST4H4, and therefore were considered approved datasets 

for in silico protein interaction analysis. From these approved datasets, protein identifications 

with the same HGNC ID were merged. Via their unique HGNC name, 2832 proteins were 

identified in the final result (Figure 2.5A); however, 97.4% of these proteins were observed in 

fewer than 20 datasets, or only about 10% of the total number of approved datasets.  

Figure 2.4 Gel display feature in the GPMDB showing protein distribution (ProDis). 
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Therefore, frequency of occurrence, which is defined as the number of observations of a 

protein divided by the total number of approved datasets, was introduced as a measure of the co-

occurrence of the identified proteins with the protein of interest (Figure 2.1, step 5). The effect of 

frequency of occurrence cutoffs between 10% and 40% was tested on the proteins identified in 

the analysis (Figure 2.5B). Demanding a high frequency of occurrence resulted in a small 

number of protein identifications. With frequency of occurrence ≥40%, only two histone proteins 

were observed (Figure 2.5B). However, using frequency of occurrence ≥30%, the four histone 

proteins HIST4H4, H2AFJ, H2BFS and H3F3B were observed, i.e. one member of each of the 

histone H2A, H2B, H3 and H4 families, indicating the identification of a complete histone 

Figure 2.5 Datasets filtered by frequency of occurrence. (A) The distribution of frequency of occurrence for 

2832 proteins identified in HIST4H4 analysis. (B) The distribution of number of histone proteins identified (♦) 

and number of all the proteins identified (■) in the in silico HIST4H4 interaction analysis using different 

frequency of occurrence cutoffs. (C) The distribution of number of histone proteins identified (♦) and number 

of all the proteins identified (■) in the in silico HIST4H4 interaction analysis using different dataset sizes. 

A C 

B 
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octamer [339]. With frequency of occurrence ≥20%, eight histone proteins were observed, 

including additional proteins from the histone H1 protein family, a family of linker proteins, 

indicating that proteins that are more loosely associated with HIST4H4 were observed with a 

lower frequency of occurrence. Indeed, three different isoforms of histone deacetylase, HDAC2, 

HDAC1 and HDAC7, were identified with frequency of occurrence of 10.6%, 3% and 0.8% 

respectively. However, when using a lower frequency of occurrence cutoff, the number of 

additional proteins included in the final result increases (Figure 2.5B), raising the likelihood of a 

non-specific result.  

By default, proteins with an identification score of log(e)≤-1 were merged in this analysis. An 

additional protein confidence cutoff (log(e) value) can be applied, however, when merging the 

protein identifications before ranking by frequencies of occurrence. Introduction of this 

additional step can ensure high confidence for these proteins in the final results; however, it 

could also result in the loss of important interaction partners. For instance, when a log(e)≤-3 

confidence filter was applied, H3F3B was not identified in the final result for HIST4H4. This is 

due to the fact that 40 out of 136 amino acids of H3F3B are unlikely to be identified using mass 

spectrometry, with other regions only sequenced sporadically, resulting in 49 out of 70 

observations of H3F3B having a confidence of log(e)>-3. Thus, the frequency of occurrence for 

H3F3B dropped from 35.9% to 10.8% in the HIST4H4 analysis when using more stringent 

confidence cutoff, which was then eliminated by the frequency of occurrence ≥20% cutoff.  

After the frequency of occurrence cutoff is applied, the final result of an in silico protein 

interaction analysis is obtained. With the frequency of occurrence cutoff fixed at f ≥20%, the 

effect of increasing the dataset size from ≤10 to ≤330 proteins, on the final result was tested 

(Figure 2.5C). After the dataset size filter reached ≤50 proteins, the complete histone octamer 
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was observed, suggesting ≤50 proteins is the minimum cutoff for dataset size for this protein and 

filter settings without losing known strongly interaction partners. As dataset size increases to ≤90 

proteins, additional proteins from the histone H1 family were observed, indicating proteins that 

are more loosely associated with HIST4H4 were observed with larger dataset size cutoff. As 

dataset size increases from ≤170 to ≤330 proteins, the number of histone proteins identified 

remained the same (Figure 2.5C); however, the total number of proteins identified in the final 

result increases continually (Figure 2.5C).  

When dataset size ≤100 proteins and frequency of occurrence ≥20% were chosen, 195 datasets 

were approved with 25 proteins observed, eight of which belonged to the histone families in the 

final result (Table 2.1).  

Table 2.1 The 25 proteins identified for HIST4H4 using in silico protein interaction analysis with 

dataset size ≤100 proteins and frequency of occurrence ≥20%. 

f(%) Accession Description 
100.0 HIST4H4 Histone cluster 4, H4 
69.7 sp|TRYP_PIG| Trypsin precursor  
66.2 ACTG1 Actin, gamma 1 

62.1 KRT1 Keratin 1 

54.9 KRT9 Keratin 9 
54.4 KRT2 Keratin 2 

53.3 KRT10 Keratin 10 
46.7 H2AFJ H2A histone family, member J 

35.9 H3F3B H3 histone, family 3B (H3.3B) 
33.3 sp|ALBU_BOVIN| Serum albumin; BSA 

32.8 H2BFS Histone H2B type F-S 

31.3 KRT14 Keratin 14  
30.3 KRT5 Keratin 5 

29.7 GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
29.7 HIST1H1C Histone H1.2 (Histone H1d)  

27.2 HIST1H2BB Histone cluster 1, H2bb 

25.6 H2AFV Histone H2A.V 
25.6 HNRNPC Heterogeneous nuclear ribonucleoproteins C1/C2 

24.1 VIM Vimentin 
23.1 NPM1P21 Nucleolar phosphoprotein B23, numatrin 

22.1 EEF1A2 Eukaryotic translation elongation factor 1 alpha 2 
22.1 HNRNPA2B1 Heterogeneous nuclear ribonucleoproteins A2/B1 

22.1 Ighg1 Immunoglobulin heavy constant gamma 1 

21.0 HIST1H1B Histone cluster 1, H1b 
20.0 DCD Dermcidin 
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2.2.2 Reverse in silico protein interaction analysis 

 “Reverse” in silico protein interaction analyses were also performed, which are analogous to 

reverse co-IP experiments, targeting H2AFJ, HIST1H2BB and H3F3B, which were identified in 

the aforementioned HIST4H4 analysis, representing the histone H2A, H2B and H3 protein 

families. Using the same thresholds at each cutoff as was used for the HIST4H4 analysis, 27, 37 

and 73 proteins were identified for H2AFJ, HIST1H2BB and H3F3B analyses, respectively 

(Appendix B-D). The identified proteins in all four analyses presented a large degree of 

similarity (Figure 2.6). The large number of proteins specifically identified for H3F3B were a 

result of the fact that only nine datasets were approved for H3F3B, and thus proteins that were 

observed more than twice among all nine datasets were retained in the final result. The limited 

number of datasets was due to the low protein confidence with which H3F3B was commonly 

identified (as described earlier). Seventeen proteins were identified in all four analyses (Table 

2.2), including seven proteins from the histone family, indicating observation of the complete 

histone octamer. Other shared proteins were either abundant cytoskeletal proteins or common 

contaminants that were introduced by sample preparation of mass spectrometry experiments; i.e. 

keratins, trypsin and serum albumin. 
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Table 2.2 The 17 proteins identified in all H2AFJ, HIST1H2BB, H3F3B and HIST4H4 in silico protein 

interaction analysis. 

 

 

 

 

 

 

 

 

 

  

H2AFJ  HIST1H2B

B 

H3F3

B  

HIST4H4       

f(%) f(%) f(%) f(%) Accession Description    
61.6 48.8 44.4 66.2  ACTG1 Actin, gamma 1    

100.0 34.9 77.8 46.7 H2AFJ Histone H2A.J    
24.7 27.9 44.4 25.6  H2AFV Histone H2A.V    

32.9 32.6 100.0  35.9  H3F3B H3 histone, family 3B     
23.3 20.9 33.3 21.0  HIST1H1B Histone cluster 1, H1b    

32.9 25.6 22.2 29.7  HIST1H1C Histone H1.2     

35.6 100.0  66.7 27.2  HIST1H2BB Histone cluster 1, 

H2bb 

   
68.5 72.1 88.9 100.0  HIST4H4 Histone cluster 4, H4    

30.1 37.2 33.3 24.1  VIM Vimentin     
71.2 76.7 77.8 62.1 KRT1 Keratin 1     

53.4 69.8 77.8 53.3 KRT10 Keratin 10     
20.5 58.1 44.4 31.3 KRT14 Keratin 14     

50.7 65.1 66.7 54.4 KRT2 Keratin 2    

26.0 51.2 22.2 30.3 KRT5 Keratin 5    
50.7 69.8  77.8  54.9 KRT9 Keratin 9    

27.4 39.5 33.3 33.3 sp|ALBU_BOVI

N| 

Serum albumin;BSA      

74.0 88.4 88.9 69.7 sp|TRYP_PIG| Trypsin precursor  
   

Figure 2.6 Venn diagram showing the overlap of the number of proteins identified among H2AFJ, 

HIST1H2BB, H3F3B and HIST4H4 analyses. 
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2.3 Applications  

2.3.1 26S proteasome subunits 

The in silico protein interaction analysis was applied to the proteasome, a much larger and 

more intricate protein complex than the histone octamer. The 26S proteasome is made up by a 

20S core particle and a 19S regulatory complex at one or both ends of the core particle [341]. 

The 20S core particle consists of four stacked ring structures, with each of the outer two rings 

composed of seven distinct α subunits, and each of the inner two rings composed of seven 

distinct β subunits. The α subunits also associate with the base complex, six ATPase subunits and 

two non-ATPase subunits, in the 19S regulatory complex.  

The in silico protein interaction analysis was first performed targeting human PSMA1, the α1 

subunit in the 20S core particle, using the same thresholds at each cutoff as was used for the 

HIST4H4 analysis (sequence coverage ≥18AA and log(e)≤-10 for PSMA1, dataset size≤100 

proteins and ProDis≥2). Only six datasets were approved and no other proteasome subunit was 

identified in the final result (Appendix E). When a dataset size cutoff of ≤350 proteins was used 

while the other thresholds remained the same, 22 datasets for PSMA1 were approved and all of 

the other six α subunits were identified with frequency of occurrence ≥20% (Table 2.3, column 

1). Using these new thresholds, additional analyses were performed for the other six α subunits 

and investigated the frequencies of occurrence for each of the 26S proteasome subunits (Table 

2.3). All of the seven α subunits were identified with frequency of occurrence ≥20% in all seven 

analyses, while all of the seven β subunits were identified with frequency of occurrence ≥15%. 

Also, all of the eight subunits in the base complex, i.e. PSMC1, PSMC2, PSMC3, PSMC4, 

PSMC5, PSMC6, PSMD1 and PSMD2, were identified with frequency of occurrence ≥10%. 
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Conversely, the other, more distant regulatory subunits were identified sporadically and with 

much lower frequencies of occurrence.  

 

Table 2.3 The frequency of occurrence for each proteasome subunit in all PSMA1, PSMA2, PSMA3, 

PSMA4, PSMA5, PSMA6 and PSMA7 analyses. 

 

PSMA1 PSMA2 PSMA3 PSMA4 PSMA5 PSMA6 PSMA7   

f(%) f(%) f(%) f(%) f(%) f(%) f(%) Accession Description 

100.0 60.0 71.4 37.6 63.2 26.7 37.0 PSMA1 Proteasome 20S subunit, alpha type, 1 

45.4 100.0 71.4 56.4 52.6 33.3 51.8 PSMA2 Proteasome 20S subunit, alpha type, 2 

22.7 60.0 100.0 31.3 57.9 33.3 40.7 PSMA3 Proteasome 20S subunit, alpha type, 3 

27.3 53.3 50.0 100.0 36.8 23.4 33.3 PSMA4 Proteasome 20S subunit, alpha type, 4 

36.4 46.7 78.6 31.3 100.0 40.0 66.7 PSMA5 Proteasome 20S subunit, alpha type, 5 

45.5 46.7 64.3 37.5 63.2 100.0 63.0 PSMA6 Proteasome 20S subunit, alpha type, 6 

27.2 60.0 85.7 50.1 68.5 26.7 100.0 PSMA7 Proteasome 20S subunit, alpha type, 7 

22.7 60.0 71.4 37.5 42.1 30.0 33.3 PSMB1 Proteasome 20S subunit, beta type, 1 

27.3 66.7 35.7 37.6 31.6 16.7 22.2 PSMB2 Proteasome 20S subunit, beta type, 2 

31.8 73.3 57.1 62.5 47.4 26.7 55.6 PSMB3 Proteasome 20S subunit, beta type, 3 

27.3 40.0 57.1 31.3 36.8 20.0 40.7 PSMB4 Proteasome 20S subunit, beta type, 4 

27.3 33.3 42.9 50.1 31.6 20.0 22.2 PSMB5 Proteasome 20S subunit, beta type, 5 

27.3 46.7 50.0 25.0 42.1 26.7 25.9 PSMB6 Proteasome 20S subunit, beta type, 6 

18.2 20.0 42.9 31.3 26.3 16.7 29.6 PSMB7 Proteasome 20S subunit, beta type, 7 

13.6 26.7 28.6 18.8 21.1 16.7 14.8 PSMC1 Proteasome 19S regulatory subunit, ATPase, 1 

18.1 26.7 28.6 31.3 21.1 10.0 14.8 PSMC2 Proteasome 19S regulatory subunit, ATPase, 2 

18.2 13.3 14.3 18.8 15.8 16.7 11.1 PSMC3 Proteasome 19S regulatory subunit, ATPase, 3 

13.6 20.0 21.4 18.8 15.8 10.0 14.8 PSMC4 Proteasome 19S regulatory subunit, ATPase, 4 

13.6 26.7 28.6 25.0 21.1 10.0 18.5 PSMC5 Proteasome 19S regulatory subunit, ATPase, 5 

13.6 33.4 28.6 25.1 21.1 10.0 18.5 PSMC6 Proteasome 19S regulatory subunit, ATPase, 6 

13.6 26.7 28.6 18.8 21.1 20.0 14.8 PSMD1 Proteasome 19S regulatory subunit, non-ATPase, 

1 18.2 46.7 28.6 31.3 31.6 23.3 18.5 PSMD2 Proteasome 19S regulatory subunit, non-ATPase, 

2 9.1 13.3 14.3 12.5 10.5 3.3 - PSMD3 Proteasome 19S regulatory subunit, non-ATPase, 

3 4.5 - - 6.3 5.3 3.3 - PSMD4 Proteasome 19S regulatory subunit, non-ATPase, 

4 18.2 20.0 21.4 18.8 15.8 6.7 11.1 PSMD5 Proteasome 19S regulatory subunit, non-ATPase, 

5 - 6.7 - - - 6.7 - PSMD6 Proteasome 19S regulatory subunit, non-ATPase, 

6 4.5 6.7 - - - - - PSMD7 Proteasome 19S regulatory subunit, non-ATPase, 

7 13.6 13.3 14.3 12.5 10.5 6.7 7.4 PSMD8 Proteasome 19S regulatory subunit, non-ATPase, 

8 4.5 6.7 7.1 6.3 5.3 13.3 3.7 PSMD9 Proteasome 19S regulatory subunit, non-ATPase, 

9 9.1 13.3 14.3 12.5 10.5 3.3 7.4 PSMD10 Proteasome 19S regulatory subunit, non-ATPase, 

10 9.0 20.0 28.5 18.8 15.8 30.0 11.1 PSMD11 Proteasome 19S regulatory subunit, non-ATPase, 

11 13.6 20.0 14.3 12.5 15.8 16.6 7.4 PSMD12 Proteasome 19S regulatory subunit, non-ATPase, 

12 4.5 - - 6.3 5.3 3.3 - PSMD13 Proteasome 19S regulatory subunit, non-ATPase, 

13 4.5 6.7 7.1 6.3 5.3 3.3 3.7 PSMD14 Proteasome 19S regulatory subunit, non-ATPase, 

14 
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Using frequency of occurrence ≥15% for all seven analyses, 88 proteins were identified in the 

overlap among all seven analyses after removal of common contaminants, including all seven α 

and seven β subunits (Appendix F). STRING 8.2 [342], which provides the most comprehensive 

view of protein-proteins interactions, was used to visualize functional links among these 88 

proteins (Figure 2.7a). Proteasome activator subunits 1 and 2, PA28 α and β were identified, as 

well as ubiquitin and a large number of adaptor proteins, including various members of 

chaperonin containing TCP1 complex and different isoforms of 14-3-3 proteins and heat shock 

proteins. When a frequency of occurrence cutoff of ≥10% was used, 192 proteins were identified 

in the overlap of all seven analyses after removal of common contaminants (Figure 2.7b), where 

all the subunits in the base complex as well as the 20S core particle were observed. Additional 

isoforms of ubiquitin proteins and chaperones were also identified using lower frequency of 

occurrence cutoff. 

A 
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Figure 2.7 Protein interaction network for the shared proteins by PSMA1, PSMA2, PSMA3, 

PSMA4, PSMA5, PSMA6 and PSMA7 in silico protein interaction analyses using frequency of 

occurrence cutoff of (A) 15% and (B) 10%. STRING 8.2 was used to visualize functional links 

among these proteins based on the active prediction methods “Experiments” and “Databases”, where 

stronger associations are represented by thicker lines. 

B 
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2.3.2 Integrin αIIbβ3 receptor 

The in silico protein interaction analysis was further applied to the human integrin αIIbβ3 

receptor, key signaling molecules in mediating platelet activation and aggregation [343].  The 

distribution of dataset size for both integrin αIIb (Figure 2.8A) and integrin β3 (Figure 2.8B) 

indicates a cutoff for dataset size at ≤110 proteins when the threshold of other cutoffs was fixed 

at: sequence coverage ≥18AA, identification confidence log(e)≤-10, and ProDis≥2. When these 

thresholds were applied, 150 and 111 datasets were approved for integrin αIIb and integrin β3, 

respectively. 37 and 41 proteins were identified in the integrin αIIb and integrin β3 interaction 

analyses respectively, using frequency of occurrence ≥20% (Table 2.4, column 1&2). These 

Figure 2.8 Distribution of number of (A) integrin αIIb and (B) integrin β3 at different dataset size ranges. 

A 

B 
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protein lists presented considerable similarity, and interestingly, talin1, kindlin-3 (FERMT3) and 

Rap1b were identified in both analyses. The direct binding of talin1 to the integrin β3 tail was 

shown to be a crucial step that triggers integrin αIIbβ3 activation [344-346]. The loss of talin1 

results in severe bleeding, due to the binding of platelet integrins to ligands, with platelet 

aggregation becoming compromised. Similarly, a recent study showed that the same phenotype 

occurred in kindlin-3 deficient platelets despite a normal amount of talin1 [347]. This suggests 

that both talin1 and kindlin-3 are required to mediate integrin activation, however, the 

mechanism of this regulation remains unknown [348]. In addition, Rap1b, a small GTPase, was 

also shown to be essential for normal platelet function [349], and to induce the formation of the 

integrin activation complex which in turn activates platelets [350]. Other common proteins 

identified in both analyses include fibrinogen, coagulation factor XIII, vinculin and other 

abundant cytoskeletal proteins (Table 2.4, column 1&2). 

Due to their known interaction with integrin αIIbβ3 complex, additional in silico protein 

interaction analysis were performed targeting talin1, kindlin-3 and Rap1b, using the same 

threshold at each cutoff as was used for integrin αIIb and integrin β3 analyses. Thirty three, 50 

and 72 proteins were identified for talin1, kindlin-3 and Rap1b, respectively (Appendix G-I). 

Twenty six proteins, besides keratin 1 and trypsin, were identified in all five analyses (Table 2.4, 

column 3), including all five of these proteins. The functional links of these 26 proteins were 

visualized using STRING 8.2 (Figure 2.9). 
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Table 2.4 The 37 and 41 proteins identified for integrin αIIb and integrin β3 in silico protein 

interaction analyses (column 1&2), respectively; the 28 proteins shared by talin1, kindlin-3, integrin 

αIIb, integrin β3 and Rap1b in silico protein interaction analyses (column 3). 

Integrin α2b Integrin β3 Five proteins  
f(%) Accession f(%) Accession Accession Description 
36.7 ACTB 40.5 ACTB ACTB Actin, cytoplasmic 1 
54.7 ACTG1 56.8 ACTG1 ACTG1 Actin, cytoplasmic 2 
50.0 ACTN1 50.4 ACTN1 ACTN1 Alpha-actinin-1  
24.7 CFL1 26.1 CFL1 CFL1 Cofilin-1 
52.0 F13A1 47.7 F13A1 F13A1 Coagulation factor XIII A chain Precursor  
55.3 FERMT3 56.7 FERMT3 FERMT3 Fermitin family homolog 3  
27.3 FGA 32.4 FGA FGA Fibrinogen alpha chain Precursor 
30.0 FGG 34.2 FGG FGG Fibrinogen gamma chain Precursor  
84.7 FLNA 84.6 FLNA FLNA Filamin-A  
36.7 GAPDH 38.7 GAPDH GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
41.3 GP1BA 35.1 GP1BA GP1BA Platelet glycoprotein Ib alpha chain precursor 
29.4 GSN 37.8 GSN GSN Gelsolin Precursor 
100.0 ITGA2B 70.3 ITGA2B ITGA2B Integrin alpha-IIb Precursor  
60.7 ITGB3 100.0 ITGB3 ITGB3 Integrin beta-3 Precursor  
32.0 KRT1 38.7 KRT1 KRT1 Keratin 1 
24.0 KRT10 29.7 KRT10 - Keratin 10 
24.7 KRT9 30.6 KRT9 - Keratin 9 
22.7 LDHB 27.0 LDHB - L-lactate dehydrogenase B chain  
32.7 LIMS1 35.1 LIMS1 LIMS1 LIM and senescent cell antigen-like-containing domain 

protein 1 39.3 MMRN1 39.6 MMRN1 MMRN1 Multimerin-1 precursor 
70.7 MYH9 61.3 MYH9 MYH9 Myosin-9 
32.0 PKM2 36.9 PKM2 PKM2 Pyruvate kinase isozymes M1/M2 
28.0 PLEK 24.3 PLEK PLEK Pleckstrin 
30.0 RAP1B 28.8 RAP1B RAP1B Ras-related protein Rap-1b Precursor 
56.0 sp|TRYP_PI

G| 

62.2 sp|TRYP_PI

G| 

sp|TRYP_PI

G| 

Trypsin precursor  
20.0 TAGLN2 30.6 TAGLN2 TAGLN2 Transgelin-2 
79.3 THBS1 77.5 THBS1 THBS1 Thrombospondin-1 Precursor 
76.0 TLN1 72.9 TLN1 TLN1 Talin-1 
27.3 TUBA4A 22.5 TUBA4A TUBA4A Tubulin alpha-4A chain 
31.3 TUBB1 38.7 TUBB1 TUBB1 Tubulin beta-1 chain  
27.3 VCL 33.3 VCL - Vinculin (Metavinculin)  
22.6 ZYX 20.7 ZYX ZYX Zyxin 
21.3 PFN1 - - - Profilin 1 
26.0 PPBP - - - Pro-platelet basic protein 
20.0 STOM - - - Stomatin 
23.3 TPM4 - - - Tropomyosin 4 
20.0 VWF - - - von Willebrand factor 
- - 27.9 ACTN4 - Actinin, alpha 4 
- - 20.7 CCDC19 - Tubulin beta chain 

- - 26.1 HBB - Hemoglobin, beta 
- - 20.7 MYL12A - Myosin, light chain 12A, regulatory, non-sarcomeric 

- - 26.1 MYL6 - Myosin, light chain 6, alkali, smooth muscle and non-

muscle  - - 20.7 RSU1 - Ras suppressor protein 1 

- - 22.5 TUBA1B - Tubulin, alpha 1b 
- - 25.2 WDR1 - WD repeat domain 1 
- - 20.7 YWHAZ - 14-3-3 protein zeta/delta 
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A core network involved in platelet activation and aggregation was identified that consists of 

integrin αIIb, integrin β3, talin1, FGA, FGG and Rap1b. However, the functional link of kindlin-

3 to integrin αIIbβ3 was not shown, which may be due to the fact that the recent finding of the 

binding of kindlin-3 to integrin β3 has yet to be archived in the STRING database. Other proteins 

identified in the analysis were mainly abundant cytoskeletal proteins. 

 

 

 

 

Figure 2.9 Protein interaction network for the 26 proteins shared by talin1, kindlin-3, Rap1b, integrin 

αIIb and β3 in silico protein interaction analyses. STRING 8.2 was used to visualize functional links 

among these proteins based on the active prediction methods “Experiments” and “Databases”, where 

stronger associations are represented by thicker lines. 
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2.3.3 Identification of background proteins by comparative analysis 

Co-IP experiments are known to contain proteins that do not bind the bait protein in a specific 

manner. Instead, they are due to non-specific binding to beads, bait, interacting proteins or 

contaminants. These background proteins are typically identified by comparing co-IP results of 

proteins that show distinct features. Similarly, if two proteins do not have functional links, then 

the shared proteins identified from these two proteins’ in silico protein interaction analyses are 

expected to be background proteins. HIST4H4 is mainly localized in the nucleus and integrin 

αIIb is expressed specifically in platelets which lack a nucleus, and thus HIST4H4 and integrin 

αIIb cannot be functionally-linked. Indeed, no approved datasets were shared by these two 

human proteins (sequence coverage≥18AA and log(e)≤-10 for HIST4H4, dataset size≤100 

proteins and ProDis≥2). Seven proteins were observed in both analyses (Table 2.5), including 

common contaminants resulting from sample preparation of a mass spectrometry experiment, i.e. 

keratins and trypsin, and abundant proteins, i.e. actin and GAPDH. 

 

Table 2.5 The seven proteins identified in both integrin αIIb and HIST4H4 analyses, which are 

expected to be background proteins. 

Accession  Description  
KRT1 Keratin 1 
KRT10 Keratin 10  
KRT2 Keratin 2  
KRT9 Keratin 9  
sp|TRYP_PIG| Trypsin precursor 
ACTG1 Actin, gamma 1 
GAPDH  Glyceraldehyde-3-phosphate 

dehydrogenase    
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2.4 Validation 

Without statistical or experimental validation, an independent assessment of the predicted 

interactions may not be possible. To address this concern, a formaldehyde-supported co-IP 

experiment targeting integrin β1 was performed in order to study its interaction partners (detailed 

method described elsewhere [351]), and used the resulting list of proteins as a biochemical 

comparison for our in silico interaction analysis. Integrin β1 complexes were precipitated from 

activated human platelets and 11 proteins, other than integrin β1, were identified consistently 

(Appendix J). An in silico protein interaction analysis was then performed targeting integrin β1 

(sequence coverage≥18AA and log(e)≤-10 for integrin β1, dataset size≤50 proteins, ProDis≥2 

and frequency of occurrence≥10%), where 18 proteins were identified after removal of common 

contaminants (Appendix K). Nine proteins were identified with both methods, only vinculin and 

Tu translation elongation factor were identified by the biochemical approach but not identified 

using in silico protein interaction analysis. Furthermore, integrin β1 interaction partners were 

identified using the STRING database [342], which is the most comprehensive resource of 

protein-protein interactions as it incorporates information from other databases such as BioGRID 

[352], HPRD [353], IntAct [354], MINT [355] and KEGG [356]. By selecting the active 

prediction methods “Experiments” and “Databases”, only those interactions for which 

experimental evidence exists were included. Twenty eight human integrin β1 interaction partners 

were obtained from the STRING database, when a confidence score cutoff of at least 0.950 was 

used (Appendix L). This cutoff was chosen because a significant gap in the confidence score was 

observed (from 0.957 to 0.917). These 28 proteins as well as all adaptor proteins and integrin α 

subunits known to interact with integrin β1 from literature [357, 358] were also compared with 

the results of the formaldehyde-supported co-IP experiment and in silico protein interaction 
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analysis (Figure 2.10). Four proteins were identified using all of the methods: integrin α6, 

integrin α2, talin1 and filamin. Integrin α4 and integrin α5 were identified using all approaches 

except the co-IP method. In addition, myosin, actin and kindlin-3, which are known interaction 

partners of integrin β1, were identified using the in silico protein interaction analysis, but not the 

STRING database. BioGRID was also used to identify integrin β1 interaction partners. With 

three key interaction partners, integrin α2, integrin α4 and integrin α5, missing in this database, 

this dataset was not used for the comparison (Appendix M). 

  

Figure 2.10 Venn diagram showing the overlap between the proteins interacting with integrin β1 that were 

identified via formaldehyde-supported co-immunoprecipitation, in silico protein interaction analysis (in 

bold), the literature or the STRING database. 
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2.5 Discussion 

A general method for in silico protein interaction analysis using the GPMDB was developed 

(Scheme 1). This method begins with searching for a protein of interest in the GPMDB, which 

can be identified by either its HGNC name or a particular Ensembl accession number. If the 

search is performed using the HGNC name, the datasets for all Ensembl accession numbers 

which apply to that HGNC name will be collected. In addition, this collection of datasets only 

includes positive identifications for the specific isoforms of the protein of interest (at least one 

unique peptide being sequenced that confirms the presence of the specific protein of interest), 

whereas datasets that identified the protein of interest as a possible homologue are not collected. 

The same criteria are used when merging protein identifications from the approved datasets 

(Scheme 1, step 5): all Ensembl accession numbers that apply to a particular HGNC name are 

merged and used to calculate its frequency of occurrence, and only the positive identifications 

are selected for this calculation. 

This collection of datasets is then sorted and filtered based on four experimental variables 

(Scheme 1, step 1-4): repetitive datasets, confidence for the protein of interest, dataset size and 

protein distribution. These four filters are independent of each other, and thus no particular order 

is required for their application. Also, the thresholds for each filter are user definable based on 

the characteristics of the protein of interest and the desired size and protein distribution of the 

datasets. 

The repetitive dataset filter is based on the three following criteria: dataset size, sequence 

coverage amount and protein identification score for the protein of interest. Datasets with all 

three of the experimental values identical are treated as the exact same datasets and all but one 

are removed. Slight variation of just one of these three values between any two datasets was not 
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observed among the 195 approved datasets for HIST4H4 (sequence coverage ≥18AA and 

log(e)≤-10 for HIST4H4, dataset size≤100 proteins and ProDis≥2). 

The confidence filter is based on both sequence coverage and log(e) value for the protein of 

interest. When a sequence coverage≥18AA filter was applied to the HIST4H4, about 30% of the 

datasets were removed. Subsequently, the application of log(e)≤-10 only removed 6.5% of the 

remaining datasets, suggesting sequence coverage≥18AA is a high confidence cutoff similar to 

log(e)≤-10. Therefore, sequence coverage≥18AA and log(e)≤-10 are also used for other analyses, 

including other histone proteins, the proteasome α subunits, integrin αIIb and integrin β3. 

Although a low confidence cutoff can be applied to include more datasets for generation of the 

final result, it increases the possibility of false identifications of the protein target. Typically, the 

top protein rank (when sorted by confidence) is achieved for the bait protein in a co-IP 

experiment. Our analyses have shown that this is true in only a subset of the approved datasets, 

suggesting that the majority of the datasets used in this analysis did not target HIST4H4 as bait. 

Due to the fact that the submission of datasets to the GPMDB does not require information on 

the experimental conditions used to create the data and virtually all types of proteomic studies 

are stored in the GPMDB, the dataset size filter was introduced in order to extract small datasets 

that may provide information on protein-protein interaction. These small datasets can be 

generated not only from co-IP experiments, but also from affinity-purification MS, enrichment of 

an organelle, phospho- or glycoproteins etc. Therefore, sampling across these different types of 

experiments allows identification of proteins which commonly co-occur, i.e. direct/indirect 

interaction partners, proteins that are functionally linked, and common contaminants from 

sample preparation of a MS experiment. The method still works with high dataset size cutoff, but 

spurious coincident identifications will be more prevalent. 
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The protein distribution filter is based on the ProDis value of a given dataset, which is shown 

to be a valid tool to eliminate datasets resulting from analysis of a single gel band. Although a 

low ProDis cutoff can be applied, doing so increased the chance of datasets containing a tightly-

focused group of molecular weights in their identified proteins. 

The remaining datasets after the four filters are considered approved datasets for the protein of 

interest. The 195 approved datasets for HIST4H4 were only 8.9% of the 2199 datasets in the 

GPMDB that positively identified HIST4H4. Therefore, the large number of datasets contained 

in the GPMDB is crucial.  

Subsequently, protein identifications from these approved datasets are merged (Scheme 1, step 

5). An additional protein confidence cutoff (log(e) value) can be applied before ranking by 

frequencies of occurrence to ensure high confidence for the proteins in the final results. 

However, care must be taken because true interaction partners that are commonly identified with 

low confidence could be eliminated using this additional cutoff. Therefore, this additional protein 

confidence cutoff was not used in this study. 

The frequency of occurrence cutoff directly controls the number of protein identifications in 

the final result. More loosely-associated or transient interaction partners of the protein of interest 

could potentially be be identified using lower frequency of occurrence cutoff; however, the low 

frequency of occurrence setting necessary to obtain these interacting proteins in the final result 

would likely increase the identification of false positives and background proteins.  

The reverse analyses targeting H2AFJ, HIST1H2BB and H3F3B identified 17 proteins in all 

four analyses, including seven proteins from the histone family. This indicated the observation of 

the complete histone octamer, and confirmed the result from the HIST4H4 analysis. These 
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results suggest that reverse analyses can be used to evaluate the result from the original protein 

interaction analysis. 

When applying this method to the analysis of proteasome subunits, the frequencies of 

occurrence for each proteasome subunit in the seven analyses for the α subunits indicate that the 

α subunits associate with each other with high affinity, while the interactions become 

increasingly weak from the β subunits to the base subunits, and to the regulatory subunits. 

Interestingly, the proteasome activator subunits 1 and 2, PA28 α and β, which stimulate 

proteasome to degrade small peptides [359], were also identified. In addition, the observation of 

ubiquitin may be due to the fact that it targets and covalently binds to substrates leading to 

degradation through the ubiquitin-proteasome pathway [359]. Also, a large number of adaptor 

proteins including proteins from the TCP1 complex were identified, which may facilitate the 

process of protein degradation.  

Application of this method to the analysis of the integrin αIIbβ3 receptor identified known 

interaction partners, talin1, kindlin-3 and Rap1b in separate analysis for both molecules. Proteins 

that are involved in platelet activation and aggregation were also identified, including fibrinogen 

that binds to activated integrin αIIbβ3 to facilitate platelet aggregation [360, 361]; coagulation 

factor XIII, which when activated by thrombin, cross-links fibrin to form an insoluble clot [362]; 

vinculin, a membrane cytoskeletal protein, that binds to talin and actin to facilitate platelet 

spreading and movement [363, 364]. In all five analyses for integrin αIIb, integrin β3 talin1, 

kindlin-3 and Rap1b, a core protein network that plays an essential role in platelet activation and 

aggregation was identified, as well as other proteins that may be part of a larger protein 

interaction network required for platelet activation and aggregation. Although some of these 

proteins were not shown to interact with any other proteins using the catalogued interactions in 
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the STRING database, the role of these proteins in platelet activation and aggregation could be 

evaluated in subsequent targeted proteomics experiments. The fact that no such functional 

connection to kindlin-3 is drawn, despite its known involvement in this process, indicates that 

our method is capable of identifying links that are not yet present in public interaction databases. 

Taken together, these results suggest that in silico protein interaction analysis can be used to 

study stable protein complexes as well as more transient and lower affinity interactions, which is 

reflected in the differences in the corresponding frequency and the dataset size filters that need to 

be chosen. 

In silico protein interaction analysis can be considered as a “virtual IP”. A co-IP experiment 

targets the protein of interest using a highly specific antibody, whereas a virtual IP utilizes high 

identification specificity to target the protein of interest. Moreover, defined dataset size and 

frequency of occurrence cutoffs were used to control the number of proteins identified in the 

virtual IP, which is analogous to the washing steps in a co-IP experiment. A lower dataset size 

cutoff and/or higher frequency of occurrence cutoff in a virtual IP analysis, is similar to more 

stringent washing steps being employed in a co-IP experiment, where fewer proteins would be 

identified, but those which remained would be more abundant and/or have stronger interactions 

with the target protein. Most importantly, the results for both methods consist of true interaction 

partners, as well as non-specifically binding and contaminating proteins. Therefore, although 

these two approaches use quite distinct experimental methods, the concepts and the information 

that is obtained are comparable.  

Additional evidence for this conclusion comes from the validation of the in silico protein 

interaction analysis, by the formaldehyde-supported co-IP experiment targeting integrin β1. Nine 

proteins were identified by both methods, and an additional nine proteins only by the in silico 
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approach, which may be due to the fact that the co-IP experiment was performed on platelets and 

under one specific experimental condition; in contrast, in silico protein interaction analysis 

compiles data from various cell types and experimental conditions. Furthermore, when 

comparing these results to the 28 top-scoring interaction partners in the STRING database, or to 

known interacting adaptor proteins and integrin α subunits in the literature, 28 known interaction 

partners were not identified in either the co-IP or the in silico protein interaction analysis. This 

may be explained by the fact that specific experimental conditions are required for the 

identification of these interactions. For example, the interaction between integrin-linked kinase 

(ILK) and integrin β1 was determined in vitro using the yeast two-hybrid method [365], yet this 

interaction may not occur in platelets, or may not be captured by proteomic studies. In addition, 

Melusin is also a known interaction partner; however, only a fragment of Melusin was shown to 

interact with integrin β1, while the full-length Melusin did not [366]. Moreover, 22 known 

interaction partners of integrin β1 were not found in the STRING database, while key interaction 

partners of integrin β1 were missing from BioGRID, which suggests that databases may not 

include all the protein-protein interaction information from literature. In contrast, three of these 

were identified using the in silico approach, indicating that additional known and novel 

interaction partners may be identified using in silico protein interaction analysis. This suggests 

that each of these approaches generates distinct but overlapping results, i.e. that the in silico 

analysis complements co-IP experiments and information stored in the protein-protein interaction 

databases, and expands the repertoire of available tools. 

In silico protein interaction analysis has several advantages: 1) the large number of datasets 

archived in the GPMDB makes this approach unbiased, because inherent biases and systematic 

errors in an analysis are averaged out, providing a natural control for various false positives, non-
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specific interactions and impurities that plague single experiment analysis; 2) these datasets were 

collected under many different experimental conditions in many different laboratories, therefore 

various functional links occurring under many biological conditions are extracted and 

incorporated in the analysis; 3) the number of datasets in the GPMDB is consistently increasing, 

which would enable in silico protein interaction analysis to be used on more and more proteins 

everyday; 4) data in GPMDB is publicly available, which makes in silico protein interaction 

analysis available at no cost; and 5) the in silico protein interaction analysis is available at 

http://gpmdb.thegpm.org/thegpm-cgi/pvip.pl, and analyses can be completed within minutes.  

When users perform analyses online, trying various values for dataset size is suggested, while 

setting the other parameters as default. If the number of identified proteins or approved datasets 

is too low/high, then increasing/decreasing the value for dataset size may help. Also, changing 

the value for frequency of occurrence directly affects the number of proteins identified in the 

result. Higher identification confidence setting for other proteins may slightly decrease the 

number of proteins identified and lower the possibility of false identifications. In addition, 

changing the sequence coverage and identification confidence for the protein of interest is not 

recommended, unless the protein of interest is difficult to identify with high confidence as in the 

case of H3F3B (described in the method development section). Finally, lowering the ProDis 

value is not recommended, only if the number of datasets remaining is too small, as lowering the 

ProDis value greatly increases the number of datasets.  

 In conclusion, a general method for in silico protein interaction analysis using publicly 

available data in the GPMDB was developed, which is shown to be a novel and solid tool for 

identifying known/candidate protein interactions and proteins that share similar functions in a 

http://gpmdb.thegpm.org/thegpm-cgi/pvip.pl
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protein network. Therefore, in silico protein interaction analysis can be used as a hypothesis 

generator for the study of protein-protein interactions and mapping of protein networks. 
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Chapter 3 Development of quantitative multiplexed 

small GTPase activity assay using targeted proteomics 

and application in the context of agonist-induced 

platelet activation 

3.1 Introduction 

Small GTPases are a superfamily of structurally and functionally conserved monomeric GTP-

binding proteins, and they are ubiquitous molecular switches in eukaryotes [367-369]. This 

superfamily consists of five subfamilies, i.e. Ras, Rho, Arf, Rab and Ran, which are all key 

signaling molecules involved in a diverse range of biological functions, including cell cycle 

progression, cytoskeleton reorganization, cell adhesion, migration, and apoptosis [370-375]. 

Small GTPases have similar sizes with molecular weights of 20 - 40 kDa [367], and share a high 

degree of sequence homology but have distinct functions [376]. Small GTPases cycle between 

GTP-bound active and GDP-bound inactive forms, regulated by GEFs (guanine nucleotide-

exchange factor), GAPs (GTPase-activating proteins), and GDIs (guanine nucleotide dissociation 

inhibitors) [377]. The active small GTPases will bind to downstream effector proteins to carry 

out critical cellular and physiological functions. Deregulation of the activity level of small 

GTPases can lead to various types of diseases, including cancer [378-380]. In addition, different 

small GTPase isoforms can function in concert, with activation of each necessary for a particular 

cellular function [381].  

Current approaches to study small GTPase activity utilize the GTPase-binding domain of 

individual downstream effector proteins to pull down specific active small GTPases. However, 
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binding domains are generally non-specific and co-purify multiple small GTPases and their 

isoforms [382]. Precipitated active small GTPases are then detected by immunoassays, such as 

Western blot analysis [383]. This results in several limitations: only one small GTPase at a time 

is evaluated, and therefore measuring activity level of multiple small GTPases in a single sample 

is not possible; high quality antibodies required for detection are not available for all GTPases, 

and the available ones may show cross reactivity and therefore do not distinguish individual 

small GTPase isoforms; antibodies are generally associated with high costs, and in some cases 

varying quality due to batch production [384]; and finally, highly accurate quantification is 

difficult to achieve. Unlike other signaling events, e.g. protein phosphorylation, which is 

routinely studied on a large scale using phosphoproteomics [188], investigating small GTPase 

activation systematically is hampered by these limitations of Western blotting. 

Targeted proteomics techniques, i.e. selected/multiple reaction monitoring (SRM/MRM), have 

the potential to overcome the limitations of current approaches. They have emerged as a powerful 

tool to study a pre-defined set of proteins from cells in differentially perturbed states [385-387]. 

And targeted proteomics was selected as the Method of the Year 2012 by Nature Methods [388]. 

Non-targeted “shot-gun” proteomics aims to sequence as many peptides as possible from a 

complex mixture, has limited reproducibility in identifying low abundant peptides, and is generally 

biased towards highly abundant species [389]. In contrast, the targeted MRM approach takes 

advantage of the high selectivity of triple quadrupole (QQQ) mass spectrometers, which are 

capable of isolating precursor and product ions of proteotypic peptides unique to a pre-defined set 

of proteins and therefore efficiently eliminate contaminating highly abundant proteins and achieve 

high accuracy quantification. Careful selection of proteotypic peptides unique to a particular 

protein allows one to distinguish protein isoforms that are difficult to detect using immune-based 
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assays. In addition, MRM assays can be used to quantify hundreds of analytes in a single LC-

MRM-MS run [386]. These features make MRM an ideal method for the analysis of small GTPases. 

In this study, an assay called quantitative multiplexed small GTPase activity assay was 

developed. To demonstrate that this MRM assay can be employed to monitor differential 

activation of small GTPase isoforms in biological systems, platelets were used as a model 

because multiple small GTPases are involved in the process of agonist-stimulated platelet 

activation and aggregation, induced for instance by thrombin, collagen and ADP [133, 390]. 

Lysophosphatidic acid (LPA), which accumulates in atherosclerotic plaques, is another platelet 

agonist and a possible regulator of acute thrombosis and platelet function in atherogenesis [78]. 

Signaling pathways involved in LPA-stimulated platelets are not well known. Therefore, the 

newly developed MRM-based assay was applied to platelets stimulated with LPA, thrombin and 

ADP to better understand the effects of LPA on the activity of small GTPase isoforms in human 

platelets. More generally, this work demonstrated the successful use of MRM assay to quantify 

activity levels of multiple small GTPase isoforms in a single sample, and revealed co-activation 

of these proteins in response to agonists over time and differential activation in response to 

inhibitor treatment. This widely applicable approach is anticipated to be used to study signaling 

pathways and inhibitor screening in many other human cell lines or tissues. 

In addition, in this chapter, P-selectin translocation, which is one of the hallmarks of platelet 

activation is also investigated using flow cytometry. In resting platelets, P-selectins are stored as 

integral proteins on the membrane of α-granules. Upon platelet activation, P-selectins are 

translocated to the surface membrane on platelets by fusion of the α-granule membrane and 

platelet plasma membrane. Thrombin or collage-induced platelet activation requires the 

activation of Rac and Rho small GTPases as well as calcium influx, as discussed in Section 
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1.1.2. LPA-induced platelet secretion was not well characterized, but similar pathways might be 

involved. 

Therefore, the goal of this chapter is to develop a quantitative multiplexed small GTPase 

activity assay using MRM and apply this assay to study platelet activation induced by thrombin, 

ADP and LPA. In addition, to characterize how LPA stimulates platelets compared to thrombin 

and ADP in terms of small GTPase involvement and P-selectin translocation. 

  

3.2 Methods 

3.2.1 Platelet isolation and stimulation 

Ethical approval for platelet isolation from whole blood from healthy blood donors was 

obtained from the Clinical Research Ethics Board at the University of British Columbia (H12-

00757) and written consent was granted by the blood donors. After discarding the first 4 mL, 

blood was drawn into vacutainer blood collection tubes containing citrate-dextrose (ACD 

solution A, BD Biosciences, Mississauga, ON, Canada). Platelet-rich plasma was isolated from 

whole blood following initial centrifugation at 150 relative centrifugal force (rcf) at room 

temperature for 15 min. To minimize contamination from other blood cells, only the top two 

thirds of the platelet-rich plasma was collected and centrifuged at 720 rcf at room temperature 

for 10 min in the presence of a half volume of ACD. Subsequently, the platelet pellet was 

carefully washed with CGSA buffer (10 mM trisodium citrate, 30 mM dextrose and 1 unit / ml 

apyrase (Sigma, Oakville, ON, Canada)) to remove plasma proteins and then centrifuged at 720 

rcf at room temperature for 10 min. The platelet wash step was repeated and platelets were 

resuspended in Krebs-Ringer buffer (4 mM KCl , 107 mM NaCl, 20 mM NaHCO3, 2 mM 

Na2SO4, 19 mM tri-sodium citrate, 0.5% (wt/vol) glucose in H2O, pH 6.1). Platelet counts were 
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determined by hemocytometer and adjusted to physiological concentration (300 x 109/L) using 

HEPES buffer (10 mM HEPES, 137 mM NaCl, 2.9 mM KCl, 12mM NaHCO3, pH 7.4), and 

supplemented with CaCl2 to a final concentration of 2.5 mM. Platelets were rested at room 

temperature for 30 min before stimulation. 

To stimulate platelets, 0.2 unit / ml thrombin (Sigma, Oakville, ON, Canada), 100 µM ADP 

(Sigma, Oakville, ON, Canada), 0.19 mg / ml collagen (Bio/Data Corporation, Horsham, PA, 

USA) or 20 µM LPA (alkyl-LPA 16:0, Avanti Polar Lipids, Alabaster, AL, USA) was added to 

0.5 ml of platelets at physiological concentration at 37 oC for different time points. After 

stimulation, platelets were immediately lysed by adding 2X lysis buffer (2% NP-40, 100 mM 

Tris•HCl, pH 7.4, 400 mM NaCl, 5 mM MgCl2, 20% glycerol, with protease inhibitor cocktail (2 

tablets / 10 mL, Roche, Basel, Switzerland)). As a positive control, lysate from resting platelets 

was incubated immediately after addition of 0.1 mM GTPγs at 30 oC for 15 min. For inhibitor 

studies, 2 unit / ml apyrase was added to platelets and incubated for 1 min before stimulation. 

Incubation with 25 µM LY294002 (Sigma, Oakville, ON, Canada) or 100 nM wortmannin 

(Santa Cruz, Dallas, TX, USA) was performed for 15 min. 

 

3.2.2 Expression of effector binding domains 

Four binding domains, GST-Raf1-RBD (Ras binding domain, Addgene plasmid 13338 [391]), 

GST-Rhotekin-RBD (Rho binding domain, Addgene plasmid 15247 [392]), GST-PAK1-PBD 

(Pak1 binding domain, Addgene plasmid 12217) and GST-RalGDS-RBD (Rap binding domain, 

a kind gift from Dr. Michael Gold at the University of British Columbia), were used for 

precipitation of active small GTPases. 
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For all four binding domain expressions, bacteria containing binding domain plasmid were 

inoculated into 100 ml Lysogeny broth (LB) plus 100 μg / ml ampicillin. After overnight 

incubation and shaking at 37 oC, the bacteria culture was diluted into 1 L LB plus ampicillin. 

Incubation and shaking at 37 oC was continued until OD600 reaches 0.8. Binding domain 

expression was then induced by adding IPTG to a final concentration at 0.1 mM, incubation and 

shaking at 26 oC for 4 hrs. For GST-Rhotekin-RBD, due to the low binding activity when 

expression is performed at 26 oC, IPTG was added to a final concentration at 0.5 mM, incubation 

and shaking at 37 oC for 2 hrs. After IPTG-induced binding domain expression, the bacteria were 

collected by centrifugation at 4,000 rcf at 4 oC for 10 min. Supernatant was removed and the 

bacteria pellet was lysed on ice for 30 min with 10 ml lysis buffer (1% NP-40, 50 mM Tris·HCl, 

pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 1 mg / ml lysozyme with protease inhibitor 

cocktail (1 tablet / 10 mL, Roche, Basel, Switzerland)). The bacteria suspension was then 

sonicated six times, 15 sec each at 14 W with 1 min interruption between sonications. They 

lysate was clarified by centrifugation at 30,000 rcf at 4 oC for 45 min. The supernatant was 

supplemented with 10% glycerol and stored at -80 oC in aliquots. For GST-Rhotekin-RBD, a 

purification step was required to retain activity before storage. The bacteria lysate containing 

GST-Rhotekin-RBD binding domain was incubated with pre-washed glutathione resin for 45 

min at 4 oC. The resin was washed three times with 1X lysis buffer (1% NP-40, 50 mM Tris·HCl, 

200 mM NaCl, 2.5 mM MgCl2, 10% glycerol, with protease inhibitor cocktail (1 tablet / 10 mL, 

Roche, Basel, Switzerland)) and resuspended in the same buffer and stored at -80 oC in aliquots. 

To ensure that sufficient amount of purified binding domains was used for each pull down, the 

amount of binding domain from 20 μl of resin suspension was quantified by comparing with 

BSA standards (2.5, 5, 10 and 20 μg) on a 12% SDS gel. 
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3.2.3 Precipitation of active small GTPases 

An excess amount of individual binding domain (> 20 μg) was added to 20 μl glutathione resin 

and incubated for 45 min at 4 oC. For GST-Rhotekin-RBD, this purification step was performed 

before storage. Equal amounts of resin that contained the four different binding domains were 

mixed and washed three times with 1X lysis buffer (1% NP-40, 50 mM Tris•HCl, 200 mM NaCl, 

2.5 mM MgCl2, 10% glycerol, with protease inhibitor cocktail (1 tablet / 10 mL, Roche, Basel, 

Switzerland)). The resin was incubated with platelet lysates at 4 oC for 45 min. After the 

incubation, the resin was washed three times with the same 1X lysis buffer. To preserve the 

activity of small GTPases, all steps were carried out at 4 oC and without delay in between steps. 

Small GTPases were eluted by adding 2X SDS sample buffer to the beads, incubating at room 

temperature for 2 min, and boiling at 99 oC for 5 min. 

 

3.2.4 Western blotting 

Cell lysate was clarified by centrifugation at 16,000 rcf for 10 min at 4 °C, and supernatant 

was collected, from which protein concentration was determined using BCA assay (Pierce, 

Rockford, IL, USA). The sample was electrophoresed by SDS-PAGE on a 12% gel in running 

buffer (192 mM glycine, 25 mM Trizma base, 0.1% SDS in dH2O, pH 8.3). The gel was 

equilibrated in transfer buffer (39 mM glycine, 48 mM Trizma base, 0.037% SDS, 20% 

methanol in dH2O, pH 8.3). Proteins were transferred to a methanol activated Immobilon-P 

Transfer Membrane (polyvinylidene fluoride (PVDF), Millipore, Billerica, MA, USA) in the 

transfer buffer solution. The membrane was then incubated in blocking solution (5 % milk 

powder dissolved in PBST (8 g NaCl, 0.2 g KCl, 144 g Na2HPO4, 0.24 g KH2PO4, 2 ml of 

Tween-20 dissolved in 800 ml of dH2O) for 1 h at room temperature on a shaking platform. The 
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membrane was washed three times with PBST and incubated with a primary antibody at a 

concentration of 1:10,000 overnight at 4°C in PBST supplemented with 3% BSA. After the 

incubation, the membrane was washed three times with PBST and incubated with an Alexa Fluor 

680 secondary antibody at a concentration of 1:10,000 in the blocking solution. Following three 

washes in PBS, protein level was detected using an Odyssey infrared imaging system (LI-COR 

Biosciences, Lincoln, NE, USA). 

For detection of small GTPases, rabbit polyclonal anti-Rap1 (Pierce, Rockford, IL, USA), 

rabbit polyclonal anti-Rho (Pierce, Rockford, IL, USA), mouse monoclonal anti-Cdc42 (Pierce, 

Rockford, IL, USA), and mouse monoclonal anti-Ras (Pierce, Rockford, IL, USA) were used, 

followed by Alexa Fluor 680 goat anti-rabbit or anti-mouse IgG (H+L) (Molecular Probes, 

Eugene, OR, USA). 

 

3.2.5 In-gel trypsin digestion and addition of internal standards 

Samples were separated on a 12% acrylamide gel and visualized using Coomassie blue 

staining. The protein bands from the 15-25kDa region of the gel were excised. In-gel digestion 

was performed essentially as described previously [393]. The gel pieces were reduced in 10 mM 

dithiothreitol at 56 oC for 30 min, followed by alkylation with 55 mM iodoacetamide at room 

temperature for 45 min. Trypsin digestion was performed in 50 mM NH4HCO3 at 37 oC for at 

least 16 hours. Then, peptides were extracted from the gel pieces by adding extraction buffer (1:2 

(vol / vol) 5% formic acid / acetonitrile) and heavy isotope-labeled peptides (see below) were 

spiked in. Samples were then desalted by stage-tip, and resuspended in 0.5% acetic acid prior to 

analysis by mass spectrometry. 
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3.2.6 Proteotypic peptides for MRM quantification 

Heavy isotope-labeled form of proteotypic peptides, i.e. arginine (13C6; 
15N4) and lysine (13C6; 

15N2) at C-terminus, were obtained as custom synthesized PEPOtec SRM crude peptide from 

Thermo Pierce (Rockford, IL, USA). 

 

3.2.7 Sequence alignment for small GTPase isoforms 

Sequence alignment was generated using default setting of the Clustal Omega [394]. 

 

3.2.8 LC-MRM-MS analysis 

An Agilent triple quadruple 6460 (Agilent, Santa Clara, CA, USA) with the ChipCube 

nanospray ion source coupled with an Agilent 1200 nanoflow HPLC was used for MRM 

analysis. For peptide optimization and MRM sample analysis, 43 mm and 150 mm 75 µm ID 

C18 chips were used, respectively. Solvent A (3% acetonitrile + 0.1% formic acid) and solvent B 

(90% acetonitrile + 0.1% formic acid) were employed. For the MRM assay, 5% to 35% of 

solvent B over 22 min at a flow rate of 0.3 µl / min was applied. Resolution of both MS1 and 

MS2 was set to ‘unit’, and dwell time of each transition was set to 20 ms. Transition peak 

identification and quantification was performed using Skyline (2.5.0.5675) [395]. 

 

3.2.9 LC-MS/MS analysis 

Protein identification was performed using a nano LC-MS/MS system. Peptide mixtures were 

separated on a PicoTip column (o.d. = 360, I.d. = 75, tip = 15 ± 1 µm) from New Objective 

(Woburn, MA, USA) packed with reverse-phase C18 material (15 cm, C18 magic, 100 Å, 3 µm, 
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Michrom Bioresources, Auburn, CA, USA). Solvent A (0.5% acetic acid) and solvent B (80% 

acetonitrile + 0.5% acetic acid) were employed. A linear gradient of 6% to 80% solvent B over 

30 min at a flow rate of 0.6 µl / min was applied via an Agilent 1100 nano HPLC pump (Agilent, 

Santa Clara, CA, USA). Data-dependent MS and MS/MS spectra were acquired on an LTQ-

FTICR mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). Proteins were 

identified by searching the MS and MS/MS spectra using X!Tandem CYCLONE (2012.10.01.1). 

Raw data is accessible at gpmdb.thegpm.org with GPMDB model numbers. 

 

3.2.10 Flow cytometry analysis 

Physiological concentration of platelets activated with the different agonists in the presence of 

absence of inhibitors (as detailed in the figure legends) were subjected to staining with 5 μl of PE 

conjugated mouse anti-human CD62P (eBioscience, San Diego, CA, USA) to monitor P-selectin 

levels on platelet surface.  

 

3.2.11 Statistical analysis 

Differences in small GTPase activation level were analyzed using GraphPad Prism version 

6.01. Paired t tests were used to determine if a treatment had a significant effect compared to 

control, which was normalized to 100%. One-way ANOVA with Dunnett’s test was used to 

determine if multiple inhibitors had significant inhibitory effects compared to control, which was 

normalized to 100%. A two tailed p value < 0.05 was considered statistically significant.  
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3.3 Results 

3.3.1 General workflow 

A general workflow for the MRM-based quantitative multiplexed profiling of active small 

GTPase isoforms was developed, as shown in Figure 3.1. Equal amounts of glutathione resin that 

have four different individual effector binding domains bound to it are mixed, washed and 

incubated with cell lysates to precipitate active small GTPases. The resin is then washed, and 

bound proteins are eluted by incubating and boiling with SDS sample buffer. Subsequently, 

proteins are separated on a 12% SDS gel, and the 15 - 25 kDa region that contains the targeted 

small GTPases is excised and subjected to in-gel trypsin digestion. Finally, after sample 

cleaning, the peptide mixture is analyzed by a QQQ mass spectrometer using the MRM assay 

targeting the small GTPase isoforms. 

Figure 3.1 General workflow for quantitative multiplexed profiling of small GTPase isoforms using 

targeted proteomics. 
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3.3.2 Development of active small GTPase pull-down assay 

3.3.2.1 Validation of effector binding domains 

Four different effector binding domains which are known to bind active small GTPases were 

selected: GST-Raf1-RBD for Ras isoforms, GST-PAK1-PBD for Rac isoforms and Cdc42, GST-

RalGDS-RBD for Rap isoforms, and GST-Rhotekin-RBD for Rho isoforms. These four binding 

domains were individually validated by Western blotting. Active Ras, Cdc42, Rap1 and RhoA 

was precipitated from platelets treated with GTPγs as positive control using GST-Raf1-RBD, 

GST-PAK1-PBD, GST-RalGDS-RBD, and GST-Rhotekin-RBD, respectively (Figure 3.2). In 

contrast, the active small GTPases could not be precipitated from platelets treated with GDP as 

negative control, confirming that each of these four binding domains only precipitates active, but 

not inactive, small GTPases. The small GTPase isoforms that were precipitated by the binding 

domains were further evaluated using non-targeted mass spectrometry. Active Rac1, Rac2 and 

Figure 3.2 Validation of activity of effector binding domains using Western blotting. (A) Active Rap1 pull 

down by GST-RalGDS-RBD, (B) active Ras pull down by GST-Raf1-RBD, (C) active Cdc42 pull down by 

GST-PAK1-PBD, and (D) active Rho pull down by GST-Rhotekin-RBD. Roughly 10 μg lysate was used as the 

control. For the GTPγs and GDP were used as positive and negative controls, respectively. 

A B 

C D 
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Cdc42 (by GST-PAK1-PBD), Rap1A, Rap1B and Rap2B (by GST-RalGDS-RBD), RhoA and 

RhoC (by GST-Rhotekin-RBD), and NRas/HRas and KRas (by GST-Raf1-RBD) in human 

platelets (Table 3.1).  

Table 3.1 Different small GTPase isoforms can be precipitated by effector binding domains in human 
platelets. Platelet lysate (500μg) was treated with GTPγs to activate small GTPases, which were then 

precipitated by an effector binding domain bound to glutathione beads. The bound small GTPases were then 

eluted and run on a 12% SDS-PAGE, where the 15-25 kDa region was excised and in-gel digested. Digested 

samples were analyzed by FT-ICR mass spectrometer. Raw data is accessible at gpmdb.thegpm.org with 

GPMDB model numbers. 

Effector binding 

Domain 

GPMDB model 

number 

Small GTPase 

GST-RalGDS-RBD GPM32100040475 

Rap1B 

Rap1A 

Rap2B 

GST-PAK1-PBD GPM32100041580 

Cdc42 

Rac2 

Rac1 

GST-Rhotekin-RBD GPM32100041662 

RhoA 

RhoC 

GST-Raf1-RBD 

GPM32100041659 NRas/HRas 

GPM32100041581 KRas 

 

3.3.3 Development of MRM assays 

3.3.3.1 Selection of proteotypic peptides 

To build the MRM assay, stringent criteria [396, 397] were initially used for the selection of 

proteotypic peptides. This resulted in zero candidates for Rap1A, Rap1B and Rac1, and only one 

to two candidates for the other small GTPases. This is likely due to their small size and high 

sequence similarity, which is shown in (Figure 3.3). Therefore, a series of relaxed criteria to 
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identify candidate proteotypic peptides for each small GTPase were applied: the proteotypic 

peptides had to be unique to the small GTPase isoform, have a peptide length of 8-25 amino 

acids, contain a maximum of one chemically-induced modification for cysteine and/or 

methionine, be fully tryptic with a maximum of one missed cleavage, and have been observed at 

least once in the global proteome machine database (GPMDB). Observation in the GPMDB was 

used as a reference for peptide intensity as described in our previous study [398]. Using these 

criteria, two to six candidate proteotypic peptides were identified for each small GTPase isoform 

(Table 3.2).  

A 

B 
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Figure 3.3 Sequence alignment for (A) Rap1, (B) Ras, (C) Rac and (D) Rho small GTPase isoforms reveals 

high similarity. Candidate proteotypic peptides are highlighted in purple.  

C 

D 
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Table 3.2 Candidate proteotypic peptides for small GTPase isoforms. These peptides passed the following 

filters: unique to small GTPase isoform, peptide length of 8-25 amino acids, maximum one chemically-induced 

modification for cysteine and/or methionine, tryptic peptide with maximum one miss cleavage, and minimum 

one observation in the GPMDB. * represents the peptides that were synthesized and further tested. # denotes 

number of GPMDB observations as of May 31, 2011. Cys, cysteine; Met, methionine; ESS, empirical suitability 

score from peptide atlas. 

Small 

GTPase 
Candidate proteotypic peptides Length 

Modifi-

cation 

Miss 

cleavage 

GPMDB observations 
ESS 

z=1 z=2 z=3 

NRas 
SFADINLYR* 9 — No — 226 — 0.47 

TGEGFLCVFAINNSK* 15 Cys No — 84 — 0.39 

HRas 
SFEDIHQYR* 9 — No 106 5444 45 0.39 

SYGIPYIETSAK* 12 — No 343 1286 — 0.38 

KRas 

SFEDIHHYR* 9 — No 41 223 3 0.45 

DSEDVPMVLVGNK* 13 Met No — 75 — 0.35 

VKDSEDVPMVLVGNK* 15 Met Yes — 193 122 0.28 

TRQGVDDAFYTLVR 14 — Yes — 6 11 0.23 

RhoA 

DQFPEVYVPTVFENYVADIEVDGK* 24 — No — 3000 1867 0.65 

IGAFGYMECSAK* 12 Cys, Met No 11 1648 — 0.55 

MKQEPVKPEEGR 12 Met Yes 14 457 612 0.32 

DGVREVFEMATR 12 Met Yes — 9 160 0.24 

RhoB 

IQAYDYLECSAK* 12 Cys No — 144 — 0.69 

HFCPNVPIILVANK* 14 Cys No — 23 75 0.44 

LVVVGDGACGK 11 Cys No 1 35 — 0.36 

HFCPNVPIILVANKK 15 Cys Yes — 23 75 0.25 

KLVVVGDGACGK 12 Cys Yes — 1 1 0.23 

RhoC 

DQFPEVYVPTVFENYIADIEVDGK* 24 — No — 1714 962 0.50 

ISAFGYLECSAK* 12 Cys No 7 2776 24 0.46 

EGVREVFEMATR 12 Met Yes — 24 236 0.23 

Rap1A 
DTEDVPMILVGNK* 13 Met No — 546 40 0.38 

VKDTEDVPMILVGNK* 15 Met Yes — 677 727 0.30 

Rap1B 
DTDDVPMILVGNK* 13 Met No — 1701 131 0.46 

VKDTDDVPMILVGNK* 15 Met Yes 47 3140 3363 0.38 

Rac1 

HHCPNTPIILVGTK* 14 Cys No 231 1141 1447 0.67 

LTPITYPQGLAMAK* 14 Met No 86 2713 257 0.61 

KLTPITYPQGLAMAK* 15 Met Yes 62 1567 1289 0.40 

EIGAVKYLECSALTQR 16 Cys Yes — 26 1 0.23 

Rac2 

LAPITYPQGLALAK* 14 — No 16 2004 316 0.76 

HHCPSTPIILVGTK* 14 Cys No 38 383 539 0.55 

AVLCPQPTR 9 Cys No 22 302 — 0.51 

KLAPITYPQGLALAK 15 — Yes 6 592 559 0.38 

EIDSVKYLECSALTQR 16 Cys Yes — 17 43 0.22 

Rap2B ASVDELFAEIVR* 12 — No 15 793 42 0.81 
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Small 

GTPase 
Candidate proteotypic peptides Length 

Modifi-

cation 

Miss 

cleavage 

GPMDB observations 
ESS 

z=1 z=2 z=3 

SALTVQFVTGSFIEK* 15 — No — 145 15 0.52 

ALAEEWSCPFMETSAK 16 Cys, Met No — 136 — 0.52 

VDLEGEREVSYGEGK 15 — Yes — 15 33 0.30 

NKASVDELFAEIVR 14 — Yes — 45 38 0.25 

VPMILVGNKVDLEGER 16 Met Yes — 3 13 0.23 

Cdc42 

TPFLLVGTQIDLR* 13 — No 12 11505 255 0.64 

WVPEITHHCPK* 11 Cys No 122 1578 253 0.46 

TCLLISYTTNK* 11 Cys No 30 1287 — 0.43 

DDPSTIEK 8 — No 3 290 — 0.37 

 

Based on the empirical suitability score from Peptide Atlas, the top two to three candidate 

proteotypic peptides were custom synthesized with heavy isotope-labeled C-terminal lysine or 

arginine. Signal intensity, i.e. total peak area, for each of these candidate peptides was tested 

using the QQQ mass spectrometer, and peptides showing solubility issues (3 peptides) or 

multiple interfering peaks (2 peptides) were eliminated. Furthermore, the longer proteotypic 

peptides containing a missed cleavage for KRas, Rap1A and Rap1B were selected, because their 

signal intensity was 2.5, 8 and 40 times higher than their shorter counterparts, respectively. 

Proteotypic peptides with different charge states (+2 and +3) based on the observations in the 

GPMDB were tested, the charge state with higher signal intensity was selected. In this way, 12 

proteotypic peptides with the highest signal intensity for each of the 12 small GTPase isoforms 

were selected (Table 3.3). 
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Table 3.3 MRM parameters of proteotypic peptides for small GTPase isoforms. Mass to charge ratios listed 

are for unlabeled forms of the peptides. C*, cysteine carbamidomethylation (+57.021); M*, methionine oxidation 

(+15.995). 

Small 

GTPase 

Proteotypic peptide 

sequence 

Precursor 

charge 

state 

Q1 m/z Q3 m/z 
Fragmentor 

voltage (V) 

Collision 

energy (V) 

Product 

ion type 

NRas SFADINLYR +2 

549.783 565.309 200 18 y4+ 

549.783 793.420 200 15 y6+ 

549.783 864.457 200 13 y7+ 

HRas SYGIPYIETSAK +2 

664.840 454.740 220 18 y8++ 

664.840 908.472 220 19 y8+ 

664.840 1078.578 220 15 y10+ 

KRas VKDSEDVPMVLVGNK +3 

543.955 417.246 120 12 y4+ 

543.955 429.249 120 9 y8++ 

543.955 857.491 120 12 y8+ 

KRas VKDSEDVPM*VLVGNK +3 

549.287 417.246 120 14 y4+ 

549.287 437.251 120 12 y8++ 

549.287 873.496 120 15 y8+ 

RhoA IGAFGYMEC*SAK +2 

667.299 725.296 200 18 y6+ 

667.299 888.359 200 19 y7+ 

667.299 945.380 200 18 y8+ 

RhoA IGAFGYM*EC*SAK +2 

667.299 554.725 200 19 y9++ 

667.299 741.291 200 23 y6+ 

667.299 961.375 200 20 y8+ 

RhoB IQAYDYLEC*SAK +2 

675.296 993.444 220 21 y8+ 

675.296 1156.507 220 20 y9+ 

675.296 1227.544 220 18 y10+ 

RhoC ISAFGYLEC*SAK +2 

673.326 707.339 180 18 y6+ 

673.326 927.424 180 18 y8+ 

673.326 1074.492 180 18 y9+ 

Rap1A VKDTEDVPMILVGNK +3 

553.299 417.246 165 10 y4+ 

553.299 436.257 165 10 y8++ 

553.299 871.507 165 11 y8+ 

Rap1A VKDTEDVPM*ILVGNK +3 

558.631 417.246 165 14 y4+ 

558.631 444.255 165 10 y8++ 

558.631 887.502 165 14 y8+ 

Rap1B VKDTDDVPMILVGNK +3 

548.627 417.246 140 11 y4+ 

548.627 436.257 140 9 y8++ 

548.627 530.330 140 10 y5+ 

Rap1B VKDTDDVPM*ILVGNK +3 

553.959 417.246 140 11 y4+ 

553.959 444.255 140 10 y8++ 

553.959 895.516 140 10 y8+ 

Rap2B ASVDELFAEIVR +2 

674.859 587.351 240 10 y5+ 

674.859 734.420 240 19 y6+ 

674.859 847.504 240 19 y7+ 

Rac1 LTPITYPQGLAMAK +2 

752.416 645.350 220 10 y12++ 

752.416 815.444 220 26 y8+ 

752.416 1079.555 220 23 y10+ 

Rac1 LTPITYPQGLAM*AK +2 

760.413 653.347 220 10 y12++ 

760.413 831.439 220 23 y8+ 

760.413 1095.550 220 24 y10+ 

Rac2 LAPITYPQGLALAK +2 

728.432 636.372 220 14 y12++ 

728.432 797.488 220 23 y8+ 

728.432 1061.599 220 23 y10+ 

Cdc42 TC*LLISYTTNK +2 

657.342 713.346 240 18 y6+ 

657.342 826.431 240 21 y7+ 

657.342 939.515 240 21 y8+ 
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3.3.3.2 Selection and optimization of MRM transitions 

For each of the 12 proteotypic peptides, the response of the top six transitions predicted by the 

Skyline software [395] were monitored to identify the three transitions that had the highest signal 

intensity using the QQQ mass spectrometer (Figure 3.4A). The sensitivity of the assay was 

further improved by optimizing the fragmentor voltage for each precursor ion, and the collision 

Figure 3.4 Top transition selection and peptide optimization using triple quadrupole mass spectrometry. 
NRas proteotypic peptide SFADINLYR with heavy labeled arginine (13C6; 15N4) was used as an example. (A) 

Top three transitions were selected based on intensity; (B) Optimal FV for precursor ion 554.7867 m / z was 

achieved at 200 V (FV range = 60 to 280 V with 20 V increment tested); (C) Initial CE optimization for transition 

554.7867 – 874.4657 m / z CE = 15 V (CE range = 5 to 35 V with 5 V increment tested); (D) Optimal CE was 

achieved at 13 V for the same transition (CE range = 11 to 19 V with 1 V increment tested). FV, fragmentor 
voltage; CE, collision energy. 
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energy for each transition (Figure 3.4B-D). Amongst chemically-induced modifications, cysteine 

carbamidomethylation is generally complete; conversely, methionine oxidation, which generally 

occurs during sample preparation, is often incomplete. Therefore, if a selected proteotypic 

peptide contained methionine, transitions for both native and oxidized methionine forms of the 

peptides were optimized. Altogether, the final MRM assay targeted 17 peptide forms: 12 native 

peptides for the 12 small GTPase isoforms plus the oxidized form of five peptides containing 

methionine for KRas, RhoA, Rap1A, Rap1B and Rac1. The corresponding top proteotypic 

peptide and optimized MRM parameters for each small GTPase are shown in Table 3.3. 

 

3.3.4 Validation of MRM assays 

3.3.4.1 Validation of MRM assay using Western blotting 

Active Rap1B in platelets treated with different agonists were precipitated by GST-RalGDS-

RBD and evaluated using the MRM assay or Western blotting (Figure 3.5). The three transitions 

for Rap1B showed consistent quantification results in all conditions with coefficient of variation 

(CV) < 5%. Activity level changes of Rap1B were quantified by the MRM assay, showing a 1 : 

54.9 : 22.6 : 22.2 : 1.5 ratio for unstimulated: positive control (GTPγs): thrombin-treated: 

collagen-treated: LPA-treated platelet samples. A similar trend using Western blotting was 

observed; however, due to oversaturated signals in the positive control, thrombin- and collagen-

treated samples, reliable quantification was not possible. 
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3.3.4.2 Sensitivity of the MRM assays 

The sensitivity of the MRM assay and Western blotting was compared in a dilution series, 

where active Rap1b was precipitated from GTPγs-treated platelet lysate at 1, 5, 25 and 125 times 

dilution. The eluted sample was split in half and analyzed by both methods. Although weak 

signal was still observable at 5 times dilution, no signal was identified at 25 or 125 times dilution 

using Western blotting. In contrast, quantifiable signal from Rap1b in platelets was observed at 

all dilutions using the MRM assay. 

 

Figure 3.5 Validation of MRM assay using Western blotting. Active Rap1B pull down experiments were 

performed using GST-RalGDS-RBD in platelets stimulated with positive control (GTPγs), 1 U/ml thrombin, 

0.19 mg/ml collagen or 20 µM LPA for 10 min, and analyzed by (A) MRM assay and (B) Western blotting. 

Three transitions, i.e. y4, y5 and y8, for Rap1B were used for quantification. The coefficient of variation for the 

three transitions at each condition were less than 5%. 
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3.3.4.3 Validation of reproducibility of multiplexed MRM assays 

The multiplexed MRM assay was applied to platelet lysates treated with GTPγs. Technique 

variation was evaluated for the whole workflow, i.e. multiplexed active small GTPase pull down 

followed by in-gel digestion and MRM analysis were performed in parallel from identical 

Figure 3.6 Comparison of the sensitivity of the MRM assay and Western blotting from active Rap1b pull 

down in platelets diluted 1, 5, 25 and 125 times. (A) Weak band was observed at 5 time dilution with no signal 

observed at 25 or 125 dilutions using Western blotting. (B) Quantifiable signal from Rap1b in platelets (red) was 

observed at all dilutions using the MRM assay. Heavy isotopically labeled Rap1 peptide was shown in blue. 
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biological samples. Ten out of the 12 targeted small GTPases (the exceptions being RhoB and 

HRas) were quantified. All of the quantitative measurements had a CV < 20%, and nine of them 

had a CV < 15% in five technical replicates (Table 3.4).  

Table 3.4 Technical repeats of activity levels of small GTPases in platelets treated with GTPγs. Platelet 

lysates were treated with GTPγs for 15 min, then the cells were then lysed, and the multiplex active small GTPase 

pull down assay was applied. All 13 quantitative measurements had a CV < 20%, and 11 of these had a CV < 

15%. Avg, average; Std, standard deviation; CV, coefficient of variation, C*, cysteine carbamidomethylation; 

M*, methionine oxidation (n = 5). 

 

 

 

 

 

 

 

 

 

 

 

 

The multiplexed MRM assay was further validated in platelets stimulated with thrombin. The 

activity level of all ten quantified small GTPases showed significant increase (p < 0.05, paired t 

test) in response to thrombin treatment (Figure 3.7). All quantitative measurements for thrombin-

treated samples had a CV < 20%, and nine of them had a CV < 15% in three technical replicates 

(Table 3.5). 

Small 

GTPase 

Proteotypic peptide 

sequence 

Light/Heavy peak area ratio 

Avg Std CV% 

NRas SFADINLYR 0.244 0.029 11.8 

HRas SYGIPYIETSAK - - - 

KRas VKDSEDVPMVLVGNK 0.533 0.075 14.1 

KRas VKDSEDVPM*VLVGNK - - - 

RhoA IGAFGYMEC*SAK 0.244 0.037 14.9 

RhoA IGAFGYM*EC*SAK - - - 

RhoB IQAYDYLEC*SAK - - - 

RhoC ISAFGYLEC*SAK 0.058 0.011 18.2 

Rap1A VKDTEDVPMILVGNK 1.686 0.214 12.7 

Rap1A VKDTEDVPM*ILVGNK 0.772 0.084 10.8 

Rap1B VKDTDDVPMILVGNK 76.483 6.186 8.1 

Rap1B VKDTDDVPM*ILVGNK 21.102 3.279 15.5 

Rap2B ASVDELFAEIVR 0.501 0.028 5.5 

Rac1 LTPITYPQGLAMAK 0.046 0.006 13.3 

Rac1 LTPITYPQGLAM*AK - - - 

Rac2 LAPITYPQGLALAK 0.142 0.012 8.7 

Cdc42 TC*LLISYTTNK 1.094 0.075 6.8 
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Figure 3.7 Technical repeats of activity levels of small GTPases in platelets treated with thrombin. Platelets 

were stimulated with 0.2 U/mL thrombin for 1 min, the cells were then lysed, and the multiplex active small 

GTPase pull down assay was applied. Activation levels of platelets are reported relative to the unstimulated 

platelets (average of three measurements) which was normalized to 100%. Results are expressed as mean ± SD, 

asterisk (*) indicates significance (paired t tests, *p<0.05, ***p<0.001; n = 3). 

Table 3.5 Technical repeats of activity levels of small GTPases in platelets treated with thrombin. Platelets 

were stimulated with 0.2 U/mL thrombin for 1 min, the cells were then lysed, and the multiplex active small 

GTPase pull down assay was applied. Activation levels of platelets are reported relative to the unstimulated 

platelets (average of three measurements) which was normalized to 100%. All the quantitative measurements 

for thrombin-treated samples had a CV < 20%, and 90% (9/10) had a CV < 15%. Std, standard deviation; CV, 

coefficient of variation (n = 3). 
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3.3.5 Applications 

3.3.5.1 Relative expression level of multiple small GTPases in three different cell types 

The applicability of this MRM assay to examine the relative expression levels of the 12 small 

GTPase isoforms across three different cell types, i.e. platelets, THP-1 (human monocytic cell 

line) and HUVEC (human primary endothelial cell), was evaluated. 100 μg lysate from these 

three cell types were directly separated on a 12% gel without active small GTPase precipitation. 

Peak area ratios of light/heavy proteotypic peptides with all three transitions of each light peptide 

co-eluting with the heavy isotope-labeled counterpart were used as a proxy for the expression 

level of the corresponding small GTPase (Table 3.6). Ten small GTPases (all except for HRas 

Table 3.6 Relative expression level of multiple small GTPase isoforms in three different cells. 100 μg of 

platelet, THP-1 cell and HUVEC lysates were separated on a 12% gel, and 15-25 kDa regions were in gel 

digested. Peak areas ratios of light/heavy proteotypic peptides were used as a proxy for the relative expression 

level of the corresponding small GTPase. Relative expression level of small GTPases in HUVEC or THP-1 are 

reported relative to the platelets (except for RhoB and HRas) which was normalized to 100%. C*, cysteine 

carbamidomethylation; M*, methionine oxidation. 
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and RhoB) were identified for platelet and THP-1 cells, and all 12 small GTPases were found in 

HUVEC cells. 

 

3.3.5.2 Time-resolved activation profiles of multiple small GTPases 

In order to compare the effect of LPA stimulation on small GTPases in platelet activation to 

known agonists, the multiplexed MRM assay was employed to study the activation profiles of the 

12 small GTPases in platelets stimulated with thrombin, ADP, or LPA at different time points. 

Activation profiles of ten small GTPases were obtained in three independent biological replicates 

of different donors (Figure 3.8). Stimulation of platelets with thrombin resulted in fast activation 

of all small GTPases except KRas. The highest activation level was observed within the first two 

minutes, after which it gradually decreased.  

When compared to GTPγs-treated platelets as a reference for normalization of the individual 

GTPase activation levels, i.e. 100%, resting platelets showed a low level of activation for Rap1A 

and Rap1B of 6.4 ± 2.2% and 2.5 ± 0.5%, respectively. Conversely, 9.3 and 17.4 fold activation 

increase after 1 min thrombin activation was observed for Rap1A (59.3 ± 3.0%) and Rap1B 

(43.5 ± 9.0%), respectively. Similar activation profiles were obtained for Rap1A and Rap1B 

from both methionine oxidized and native forms (Figure 3.9). Peptides containing an oxidized 

methionine eluted slightly earlier and showed 4 times less signal intensity than their counterparts 

in native form. 
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Figure 3.8 Time-resolved activation profiles of nine small GTPases in platelets stimulated with different 
agonists. Platelets were stimulated with 0.2 U/mL thrombin (Thr), 100 µM ADP, or 20 µM LPA at pre-defined 

time points. The cells were then lysed, and the multiplexed active small GTPase pull down assay was applied. 

Activation levels of platelets are reported relative to the positive control (treatment of platelets with GTPγs) 

which was normalized to 100% (n=3). 
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3.3.5.3 Activity level of small GTPases in response to inhibitor treatment 

The MRM assay was applied to study the effects of inhibitor treatment on small GTPase 

activities following thrombin- and LPA-induced platelet activation. Specifically, the ADP 

scavenger, apyrase, was used as well as LY294002 and wortmannin, two inhibitors of PI3 

Kinase. Activation levels of most small GTPases remained unaffected by the inhibitor treatment 

following activation with either thrombin or LPA. However, the activity levels of Rap1A and 

Rap1B upon pre-treatment with each of the three inhibitors, and NRas and Cdc42 upon pre-

treatment with apyrase showed statistically significant decrease (p < 0.05, one-way ANOVA) in 

LPA but not thrombin-treated platelets in three independent biological replicates (Figure 3.10). 

 

 

Figure 3.9 Time-resolved activation profiles of (A) Rap1A and (B) Rap1B (proteotypic peptides with 

methionine oxidation) in platelets stimulated with different agonists. Platelets were stimulated with 0.2 U/mL 

thrombin (Thr), 100 µM ADP, or 20 µM LPA at pre-defined time points, the cells were then lysed, and the 

multiplexed active small GTPase pull down assay was applied. Activation levels of platelets are reported relative 

to the positive control (treatment of platelets with GTPγs) which was normalized to 100%. (n=3). 
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Figure 3.10 Treatment with ADP scavenger apyrase, or PI3K inhibitor LY294002 and wortmannin 

significantly reduced activation of Rap1A and Rap1B in LPA treated platelets. Platelets were stimulated 

with (A) 0.2 U/ml thrombin or (B) 20 μM LPA in the presence or absence of inhibitors for 1 min (2 U/ml apyrase), 

or 15min (25 μM LY294002 or 100 nM wortmannin). Activation levels of small GTPases in platelets are 

reported relative to the control (no inhibitor treatment) which was normalized to 100%. Results are expressed as 

mean ± s.d., asterisk (*) indicates significance (one-way ANOVA with Dunnett’s test, *p<0.05, **p<0.01, 

***p<0.001; n = 3). 

  

A 

B 
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3.3.6 P-selectin levels in platelet activation 

In order to further understand the role of PI3K-Rap1, Rho-ROCK, Rac, ADP and calcium in 

platelet activation, the effect of apyrase and inhibitors for PI3K, Rac and ROCK as well as a 

calcium chelator was tested on P-selectin surface expression levels in platelet activation induced 

by thrombin or LPA. No significant changes in P-selectin levels after either thrombin- or LPA-

induced platelet activation in presence of apyrase or PI3K inhibitors (LY294002 and 

wortmannin) were observed in three biological replicates (Figure 3.11). However, treatment with 

Rac inhibitor NSC23766 or the calcium chelator BAPTA-AM showed significant decrease in P-

selectin levels in both thrombin- and LPA-induced platelet activation in three biological 

replicates (Figure 3.12). Interestingly, treatment with the ROCK inhibitor Y27632 resulted in a 

significant decrease in P-selectin levels in thrombin- but not LPA-induced platelet activation 

(Figure 3.12). 

 

 

Figure 3.11 Effect of apyrase and PI3K inhibitors on P-selectin level in thrombin- or LPA-treated 
platelets. Platelets were stimulated with 0.2 U/ml thrombin or 20 μM LPA in the presence or absence of 

inhibitors for 1 min (2 U/ml apyrase), or 15min (25 μM LY294002 or 100 nM wortmannin). P-selectin level was 

not significant changed by any of the three inhibitors in either thrombin or LPA treated platelets. P-selectin levels 
in platelets are reported relative to the control (no inhibitor treatment) which was normalized to 100%. Results 

are expressed as mean ± s.d. (one-way ANOVA with Dunnett’s test; n = 3). 
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3.4 Discussion 

This study presents a novel approach that will open up new avenues in cell signaling research: 

for the first time, the activity levels of multiple small GTPases can be quantified in parallel and 

from a single sample aliquot. To achieve this, quantitative targeted proteomics has been 

employed, because of its inherent ability to multiplex, distinguish and quantify different isoforms 

with high reproducibility. Indeed, MRM-based assays provide several advantages over Western 

blot assays. Firstly, multiplexing in Western blot is generally achieved by analyzing multiple 

sample aliquots in parallel using different antibodies. Therefore, information of multiple small 

GTPases from a single aliquot is not attainable this way. In contrast, multiple proteins can be 

Figure 3.12 Effect of Rac and ROCK inhibitors and calcium chelator on P-selectin levels in thrombin- or 

LPA-treated platelets. Platelets were stimulated with 0.2 U/ml thrombin or 20 μM LPA in the presence or 

absence of 150 μM NSC23766, 20 μM Y27632 or 50 μM BAPTA-AM for 15min. P-selectin level was 

significantly decreased by Y27632 in thrombin- but not LPA treated platelets, it was also significantly decreased 

by NSC23766 or BAPTA-AM in both thrombin and LPA treated platelets. P-selectin levels in platelets are 

reported relative to the control (no inhibitor treatment) which was normalized to 100%. Results are expressed as 

mean ± s.d., asterisk (*) indicates significance (one-way ANOVA with Dunnett’s test, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001; n = 3). 
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monitored from a single aliquot using targeted proteomics. By employing four of the best 

characterized binding domains, we were able to precipitate up to 12 active small GTPases, and 

analyze them simultaneously. The MRM assay is scalable, and could be further expanded if 

additional well-characterized binding domains were developed and added to precipitate other 

small GTPase subfamilies. Alternatively, additional proteotypic peptides could be developed to 

include additional small GTPase isoforms or disease-relevant splice variants of the existing small 

GTPases, e.g. Rac1B, a Rac1 splice variant, which is involved in lung cancer progression [399]. 

Non-human protein could also be targeted, which would require replacing the proteotypic 

peptides if the human binding domains show cross-reactivity but the proteotypic peptide 

sequences were not conserved, or the binding domains and peptides otherwise. Sequence-

conserved species such as mouse and rat can already be targeted by the existing MRM assay, 

demonstrating its versatility. 

Secondly, resolving isoform-specific information by Western blotting requires development of 

high quality antibodies. In contrast, differentiation of closely related isoforms is readily 

accomplished in MRM assays using unique proteotypic peptides for each small GTPase isoform. 

Due to the high sequence homology of small GTPases, only a limited number of candidate 

peptides could be identified even when using relaxed selection criteria. Only one proteotypic 

peptide was selected and used for quantification of each small GTPase, yet this did not hamper 

the overall performance. Peptides with and without methionine oxidation were monitored, and 

similar profiles were achieved for both forms (Figure 3.9), demonstrating the ability of MRM 

assays to also monitor protein modifications.  

Thirdly, quantification is an indirect measurement in Western blots, where signals are 

produced by a secondary antibody. Moreover, the dynamic range of film-based or digital 
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imaging-based methods is generally limited to two orders of magnitude. Conversely, targeted 

proteomics directly measure peptides digested from target proteins with a dynamic range of 4–5 

orders of magnitude [400]. Indeed, reliable quantification was observed with this assay, even 

though the selected proteotypic peptides did not necessarily meet all of the criteria of ideal 

candidates. CVs similar to those achieved here (< 20%) were reported also for other MRM 

studies [401], attesting to the remarkable excellent overall performance of our MRM assay. 

Relative quantification was used in this study because activation level changes of small GTPases 

compared to a control were the intended biological readout. Absolute quantification at peptide or 

protein levels was not necessary, and would be difficult to achieve in this case, because any 

sample loss that occurs prior to the addition of a standard, e.g. during cell lysis and protein 

digestion, would still not be addressed. 

In order to demonstrate the ability of the MRM assay to provide novel insights into biological 

processes, a suitable system was needed. We chose to study human platelets and their response 

to different agonists over time or inhibitor treatment, because the process of agonist-stimulated 

platelet activation and aggregation is known to involve multiple small GTPases. Regulation of 

activity level of ten small GTPases could indeed be monitored simultaneously. All 12 small 

GTPase isoforms were identified in HUVEC cells; whereas ten small GTPases were found in 

platelets, the absence of HRas and RhoB from platelets is consistent with a recent non-targeted 

global platelet proteome analysis [290], demonstrating that the MRM assay accurately mirrors 

the corresponding cellular proteome. The activation profiles of all ten small GTPases in 

thrombin-induced platelet activation follow the same trend: highest activation level was observed 

within the first two minutes, after which it gradually decreased. This confirms the assay’s ability 

to provide time-resolved activation profiles, and implies that all of these small GTPases act in 
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concert to mediate platelet activation. In addition, activity levels of all ten small GTPases in 

LPA- and ADP-induced platelet activation showed similar profiles, indicating that similar 

pathways were activated by these agonists. This suggests that LPA acts on platelets by 

employing the secondary agonist ADP that is released from platelet granules upon LPA 

stimulation, which is in agreement with the observation of ADP receptor antagonists inhibiting 

LPA-induced platelet aggregation [402].  

Next, the MRM assay was applied to thrombin- and LPA-induced platelet activation in 

presence or absence of PI3K inhibitors as well as an ADP scavenger apyrase. Activity level of 

eight out of ten small GTPases remained unchanged in both thrombin- and LPA-induced platelet 

activation in response to PI3K inhibitor treatment, only Rap1A and Rap1B showed significant 

decrease in LPA- but not thrombin-induced platelet activation. This indicates that only Rap1 

small GTPases are downstream of PI3K and the other small GTPases are independent of this 

pathway. Moreover, the activity of Rap2B was not affected by PI3K inhibitor treatment, whereas 

Rap1A and Rap1B showed significant decreased activity upon treatment, illustrating that 

isoform-specific regulation can be monitored by the MRM assay. It is worth noting that these 

two Rap1 isoforms cannot be distinguished by commonly used anti-Rap1 antibodies, 

highlighting the novel biological insight that can be gained with this MRM assay.  These results 

together indicate that targeting the PI3K-Rap1 pathway could potentially be a useful antiplatelet 

strategy in cardiovascular disease [403].  

In response to the same set of inhibitors, i.e. PI3K inhibitors (wortmannin and LY294002) and 

apyrase, P-selectin translocation levels remained unchanged in platelet activation induced by 

LPA or thrombin. This suggests that the PI3K pathway is not required for P-selectin 

translocation, and distinct pathway(s) are involved in platelet secretion (P-selectin translocation) 
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and platelet aggregation. Furthermore, treatment of either the small GTPase Rac inhibitor or 

calcium chelator significantly reduced thrombin- and LPA-induced P-selectin translocation, 

suggesting that Rac activation or calcium production might potentially be targeted for reduction 

of P-selectin translocation induced by LPA. Interestingly, unlike thrombin, the same process 

induced by LPA was not affected by ROCK inhibitor treatment. Evidence from other studies 

indicated that LPA-induced platelet shape change was mediated by G12/13-Rho pathway [22, 93]. 

This implies that LPA-induced P-selectin translocation is independent of platelet shape change as 

well as the Rho – ROCK pathway, which is required for thrombin-induced P-selectin 

translocation [102].  

In summary, our results confirm that monitoring the activity levels of multiple small GTPase 

isoforms provides access to a unique layer of cellular signaling that could not be systematically 

investigated until now. This is reminiscent of protein phosphorylation, where the introduction of 

high-throughput proteomics methods resulted in novel insights into the coordination of cellular 

responses. Indeed, mass spectrometric phosphotyrosine profiling using phosphotyrosine-specific 

antibodies is used successfully to study signaling networks [272, 404] and inhibitor treatments 

[405]. Likewise, we anticipate that this multiplexed MRM assay targeting active small GTPases, 

which are ubiquitously expressed in a wide range of cells and organisms, will also be applicable 

to a large number of biological systems and questions. 
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Chapter 4 Global phosphorylation events in 

monocytes incubated with activated platelets using 

phosphoproteomics 

4.1 Introduction 

Platelet activation and aggregation is the main process in thrombosis, and current evidence 

suggests that platelet activation is also involved in inflammation, i.e. activated platelets bind to 

and activate leukocytes, and form platelet-leukocyte aggregates, which constitutes a functional 

link between thrombosis and inflammation [406]. Among the different types of leukocytes, 

monocytes were shown to be preferred by platelets in the formation of aggregates in CVDs [16, 

407]. Indeed, circulating platelet-monocyte aggregates (PMAs) in blood have been established as 

an early marker of acute cardiovascular events, e.g. stroke [15], stable coronary artery disease 

[16] and hypertension [17]. Therefore, understanding how signaling events are regulated in 

monocytes in response to exposure to activated platelets may help in developing intervention 

strategies for CVDs. 

As discussed in section 1.1.4, the formation of PMAs induces inflammatory cascades in 

monocytes, i.e. synthesis of IL-1β, IL-8 and MCP-1 [408, 409], as well as expression of COX-2 

[410] and tissue factors [411]. In addition to direct binding to monocytes, platelets release 

soluble factors, i.e. RANTES and PF4, that amplify the recruitment of monocytes to the 

endothelium and accelerate atherosclerosis [146]. Moreover, a recent study showed that 

phospho-Akt in primary monocytes was elevated after incubation with activated platelets, 

suggesting that the PI3K pathway was involved in this process [412]. However, signaling events 

in monocytes in response to incubation with activated platelets are largely uncharacterized. 
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Phosphoproteomics techniques enable the systematic investigation of protein phosphorylation, 

which is essential for cellular signaling events [188]. Therefore, quantitative phosphoproteomics 

was employed to study global phosphorylation events in monocytes incubated with activated 

platelets. As discussed in section 1.2.7, phosphoproteins represent a small, difficult to detect 

portion of proteins in a whole cell lysate, thus a combination of different enrichment strategies is 

commonly used for efficient analysis by mass spectrometry. Here, a fractionation strategy 

(strong cation exchange) coupled with phosphopeptide enrichment (TiO2 and IMAC) was chosen 

and subsequently optimized. Furthermore, in order to quantify the phosphorylation changes in 

monocytes and eliminate overlapping platelet peptides that could affect quantification, a 

metabolic labeling strategy, i.e. stable isotope labeling by amino acids in cell culture (SILAC) 

[185], was employed. A triple SILAC system was established with THP-1 cells used as a model 

for primary monocytes [413], i.e. THP-1 cells were cultured with medium- or heavy-labeled 

amino acids (medium and heavy SILAC channels), with platelets having unlabeled amino acids 

as “light” SILAC channel. Phosphorylation changes from the medium and heavy SILAC 

channels can therefore be quantified independent of the light SILAC channel. Using this method, 

global phosphorylation events in THP-1 cells in response co-incubation with thrombin- or LPA-

activated platelets were quantified, and regulated phosphoproteins and signaling pathways were 

then identified. 
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4.2 Methods 

4.2.1 Cell culture 

The human monocytic cell line THP-1 (American Type Culture Collection, Rockville, MD) 

was maintained in Roswell Park Memorial Institute (RPMI) 1640 medium (Invitrogen, 

Frederick, MD), supplemented with 10 % fetal bovine serum (FBS; Invitrogen Corporation, 

Carlsbad, CA) and 100 units/ml of penicillin/streptomycin. For SILAC labeling, THP-1 cells 

were maintained in lysine, arginine and glutamine depleted RPMI 1640 (Caisson Labs, North 

Logan, UT) supplemented with 10 % dialyzed FBS (Invitrogen Corporation, Carlsbad, CA), 100 

units / ml of penicillin/streptomycin, 100 units / ml of L-glutamine and either medium labeled, 

0.075 mg / ml 2D4-L-lysine and 0.044 mg / ml 13C6-L-arginine or heavy labeled 0.077 mg / ml 

13C6,
15N2-L-lysine and 0.045 mg / ml 13C6,

15N4-L-arginine (Cambridge Isotope Labs, Andover, 

MA, USA). Cells were grown for at least five doublings to allow full incorporation of labeled 

amino acids. 

 

4.2.2 Platelet isolation and stimulation 

Ethical approval for platelet isolation from whole blood from healthy blood donors was 

obtained from the Clinical Research Ethics Board at the University of British Columbia (H12-

00757), and written consent was granted by the blood donors. After discarding the first 4 mL, 

blood was drawn into vacutainer blood collection tubes containing citrate-dextrose (ACD 

solution A, BD Biosciences, Mississauga, ON, Canada). Platelet-rich plasma was isolated from 

whole blood following initial centrifugation at 150 relative centrifugal force (rcf) at room 

temperature for 15 min. To minimize contamination from other blood cells, only the top two 

thirds of the platelet-rich plasma was collected and centrifuged at 720 rcf at room temperature 
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for 10 min in the presence of a half volume of ACD. Subsequently, the platelet pellet was 

carefully washed with CGSA buffer (10 mM trisodium citrate, 30 mM dextrose and 1 unit / ml 

apyrase) to remove plasma proteins and then centrifuged at 720 rcf at room temperature for 10 

min. The platelet wash step was repeated and platelets were resuspended in Krebs-Ringer buffer 

(4 mM KCl, 107 mM NaCl, 20 mM NaHCO3, 2 mM Na2SO4, 19 mM tri-sodium citrate, 0.5% 

(wt/vol) glucose in H2O, pH 6.1). Platelet counts were determined by using a hemocytometer 

and adjusted to physiological concentration (300 x 109/L) using HEPES buffer (10 mM HEPES, 

137 mM NaCl, 2.9 mM KCl, 12mM NaHCO3, pH 7.4) or RPMI 1640 medium. Platelets were 

rested at room temperature for 30 min before stimulation. 

 

4.2.3 Cell lysis (option 1) 

Cell lysis was performed essentially as described [414]. Briefly, after treatment, cells were 

centrifuged at 450 rcf for 3 min at room temperature, the supernatant was removed, and the pellet 

was washed with ice-cold PBS. For SILAC experiments, cells with different SILAC labeling 

were counted and mixed at 1:1 ratio, and centrifuged at 450 rcf for 3 min, the supernatant was 

removed and the pellet was resuspended separately in lysis buffer (1% NP-40, 0.1% sodium 

deoxycholate, 150 mM NaCl, 1 mM EDTA, 50 mM Tris (pH 7.5), phosphatase inhibitors (1 mM 

sodium orthovanadate, 5 mM sodium fluorate, 5 mM β-glycerolphosphate), and protease 

inhibitor cocktail (1 tablet / 10 mL, Roche, Basel, Switzerland)). Lysates were clarified at 4°C 

for 10 min at 16,000 g, proteins from supernatant were precipitated over one hour by ice-cold 

acetone, pelleted by centrifugation for 2 min at 2,000 g, and re-dissolved in 8 M urea containing 

1% N-octylglucoside and phosphatase inhibitors. Cell lysis was performed using this condition 

unless otherwise stated. 



 

105 
 

4.2.4 Cell lysis (option 2) 

After treatment, cells were centrifuged at 450 g for 3 min at room temperature, the supernatant 

was removed and the pellet was washed with ice-cold PBS. For SILAC experiments, medium 

and heavy SILAC labeled THP-1 cells were counted and mixed at 1:1 ratio. The SILAC cell 

mixture was centrifuged at 450 rcf for 3 min, the supernatant was removed and the pellet was 

resuspended in lysis buffer (1% Na deoxycholate in 50 mM NH4HCO3) and immediately placed 

in a heating block at 99°C for 10min. Benzonase (1:10,000) and a final concentration of 1.5 mM 

MgCl2 was added to the lysate and the sample was incubated at room temperature for 30 min to 

degrade DNA. 

 

4.2.5 In-solution trypsin digestion 

BCA assay was performed for cell lysate samples at 10 times dilution to determine protein 

concentration. A total of 4 mg protein sample was used. Then, proteins from cell lysates were 

reduced by addition of dithiothreitol to a final concentration of 5 mM in 50 mM ammonium 

bicarbonate solution for 30 min at 37°C and alkylated with 14 mM iodoacetamide in 50 mM 

ammonium bicarbonate solution for 30 min in the dark at room temperature. 5 mM dithiothreitol 

was added to quench the alkylation for 15 min at room temperature. The sample was digested by 

Lys-C (1:160 Lys-C: protein) at room temperature for 4 hours prior to trypsin digestion (1:100 

trypsin: protein) with 1 mM CaCl2 overnight at 37°C.  

 

4.2.6 Peptide desalting 

After protein digestion, formic acid was added to the peptide solutions to reach pH < 2.5 and 

the solution was centrifuged at 16,000 rcf for 10 min. The supernatant was desalted on a 200 mg 
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SepPak cartridge. The cartridge was first conditioned twice with 3 mL ACN, followed by 3 mL 

50% acetonitrile (ACN) 50% acetic acid (AcOH) and then 3 mL 0.5% AcOH. Subsequently, 

samples were loaded onto the cartridge slowly, and washed twice with 1 mL 0.5% AcOH, and 

finally eluted slowly twice with 1 mL 50% ACN/0.5% AcOH. ACN from the eluted peptide 

solution was removed by centrifugation at 35°C for 30 min. The remaining sample was frozen in 

liquid N2, and lyophilized overnight at -50°C. The samples were stored at -80°C until further 

analysis. 

 

4.2.7 Strong cation exchange 

Desalted peptide sample was dissolved in SCX buffer A (30% ACN, 5 mM KH2PO4, pH 2.7). 

The SCX fractionation was performed using an Ettan MDLC system (GE healthcare, Little 

Chalfont, Bucks, UK) coupled with a ZORBAX 300-SCX column (4.6 mm ID × 150 mm (5 

μm), Agilent, Santa Clara, CA, USA).  Peptides were separated based on a linear gradient from 

0% to 13% buffer B (30% ACN, 5mM KH2PO4, 350mM KCl, pH 2.7) for 20 min and 100% 

buffer B for 5 min. Twenty-six 300 μL fractions were collected and UV-Vis absorption at 280 

nm were measured on a NanoDrop spectrophotometer (Thermo Fisher Scientific, San Jose, CA, 

USA). Twelve early fractions based on the peptide concentration were collected, and ACN was 

removed by centrifugation at 35°C for 30 min. Then the samples were desalted with 50 μl 50% 

C18 beads (J.T. Baker, Phillipsburg, NJ, USA). The C18 beads in methanol was loaded onto a 

200 μl pipet tip, methanol was removed by centrifugation at 400 g, and conditioned with 250-

300μL sample buffer (1% TFA, 5% ACN). The pooled SCX fractions were then loaded onto C18 

tips by centrifugation at 100 rcf for 20 min, washed with 200 µL sample buffer at 400 g, and 

eluted twice with 50 µL TiO2 buffer B (80% ACN/0.1% TFA) at 50 rcf for 15 min. 
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4.2.8 Phosphopeptide enrichment 

TiO2 beads (10:1 w/w, sample to protein, GL Sciences, Peterborough, ON, Canada) were 

prepared in TiO2 buffer B and loaded onto a 200 µL pipet tip packed with C8 membrane (3M 

Empore, St. Paul, MN, USA). TiO2 tips were washed with 20 µL TiO2 buffer B at 200 rcf for 2 

min and then with 20 µL TiO2 Buffer C (70% ACN, 0.1% TFA, 29.2% (300mg/mL) lactic acid) 

at 250 rcf for 2 min. Samples eluted following the protocol from section 4.2.6 in 100 µL TiO2 

buffer B were diluted with 100 µL TiO2 buffer D (41.5% ACN, 0.1% TFA, 58.4% lactic acid) to 

reach TiO2 buffer C conditions, i.e. 70% ACN, 0.1% TFA, 29.2% (300mg/mL) lactic acid. 

The diluted samples was slowly loaded to the washed TiO2 tip at 100 rcf over 30 min. Non-

phosphopeptides were washed away with 20 µL TiO2 Buffer C at 250 rcf for 5 min and then with 

20 µL TiO2 Buffer B at 250 rcf for 5 min. The phosphopeptides were eluted stepwise with 20 μL 

5% NH4OH, 20 μl 0.5% pyrrolidine and 3μl TiO2 buffer B at 50 rcf for 10 min into 10 µL 50% 

TFA to ensure that pH was below 2.5.  

For IMAC enrichment, IMAC beads (Sigma, Oakville, ON, Canada) were washed twice with 

IMAC loading buffer (50% ACN, 0.1% TFA). Peptides were incubated with IMAC beads for 30 

min at room temperature with vigorous shaking. After incubation, IMAC beads were loaded onto 

200 µL pipet tip packed with C8 membrane, and washed with 20 µL IMAC loading buffer twice. 

The phosphopeptides were eluted with 50 μL 5% NH4OH. For SIMAC enrichment, IMAC 

sample loading and washing flow-through was collected and subjected to TiO2 enrichment. 

After elution of phosphopeptides, samples were desalted on homemade StageTips [415]. 

 

4.2.9 LC-MS/MS analysis 

Peptides were analzyed using a nano LC-MS/MS system, either with a LTQ-FT-ICR (Thermo  
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Fisher Scientific, San Jose, CA, USA) or a LTQ-Orbitrap Velos mass spectrometer (Thermo 

Fisher Scientific, San Jose, CA, USA). For the LTQ-FT-ICR instrument, peptide mixtures were 

separated on a PicoTip column (o.d. = 360, I.d. = 75, tip = 15 ± 1 µm) from New Objective 

(Woburn, MA, USA) packed with reverse-phase C18 material (15 cm, C18 magic, 100 Å, 3 µm, 

Michrom Bioresources, Auburn, CA, USA). Solvent A (0.5% acetic acid) and solvent B (80% 

acetonitrile + 0.5% acetic acid) were used. A linear gradient of 6% to 80% solvent B over 30 min 

at a flow rate of 0.6 µl / min was applied via an Agilent 1100 nano HPLC pump (Agilent, Santa 

Clara, CA, USA). Data-dependent MS and MS/MS spectra were acquired. 

For the LTQ-Orbitrap Velos instrument, an Agilent 1290 nano HPLC pump (Agilent, Santa 

Clara, CA, USA) was employed. Peptide mixtures were separated on a PicoTip column (o.d. = 

360, I.d. = 75, tip = 15 ± 1 µm) from New Objective (Woburn, MA, USA) packed with reverse-

phase C18 material (15 cm, C18 magic, 100 Å, 3 µm, Michrom Bioresources, Auburn, CA, 

USA). Data-dependent MS and MS/MS spectra were acquired. 

 

4.2.10 Mass spectrometry data analysis 

Proteins were identified by searching the MS and MS/MS spectra using X!Tandem 

CYCLONE. Raw data is accessible at gpmdb.thegpm.org with GPMDB model numbers. For 

quantitative proteomics, proteins were identified by searching the MS and MS/MS spectra using 

MaxQuant (version 1.5.0.0) [416], database search was performed by Andromeda [417] against 

UniProt/Swiss-Prot (16/5/2014, subset human). Search parameters included two missed 

cleavages by trypsin, fixed carbamidylmethyl modification on cysteine, and variable 

modifications, i.e. methionine oxidation, protein N-terminal acetylation, 2D4-L-lysine, 13C6-L-

arginine, 13C6,
15N2-L-lysine and 13C6,

15N4-L-arginine, as well as phosphorylation of serine, 
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threonine, and tyrosine. The peptide mass tolerance was 4.5 ppm and the MS/MS tolerance was 

0.5 Da. False discovery rate was set to 1% at peptide and at protein levels. Phosphorylation site 

localization probabilities were defined as class I (p > 0.75), class II (0.75 > p > 0.5), or class III 

(p < 0.5) based on PTM scoring [188]. Gene Ontology enrichment analysis was performed with 

the DAVID functional annotation tool [418]. Ingenuity Pathway Analysis (Ingenuity® Systems, 

www.ingenuity.com) for phosphoproteomics in THP-1 cells was performed using the following 

filters: data sources: all; confidence: experimentally observed and high (predicted); species: 

human; and tissues and cells lines: primary monocytes and leukemia cell lines. 

 

4.2.11 Platelet-monocyte aggregate formation  

Platelets were activated in the presence of 2.5 mM GPRP peptide (Millipore, Billerica, MA, 

USA) to prevent aggregation, then activated or resting platelets were added to 200 μl of 1 X 

106/ml THP-1 cells at a ratio of 10 : 1 for platelets : THP-1. The cells were then incubated at 37° 

for 10 min on a rotator.  

For phosphoproteomics analysis, activated platelets were added to heavy SILAC labeled THP-

1 cells using the same conditions. After incubation, the same number of medium and heavy 

SILAC labeled THP-1 cells were centrifuged separately at 450 rcf for 10 min, and washed with 

ice cold PBS. The cells were centrifuged separately at 450 rcf for 10 min again, lysed, and the 

lysates were combined using the lysis buffer described in section 4.2.3. 

 

4.2.12 Adhesion assay 

96-well microtiter plates (Corning Costar, Cambridge, MA, USA) were coated by incubation 

with fibronectin (10 μg / ml in PBS, Millipore, Billerica, MA, USA) overnight at 4°C. After 
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incubation, the wells were washed with PBS and then blocked with 2% BSA at room 

temperature for 1 h just before use. THP-1 cells treated with or without resting or activated 

platelets, as described in section 4.2.11, were labeled with calcein-AM (Life Technologies, 

Carlsbad, CA, USA) at a final concentration of 10 μl per one million cells. The cells were then 

incubated in the fibronectin-coated plate at 37°C for 30 min. After incubation, non-adherent cells 

were removed by washing twice with PBS. Adhesion was quantified with a Fluoroskan Ascent 

plate reader (Labsystems, Waltham, MA, USA). Nine measurements at excitation wavelength of 

485 nm and emission wavelength of 527 nm for each sample were recorded. The adhesion ratio 

was calculated as fluorescence from adherent cells divided by total fluorescence from cells 

originally added. 

 

4.2.13 Flow cytometry analysis 

For platelet-monocyte aggregate formation, 5 μl of FITC-conjugated mouse anti-human 

CD41a (BD Biosciences, Mississauga, ON, Canada) was added to the cells, and incubated for 20 

minutes at room temperature in the dark. 1.8 ml of FACS buffer (1×PBS, 0.5% BSA) was added 

to each sample, and samples were analyzed on LSR II flow cytometer (BD Biosciences, 

Mississauga, ON, Canada). Platelet-monocyte aggregate formation was quantified based on 

CD41a positive events on monocytes. All platelet stimulation experiments were performed 

within 3 hours after blood collection. 

 

4.2.14 Western blotting 

Western blotting was performed as described in section 3.4.2. Anti-phospho-Akt (Ser473) 

(193H12) rabbit monoclonal antibody (Cell Signaling, Danvers, MA, USA) at a concentration of 
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1:1,000 overnight at 4°C in PBST supplemented with 3% BSA was used. Subsequently, the 

membrane was incubated with Alexa Fluor 680 goat anti-rabbit IgG (H+L) (Molecular Probes, 

Eugene, OR, USA) at a concentration of 1:10,000 in the blocking solution. Protein level was 

detected using an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA). 

For actin as loading control, after analysis for phospho-Akt, the membrane was stripped with a 

buffer containing 62.5 mM Tris HCl (pH 6.8), 2% SDS (wt / vol), and 100 mM β-

mercaptoethanol. Membrane was re-blocked in the blocking solution for 1 h at room temperature 

on a shaking platform, and re-probed with monoclonal anti-β-actin mouse antibody (Sigma, 

Oakville, ON, Canada) at a concentration of 1:2,000 overnight at 4°C in PBST supplemented 

with 3% BSA. Subsequently, the membrane was incubated with Alexa Fluor 680 goat anti-

mouse IgG (H+L) (Molecular Probes, Eugene, OR, USA) at a concentration of 1:10,000 in the 

blocking solution and analyzed on the Odyssey infrared imaging system. 

 

4.3 Results 

4.3.1 Optimization of the phosphopeptide enrichment method 

4.3.1.1 Sample loading using different relative centrifugal forces 

In order to test the effect of the relative centrifugal force (rcf) during sample loading on the 

coverage of phosphopeptides, TiO2 phosphopeptide enrichment from tryptic digest of normal 

THP-1 cells was performed with different rcfs. THP-1 cells were lysed using lysis condition#2, 

protein concentration was determined by BCA assay, and 2 mg of protein of the THP-1 lysate 

was in-solution digested, desalted and split into two samples of equal volume. TiO2 beads were 

conditioned and packed into pipet tips. Subsequently, both samples were loaded onto the TiO2 

tips by using a centrifuge with 500 or 100 rcf. Phosphopeptides were then eluted, desalted and 
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analyzed using mass spectrometry. As a result, 340 and 494 phosphopeptides were identified 

using 500 or 100 rcf, respectively (Table 4.1). In addition, 597 and 913 phosphorylation sites 

were identified using 500 or 100 rcf, respectively. These results represent 45% more 

phosphopeptides and 53% more phosphorylation sites identified using the lower speed at 100 rcf, 

while maintaining similar phosphopeptide enrichment ratio. Therefore, the lower sample loading 

speed was used for all other phosphopeptide enrichment studies. 

 

4.3.1.2 Strong cation exchange coupled with TiO2 

The effect of using strong cation exchange fractionation (SCX) in addition to TiO2 

phosphopeptide enrichment was tested. Phosphopeptide enrichment was performed essentially as 

described in section 4.3.1.1, with the exception of 4 mg of protein from THP-1 lysate being split 

into two samples with equal volume for phosphopeptide enrichment with or without SCX 

fractionation. Twenty five fractions were collected immediately after sample injection, adjacent 

fractions were combined to obtain a total of 13 samples (Figure 4.1). Phosphopeptides in each of 

these samples were enriched separately and analyzed using mass spectrometry. After combining 

the results of all fractions, 1305 phosphopeptides and 1616 phosphorylation sites were identified 

(Table 4.2). In contrast, without SCX fractionation, 565 phosphopeptides and 637 

phosphorylation sites were identified. Using SCX fractionation resulted in 130% more identified 

phosphopeptides and 154% more phosphorylation sites.  

Table 4.1 Comparison of different relative centrifugal force (rcf) during sample loading for 

phosphopeptide enrichment. 
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4.3.1.3 Sequential elution from IMAC and TiO2 

In order to test the difference of IMAC and TiO2 in phosphopeptide enrichment performance 

and to determine whether the two approaches are complementary, sequential elution from IMAC 

Table 4.2 Comparison of TiO2 phosphopeptide enrichment with or without strong cation exchange 

fractionation. 

Figure 4.1 Distribution of phosphopeptides and non-phosphopeptides using strong cation exchange 

followed by TiO2 phosphopeptide enrichment.  Adjacent fractions were combined to obtain a total of 13 

samples. 

Table 4.3 Number of identified peptides and phosphorylation sites using sequential elution from IMAC 

and TiO2. 
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and TiO2 (SIMAC) [419] was employed and tested. Sample preparation prior to phosphopeptide 

enrichment was performed the same as in section 4.3.1.1, with the exception of using 2 mg of 

protein from THP-1 lysate for phosphopeptide enrichment. Using SIMAC, phosphopeptides 

were enriched first by IMAC beads, and flow throughs from IMAC sample loading and washing 

steps were collected and used for subsequent TiO2 phosphopeptide enrichment. Phosphopeptides 

from IMAC and TiO2 enrichment were eluted separately, desalted and analyzed using mass 

spectrometry. IMAC enrichment resulted in the identification of 872 phosphopeptides and 1372 

phosphorylation sites, whereas 1644 phosphopeptides and 1727 phosphorylation sites were 

identified using TiO2 enrichment (Table 4.3). Compared to IMAC enrichment, 89% more 

phosphopeptides and 26% more phosphorylation sites were identified using TiO2. Of all the 

phosphopeptides, only 180 were identified using both methods (Figure 4.2A), and more than 

50% of phosphopeptides identified using IMAC were multiply phosphorylated, whereas TiO2 

enriched more than 90% mono-phosphorylated peptides (Figure 4.2B), indicating 

phosphopeptide enrichment coverage obtained by using these two reagents was largely 

complementary. Due to the quality issues from different batches of IMAC beads, only TiO2 

beads were used for subsequent quantitative phosphoproteomics studies. 
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4.3.1.4 Orbitrap Velos vs FT-ICR 

To test the effect of using different mass spectrometers on the identification of 

phosphopeptides, samples following phosphopeptide enrichment were analyzed using the 

Orbitrap Velos or the FT-ICR instruments (both Thermo Scientific). Phosphopeptide enrichment 

was performed the same as section 4.3.1.1, with the exception of using 2 mg of protein from 

THP-1 lysate for phosphopeptide enrichment. Prior to mass spectrometry analysis, the sample 

was split in half and analyzed by either of the two mass spectrometers. Using FT-ICR, 631 

phosphopeptides and 674 phosphorylation sites were identified. In contrast, 2030 

phosphopeptides and 2171 phosphorylation sites were identified using the Orbitrap Velos (Table 

4.4). 

Table 4.4 Comparison of the number of phosphopeptides analyzed using FT-ICR and Orbitrap Velos. 

Figure 4.2 Phosphopeptide enrichment by IMAC and TiO2 are complementary.  A. venn diagram showing 

the shared the phosphopeptides identified by IMAC and TiO2. B. The distribution of the peptides with one, two 

or three phosphorytion sites in IMAC and TiO2 enrichment. 
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4.3.1.5 Cell lysis conditions 

In order to test the effect of cell lysis conditions on the recovery of protein phosphorylation, 

two commonly used lysis conditions were compared: lysis condition#1 represented a mild 

condition using 1% NP40 and 0.1% sodium deoxycholate with phosphatase and protease 

inhibitors; whereas lysis condition#2 applied harsh conditions with 1% sodium deoxycholate 

without inhibitors and immediate heating at 99°C for 10 minutes. THP-1 cells were incubated 

with resting platelets, or thrombin- or LPA-activated platelets for 10 or 30 minutes and lysed 

using either lysis condition#1 or #2. The proteins in the cell lysates were separated using 12% 

SDS-PAGE, and Western blotting was used to detect phosphorylated Akt. Although the actin 

loading control only showed slightly lower amounts of starting material using lysis condition#2, 

phosphor-Akt levels were greatly reduced (Figure 4.3). Therefore, lysis condition#1 was used for 

quantitative phosphoproteomics analysis.  

Figure 4.3 Comparison of phosphorylation levels of Akt resulted from two different lysis conditions using 
Western blotting.  Lysis condition#1, mild condition using 1% NP40 and 0.1% sodium deoxycholate with 

phosphatase and protease inhibitors. Lysis condition#2, harsh condition with 1% sodium deoxycholate without 
inhibitors and immediate heating at 99°C for 10 minutes. Akt phosphorylation level was greatly reduced using 

lysis condition#2. PMA, platelet-monocyte aggreagte. 
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4.3.2 Platelet-monocyte aggregate formation 

Before applying the optimized phosphopeptide enrichment method to a proteomic study of the 

signaling pathways involved in platelet-monocyte aggregate (PMA) formation, conditions for 

thrombin- and LPA-induced PMA formation were evaluated. Platelets were activated by 

thrombin or LPA in presence of 2.5 mM GPRP, which binds to fibrinogen to prevent platelet 

aggregation [412]. Activated platelets were then incubated with THP-1 cells for 10 minutes, and 

FITC-CD41a antibody (integrin αIIb, platelet marker) was added and incubated with the cells 

prior to analysis by flow cytometry. Platelets and THP-1 cells were separated by their size using 

forward and side scatter (Figure 4.4A), then PMA formation was evaluated based on the CD41a 

positive events on THP-1 cells (Figure 4.4B). Using this method, a statistically significant 

increase (paired t test, p<0.05) for both thrombin- and LPA-induced PMA formation was 

observed (Figure 4.5).  

Figure 4.4 Platelet-monocyte aggregate (PMA) formation analyzed by flow cytometry.  Activated platelets 

were incubated with THP-1 and labeled with CD41a-FITC antibody. (A) Platelets and THP-1 cells (including 

PMA) were separated by size, i.e. orange circle represents platelet population, and red circle represents THP-1 

and PMA populations. (B) PMA percentage was identified based on CD41a positive events on THP-1 cells, i.e. 

22.4%. 

 

 

PMA 



 

118 
 

4.3.3 Phosphoproteomics analysis of platelet-monocyte aggregate formation 

4.3.3.1 Workflow for quantitative phosphoproteomics 

To study the global phosphorylation events in monocytes in response to binding to platelets, a 

triple SILAC system was employed (Figure 4.6). THP-1 cells were used as a model for 

monocytes, and were medium or heavy SILAC labeled with platelets having unlabeled amino 

acids as the “light” SILAC channel. Only the peptides from the medium and heavy SILAC 

channel were quantified, eliminating overlap from platelet peptides that could affect 

quantification by SILAC.  

The workflow for studying the triple SILAC system using phosphoproteomics was as follows: 

platelets were stimulated with thrombin or LPA for 10 min in presence of 2.5 mM GPRP. 

Subsequently, activated platelets were incubated with heavy SILAC labeled THP-1 cells at 10 : 1 

ratio for 10 min. After incubation, platelets with heavy SILAC labeled THP-1 cells were 

combined with medium SILAC labeled THP-1 cells that had not been exposed to platelets, and 

subjected to cell lysis, trypsin digestion, phosphopeptide enrichment and mass spectrometry 

analysis. 

Figure 4.5 Platelet-monocyte aggregate formation induced by thrombin or LPA.  Platelets were stimulated 

with 1 U / ml thrombin (Thr) or 20 μM LPA for 10 min in presence of 2.5 mM GPRP. Subsequently, activated 

platelets were incubated with THP-1 cells at 10 : 1 ratio for 10 min. Platelet-monocyte aggregate level were 

identified based on CD41a positive events on THP-1 cells using flow cytometry. Results are expressed as mean 

± s.d., asterisk (*) indicates significance (paired t test, *p<0.05; n = 3 - 4). 

 

P
la

te
le

t-
m

o
n
o
c
y
te

 a
g
g
re

g
a
te

 (
%

) 



 

119 
 

Phosphopeptide enrichment was achieved using optimized conditions, i.e. combined SILAC 

cells were lysed using lysis condition#1, followed by Lys-Cc and trypsin double digestion, 

peptides were fractionated by SCX, and subjected to TiO2 phosphopeptide enrichment and 

analysis on the Orbitrap mass spectrometer (Figure 4.7). In order to eliminate variation in the 

amount of medium and heavy labeled starting material, a fraction of the peptide mixture was 

analyzed directly by the Orbitrap without phosphopeptide enrichment, and the average heavy to 

medium ratio from this fraction was used to normalize samples after phosphopeptide enrichment. 

Furthermore, in order to ensure that full incorporation of medium and heavy labeled lysine and 

arginine was achieved for THP-1 cells, a SILAC incorporation test was performed by analyzing 

aliquots taken in 2-3 day intervals. After day 11 of culturing THP-1 cells in SILAC medium, the 

percentage of peptides containing medium labeled lysine and/or arginine reached a plateau at 

around 94% (Figure 4.8). Therefore, THP-1 cells were cultured in SILAC media for at least two 

weeks before they were used for the quantitative phosphoproteomics.  

Figure 4.6 Workflow for studying global phosphorylation changes in THP-1 cells in response to binding 

with platelets using phosphoproteomics.  Platelets are stimulated with thrombin or LPA for 10 min in presence 

of 2.5 mM GPRP. Subsequently, activated platelets are incubated with heavy SILAC labeled THP-1 cells at 10 : 

1 ratio for 10 min. After incubation, platelets with heavy SILAC labeled THP-1 cells are combined with medium 

SILAC labeled THP-1 cells, and subject to cell lysis, trypsin digestion, phosphopeptide enrichment and mass 

spectrometry analysis. 

 

 



 

120 
 

 

 

Figure 4.7 Workflow for phosphopeptide enrichment. Combined SILAC cells were lysed in presence of 

phosphatase and protease inhibitors, followed by Lys-c and trypsin double digestion. A fraction of the peptide 

mixture was used as a normalization control, which was analyzed directly using an Orbitrap mass spectrometer 

without phosphopeptide enrichment. The rest of the peptides were fractionated by strong cation exchange, 

followed by TiO2 phosphopeptide enrichment and analyzed by the Orbitrap. 

 

Figure 4.8 SILAC incorporation test for THP-1 cells. After day 11 of culturing THP-1 cells in SILAC 

medium, the percentage of medium labeled lysine (+4) and arginine (+6) reached a plateau at around 94%. 
Whereas the percentage of medium labeled lysine (+4) and arginine (+6) remained below 1% in THP-1 cells 

cultured in SILAC medium supplemented with normal lysine and arginine. 

0%

20%

40%

60%

80%

100%

0 3 6 9 12 15 18 21

M
e

d
iu

m
 l
a

b
e

le
d
 p

e
p

ti
d
e

 r
a

ti
o

Day

Light THP1

Medium THP1



 

121 
 

4.3.3.2 Bioinformatics analysis of all identified and quantified phosphorylation events 

Using the workflow described in section 4.3.3.1, 2,945 unique phosphopeptides from 1,540 

proteins were identified in thrombin-induced PMA formation in at least one of three biological 

replicates, and similarly 2,227 unique phosphopeptides from 1,231 proteins were identified in 

LPA-induced PMA formation in at least one of three biological replicates (false discovery rate < 

1% at the peptide and at the protein level). Of all the phosphorylation sites identified, the 

distribution of phosphorylated serine, threonine and tyrosine residues was 87.5% : 11.2% : 1.3% 

and 85.7% : 12.9% : 1.4% in thrombin- and LPA-induced PMA formation, respectively (Table 

4.5). In addition, more than 65% of all identified phosphorylation sites had Class I (p > 0.75) 

localization probability based on the PTM scoring reported by MaxQuant (Table 4.5). 

Phosphorylation sites with Class II (0.75 > p > 0.5) or Class III (p < 0.5) localization probability 

were considered ambiguous. 

Peptide quantification was obtained for 78.7% and 79.7% of all identified phosphopeptides in 

thrombin- and LPA-induced PMA formation, respectively. Only the phosphopeptides that were 

quantified in at least two biological replicates were analyzed further. In order to identify the 

signaling pathways in THP-1 cells involved in these two conditions, proteins corresponding to all 

quantified phosphopeptides were analyzed using Ingenuity Pathway Analysis. Top canonical 

pathways these proteins were associated with included ERK/MAPK signaling, insulin receptor 

signaling, Fcγ receptor-mediated phagocytosis, nitric oxide signaling and leukocyte  

Table 4.5 Distribution of phosphorylated serine, threonine and tyrosine, and localization probability 

among all identified phosphorylation sites. Class I (p > 0.75), class II (0.75 > p > 0.5), class III (p < 0.5). 
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extravasation signaling (p<0.01), all of these were shared by both thrombin- and LPA-induced 

PMA formation (Table 4.6). In addition, RhoA signaling and signaling for Rho family GTPases 

(p<0.01) were identified in thrombin-induced PMA formation; in contrast, canonical pathways 

such as DNA methylation and transcriptional repression signaling, PI3K/Akt signaling, and 

protein kinase A signaling (p<0.01) were only identified in LPA-induced PMA formation. 

Furthermore, the 426 quantified phosphopeptides corresponding to 202 phosphoproteins that 

were shared by both thrombin- and LPA-induced PMA formation were used to further compare 

the two conditions by Ingenuity Pathway Analysis (Figure 4.9). Top canonical pathways in THP-

1 cells that were shared by both conditions included ERK/MAPK signaling, insulin receptor 

signaling, Fcγ receptor-mediated phagocytosis, nitric oxide signaling and leukocyte 

extravasation signaling, Rac signaling and PI3K/Akt signaling (p<0.01) (Table 4.7). 

 

 

Figure 4.9 Number of quantified (A) phosphopeptides and (B) phosphoproteins shared in thrombin- and 

LPA-induced platelet-monocyte aggregate (PMA) formation.  

A B 
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Table 4.6 Most highly enriched canonical pathways in thrombin- and LPA-induced platelet monocyte 

aggregate (PMA) formation.  Analysis was performed using Ingenuity Pathway Analysis, only pathways with 

p < 0.01 were shown. 
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4.3.3.3 Bioinformatics analysis of all regulated phosphorylation events 

After normalizing the ratio changes of the phosphopeptides based on the ratios obtained in the 

normalization control sample, the average ratios of all phosphopeptides were determined. 

Average SILAC ratio increased by 3.8% and 5.3% for thrombin- and LPA-induced PMA 

formation, respectively (Figure 4.10). Only those phosphopeptides with a magnitude of 1.46- and 
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Table 4.7 Most highly enriched canonical pathways using shared quantified phosphoproteins in thrombin- 

and LPA-induced platelet monocyte aggregate (PMA) formation.  Analysis was performed using Ingenuity 

Pathway analysis, only pathways with p < 0.01 were shown. 

 

Figure 4.10 Histograms of log2-transformed SILAC ratios for all quantified phosphopeptides in (A) 

thrombin- and (B) LPA-induced PMA formation. The SILAC ratios were normalized based on the average 

ratio in the normalization control sample. 
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1.5-fold change (either up or down) were considered regulated, representing 95% confidence 

interval cutoff for thrombin- and LPA-induced PMA formation, respectively. Using these 

cutoffs, 42 phosphopeptides (corresponding to 35 phosphoproteins) and 30 phosphopeptides 

(corresponding to 25 phosphoproteins) were found to be regulated in thrombin- and LPA-

induced PMA formation, respectively (Figure 4.11). Of all the regulated phosphorylation sites, 

the ratio of serine, threonine and tyrosine was 90.3%: 8.1%: 1.6%, which was similar to the 

distribution of all the identified phosphorylation sites in these samples. 

 

 

In order to identify the key biological processes that were impacted by thrombin- and LPA-

induced PMA formation only, the regulated phosphoproteins were analyzed using DAVID 

functional annotation tool. Here, DAVID functional annotation tool was used to identify 

regulated biological processess. In contrast, Ingenuity Pathway Analysis was employed earlier to 

map canonical pathways. As a result, leukocyte activation and leukocyte-mediated immunity 

were involved in thrombin-induced PMA formation; in contrast, only RNA-related processes 

were found in LPA-induced PMA formation (Table 4.8). 

A number of the regulated phosphoproteins were manually selected because they were known 

to be involved in leukocyte activation, cytoskeleton organization and small GTPase activation 

Figure 4.11 Number of regulated (A) phosphopeptides and (B) phosphoproteins shared in thrombin- and 

LPA-induced platelet-monocyte aggregate (PMA) formation. 
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(Table 4.9). These included regulators for different small GTPases, i.e. guanine nucleotide 

exchange factor for Rac1 (ARHGEF6 [420]), Rab35 (DENND1A [421]), Rho and Rac (DOCK5 

[422]), as well as GTPase-activating protein for Rab (TBC1D5 [423]), Rap1 and Rap2 (SIPA1 

[424]), Rho (MYO9B [425]) and Rab3 (RAB3GAP1 [426]). In addition, phosphorylation of 

mediators for cytoskeleton reorganization, i.e. stathmin [427], formin-binding protein 1 [428], 

formin-like protein 1 [429], CapZ-interacting protein [430] and unconventional myosin-IXb 

[425], were also regulated. Moreover, phosphorylation events were also regulated on proteins 

mediating leukocyte function, which included Rap1-integrin-mediated adhesion (RIAM [431]), 

migration (STK10 [432]), cytokine production (MAP3K7 / Transforming growth factor-beta-

activated kinase 1 [433]) and leukocyte activation (PRAM1 [434], L-plastin [435] and LSP1 

[436]). Unfortunately, phosphor-Akt levels could not be assessed because no phosphopeptides 

from Akt were identified in either thrombin- or LPA-PMA formation. 

 

 

 

Table 4.8 Most highly enriched Gene ontology (GO) terms in thrombin- and LPA-induced platelet 
monocyte aggregate (PMA) formation.  Gene enrichment analysis was performed using DAVID functional 

annotation tool, only terms with p < 0.01 were shown. 
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Table 4.9 Regulated phosphorylation sites that were involved in thrombin- and LPA-induced Platelet-monocyte aggregate (PMA) formation. 

Ratios are expressed as average fold change ± s.d., * denotes ambiguous phosphorylation sites, i.e. with class II or III localization probability. 

Phosphorylation sites were not considered regulated, i.e. changes less than 1.5 fold, were shown in grey. 
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4.3.4 Phospho-Akt in platelet-monocyte aggregation using Western blotting 

Akt phosphorylation was shown to be regulated in primary monocytes in response to co-

incubation with activated platelets [412]. Since no phosphopeptides from Akt were identified in 

our thrombin- or LPA-PMA formation analyses, Western blotting was performed to investigate 

the phospho-Akt level changes in THP-1 cells in response to co-incubation with activated 

platelets. Platelets were stimulated with thrombin or LPA for 10 min in presence of 2.5 mM 

GPRP. Subsequently, activated platelets were incubated with THP-1 cells at 10 : 1 ratio for 10 

min. After incubation, the cells were lysed using lysis condition#1, and the proteins from the cell 

lysates were separated using 12% SDS-PAGE and anti-phospho-Akt antibody was used to detect 

the phosphorylation level on Akt using Western blotting. This showed that treatment with resting 

or activated platelets did not result in an increase in phospho-Akt level (Figure 4.12). 

 

 

Figure 4.12 Phospho-Akt level changes in THP-1 cells in response to co-incubation with resting or 
activated platelets using Western blotting.  PMA, platelet-monocyte aggregate. 
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4.3.5 Functional validation of platelet-monocyte aggregation 

Phosphoproteomics analysis revealed that in response to co-incubation with activated platelets, 

phosphoproteins that were involved in leukocyte activation and adhesion were regulated in THP-

1 cells. In order to validate this result, adhesion of THP-1 cells to fibronectin in response to co-

incubation with activated platelets was tested. PMA formation was performed as described in 

section 4.3.4, then a calcein-AM dye was added to the cells and the mixtures were incubated on a 

fibronectin-coated plate. After incubation, non-adherent cells were removed and the adhesion 

ratio was calculated as fluorescence from adherent cells divided by total fluorescence from cells 

originally added. This demonstrated that incubation with resting platelets did not result in a 

significant increase in adhesion capability of THP-1 cells compared to THP-1 alone, whereas 

both thrombin- and LPA-induced PMA formation significantly increased adhesion of THP-1 

cells to fibronectin (one-way ANOVA with Dunnett’s test, P<0.05) in three biological replicates 

(Figure 4.13). 

 

Figure 4.13 Both thrombin- and LPA-induced platelet-monocyte aggregate (PMA) formation significantly 

increased THP-1 cells adhesion to fibronectin. Adhesion (%) in THP-1 cells are reported relative to the control 

(THP-1 cells alone) which was normalized to 100%. Results are expressed as mean ± s.d., asterisk (*) indicates 

significance (one-way ANOVA with Dunnett’s test, **p<0.01, *p<0.05; n = 3). 
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4.4 Discussion 

Global phosphorylation events in THP-1 cells incubated with activated platelet were studied 

using the optimized phosphopeptide enrichment method, which is the first time signaling 

changes in such a two-cell system were systematically investigated. This was achieved by using 

the triple SILAC strategy. In order to distinguish proteins originated from platelets and 

monocytes, proteins from these two types of cells need to be differentially labeled before mixing. 

Therefore, chemical labeling, e.g. iTRAQ [196] or dimethyl labeling [437], on protein or peptide 

level after cell lysis is not feasible in this system; and the triple SILAC system served this 

purpose well, where platelet peptides from the light SILAC channel was effectively removed 

from interfering with quantification in medium- and heavy-labeled THP-1 cells.  

Using this system, the results from the quantitative phosphoproteomics revealed key biological 

processes, i.e. leukocyte activation, cytoskeleton organization and small GTPase activation in 

THP-1 cells exposed to activated platelets. Moreover, a number of potential key phosphoproteins 

were identified, including RIAM, which mediates Rap1-induced adhesion [431]; SKT10 (LOK), 

which regulates lymphocyte migration [432]; MAP3K7, which is shown to mediate IL-1 

production [433]; L-plastin, which plays a role T-cell activation [435] and LSP1, which may 

mediate neutrophil chemotaxis [436]. The function of these proteins was not well-defined in 

THP-1 cells, but they might also be involved in similar processes, and may be functionally 

relevant in the process of PMA formation. Moreover, in addition to the phosphoproteins that 

control cytoskeleton organziation, mediators for a variety of small GTPses, i.e. Rap, Rho, Rac, 

and Rab, were regulated, suggesting that multiple small GTPases were employed to regulate 

cytoskeleton organization, protein transport and/or integrin-mediated adhesion. This was 

validated using the adhesion assay, where both thrombin and LPA-induced PMA formation 
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significantly increased adhesion of THP-1 cells to fibronectin. These results provided a 

functional link between the phosphorylation signaling events and phenotypic changes in THP-1 

cells in response to exposure to activated platelets. 

A previous study in our lab showed that microparticles released from activated platelets also 

contained integrin receptors [438]. Binding of microparticles to THP-1 cells cannot be 

distinguished from intact platelets using the experimental set up in this study. Therefore PMA 

formation here refers to both intact platelet-monocyte binding and platelet microparticle-

monocyte binding. In addition, platelet releasate, i.e. the soluble proteins and factors released by 

activated platelets, might also play a role in mediating THP-1 activation. As a result, protein 

phosphorylation events in THP-1 cells were regulated by a combination of these interactions. 

Moreover, an incubation time of ten minutes was chosen to allow PMA to form, using which 

both thrombin- and LPA-activated platelets incubated with THP-1 cells showed significant 

increase in PMA formation. The same condition was thus used for quantitative 

phosphoproteomics analysis to identify signaling pathways and key regulators. Earlier time 

points could be used to gain a further understanding of the initial signaling events and obtain a 

dynamic regulation profile of protein phosphorylation events. Akt phosphorylation level in THP-

1 cells was not increased in response to exposure to activated platelets. In contrast, Akt 

phosphorylation level significantly increased in primary monocytes treated with thrombin-

activated platelets [412]. Therefore, although THP-1 cells are considered a good model system 

for monocytes [439], differences exist between the cell line and primary cells and the results may 

need to be validated using primary cells. 
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Chapter 5 Conclusion and future work 
 

The research presented in this thesis focuses on the characterization of protein-protein 

interaction and signaling pathways in platelets and in platelet-monocyte aggregate (PMA) 

formation to identify potential markers and signaling pathways, which would contribute to the 

development of intervention strategies for CVDs.  

To achieve this, two novel proteomics tools have been developed: in silico protein interaction 

analysis (Chapter 2) and a quantitative multiplexed small GTPase activity assay (Chapter 3). The 

former tool is bioinformatics-based, and utilizes a series of filters to select those from the large 

number of proteomics datasets archived in the GPMDB that resemble a co-IP experiment 

targeting a protein of interest. Therefore, this tool can be considered as a “virtual IP”, which was 

shown to be a valid and solid approach for identifying known and candidate protein interactions 

and proteins that share similar functions in a protein network. The latter tool is based on targeted 

proteomics: up to 12 active small GTPase isoforms can be precipitated simultaneously, and a 

MRM assay targeting these isoforms is used to quantify the relative activity changes. This 

approach has several advantages over Western blotting, the currently used detection method: 

multiplexing within a single sample, reliable quantification, and the ability to distinguish 

isoforms without the need to develop high quality antibodies. This approach is the first time a 

solution is presented to study activity of multiple small GTPases in parallel.  

Using in silico protein interaction analysis, a core network involved in platelet aggregation has 

been identified that consists of integrin αIIb, integrin β3, talin1, fibrinogen alpha and gamma 

chain, Rap1b and many cytoskeletal proteins (Chapter 2), which represents a general view of the 

process in platelets in response to various agonists. This network expands our knowledge on the 
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protein interactions that occur during platelet aggregation, and these interacting partners could 

potentially be markers for platelet aggregation.  

Using the quantitative multiplexed small GTPase activity assay, small GTPase activity 

changes in platelet activation induced by thrombin, ADP and LPA have been evaluated (Chapter 

3). In addition, using PI3K inhibitors, only the activation levels of the small GTPases Rap1A and 

Rap1B are reduced without affecting other small GTPase isoforms in LPA-induced platelet 

activation. These results show that different small GTPases are involved in distinct pathways, 

and PI3K-Rap1 pathway is mainly involved in the process of LPA-induced platelet aggregation. 

Moreover, flow cytometry analysis has revealed that the small GTPase Rac and calcium are key 

regulators for LPA-induced platelet secretion, whereas PI3 kinase or the small GTPase Rho are 

not involved in this process.  

In Chapter 4, quantitative phosphoproteomics for the first time has provided a systematic view 

of signaling changes in monocytes in response to incubation with activated platelets using a 

triple SILAC system, this has uncovered several key biological processes, including leukocyte 

activation, cytoskeleton organization and regulation of small GTPase activity. Functional 

validation has shown both thrombin and LPA activated platelets to induce the formation of 

platelet-monocyte aggregates, both of which significantly increase the adhesion of THP-1 cells 

to fibronectin.  

Based on the findings in this thesis, a mechanism of how LPA induces platelet activation can 

be proposed (Figure 5.1), in which LPA binds to an unknown receptor on platelets, which 

triggers Rac and calcium-dependent P-selectin translocation and Rho – ROCK dependent platelet 

shape change. These lead to platelet secretion, including the release of the second wave agonist 
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ADP and coagulation factors. ADP in turn activates P2Y1 and P2Y12, which results in activation 

of the PI3K – Rap1b pathways. Activation of these pathways then leads to platelet aggregation. 

 

 

 

 

Figure 5.1 Proposed mechanism for LPA-induced platelet activation. LPA binds to an unknown receptor on 

platelets, which triggers Rac and calcium dependent platelet secretion, i.e. release of second wave agonist ADP, 

coagulation factor fibrinogen, and translocation of P-selectin. ADP in turn activates P2Y1 and P2Y12, which 

resulted in activation of NRas - MAPK as well as PI3K – Rap1b pathways. Both of these pathways contribute 

to platelet aggregation. ADP, Adenosine diphosphate; DAG, diacylglycerol; GDP, guanosine diphosphate; GTP, 

guanosine triphosphate; IP3, Inositol triphosphate; P2Y1, purinergic receptor P2Y1; P2Y12, purinergic receptor 

P2Y12; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PLC, phospholipase C; RIAM, Rap1-

interacting adaptor molecule; ROCK, Rho-associated protein kinase. This illustration does not exclude 

additional receptors or pathways involved in platelet functions. 
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The work described in this thesis also contributes to the area of platelet-mediated CVDs, and 

the design of better intervention strategies. Platelet secretion and aggregation are two major 

events following agonist-stimulated platelet activation. Platelet aggregation has been a major 

process that is targeted when developing antiplatelet strategies [18], e.g. antagonists for integrin 

αIIbβ3. However, lack of integrin β3 has been shown to promote atherosclerosis in mice [440] 

and patients with Glanzmann thrombasthenia [441], suggesting that lack of platelet aggregation 

might not prevent the development of atherosclerosis. On the other hand, the increase of P-

selectin levels on the platelet surface during platelet secretion promotes PMA formation, which 

might play an important role in the development of atherosclerosis. Interaction with activated 

platelets causes monocytes to become activated and more adhesive, which promotes the 

development of the atherosclerotic plaque. Therefore, antiplatelet therapies that target P- 

selectin/PSGL-1 binding, or pathways leading to P-selectin translocation in platelets, such as 

small GTPase Rac activation and calcium influx, might potentially be a better therapeutic option. 

The results presented in this thesis on the signaling pathways in platelets and monocytes in the 

context of CVDs, as well as the use of the newly developed proteomics tools, open new avenues 

of research. Regarding the functional studies on platelets, a number of pathways that are 

involved in LPA-induced platelet activation have now been determined. However, the exact 

receptor(s) responsible for LPA binding to platelets are still not identified, partly due to the lack 

of potent inhibitors for individual suspected LPA receptors. Quantitative phosphoproteomics 

techniques that have been used in Chapter 4 to study PMA signaling can be modified and applied 

to also investigate the initial phosphorylation events in LPA-induced platelet activation, 

including the receptor level. To quantify the phosphorylation changes, proteins or peptides from 

platelets will need to be chemically labeled with strategies such as iTRAQ [196] or dimethyl 
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labeling [437], because platelets have little metabolic activity that is necessary for SILAC 

labeling.  

Similarly, the quantitative multiplexed small GTPase activity assay developed and used to 

study platelet activation in Chapter 3 can be employed to investigate small GTPase activity 

changes in THP-1 cells incubated with activated platelets. The experimental design would be 

modified to use unlabeled platelets, medium SILAC labeled THP-1 cells and heavy isotope-

labeled peptide internal standards. Since the results of our phosphoproteomics study suggest 

regulation of the activity levels of multiple small GTPases in THP-1 cells incubated with 

activated platelets, employing the targeted proteomics assay would not only validate the 

phosphoproteomics study, but also reveal how these small GTPase isoforms are regulated. Due 

to the fact that small GTPases in platelets would interfere with the ones in THP-1 cells in the 

two-cell system, such a study is not possible using traditional methods, such as Western blotting. 

Moreover, the quantitative multiplexed small GTPase activity assay could be further expanded 

by employing additional well-characterized binding domains for other small GTPase isoforms, 

e.g. Arf, Ral and Rab. The throughput of this method could also be further improved by 

integrating in-solution digestion into the workflow. To achieve this, issues with sample loss 

when removing SDS, and contamination by binding domains and polymers would first need to 

be addressed. Furthermore, this method would also benefit from the development of more 

sensitive mass spectrometers, because more conditions could be monitored while consuming less 

material. Likewise, the number of the phosphopeptides and phosphorylation sites using the 

quantitative phosphoproteomics strategy could be increased with better instruments, and more 

time points and/or conditions such as inhibitor treatment could be monitored to gain a dynamic 

regulation profile of phosphorylation events. Using less material is an advantage in platelet 
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research, since other platelet preparation approaches could then be employed, e.g. gel-filtration 

of platelets [442], which would eliminate contaminating blood cells more effectively, but result 

in a lower platelet recovery rate. 

Finally, our studies have used platelets obtained from healthy donors. Employing these 

approaches to platelets from patients with a particular CVD at different stages will reveal 

differences caused by the disease, and may help identify processes that could play a role in the 

development of CVDs. 

In summary, the research in this thesis has furthered our understanding of platelet function in 

the context of cardiovascular disease, which might serve as a basis for designing more targeted 

approaches for antiplatelet therapies. In addition, the proteomics tools we have developed and 

validated now enable the exploration of new avenues of research, as demonstrated by their 

successful application to study biological systems. 
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Appendix B:  
The 27 proteins identified for H2AFJ using in silico protein interaction analysis (sequence 

coverage≥18AA and log(e)≤-10 for H2AFJ, dataset size≤100 proteins, ProDis≥2 and frequency 

of occurrence≥20%). 
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Appendix C:  
The 37 proteins identified for HIST1H2BB using in silico protein interaction analysis (sequence 

coverage≥18AA and log(e)≤-10 for HIST1H2BB, dataset size≤100 proteins, ProDis≥2 and 

frequency of occurrence≥20%). 
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Appendix D:  
The 73 proteins identified for H3F3B using in silico protein interaction analysis (sequence 

coverage≥18AA and log(e)≤-10 for H3F3B, dataset size≤100 proteins, ProDis≥2 and frequency 

of occurrence≥20%). 
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Appendix E:  
The 72 proteins identified for PSMA1 using in silico protein interaction analysis (sequence 

coverage≥18AA and log(e)≤-10 for PSMA1, dataset size≤100 proteins, ProDis≥2 and frequency 

of occurrence≥20%). 
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Appendix F:  
The 88 proteins identified for all PSMA1, PSMA2, PSMA3, PSMA4, PSMA5, PSMA6 and 

PSMA7 using in silico protein interaction analysis (sequence coverage≥18AA and log(e)≤-10 for 

the protein of interest, dataset size≤350 proteins, ProDis≥2 and frequency of occurrence≥15%). 
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Appendix G:  
The 33 proteins identified for talin1 using in silico protein interaction analysis (sequence 

coverage≥18AA and log(e)≤-10 for talin1, dataset size≤110 proteins, ProDis≥2 and frequency of 

occurrence≥20%). 
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Appendix H:  
The 50 proteins identified for FERMT3 using in silico protein interaction analysis (sequence 

coverage≥18AA and log(e)≤-10 for FERMT3, dataset size≤110 proteins, ProDis≥2 and 

frequency of occurrence≥20%).  
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Appendix I:  
The 72 proteins identified for Rap1b using in silico protein interaction analysis (sequence 

coverage≥18AA and log(e)≤-10 for Rap1b, dataset size≤110 proteins, ProDis≥2 and frequency 

of occurrence≥20%). 
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Appendix J:  

a. The 12 proteins identified in the integrin β1 complexes in activated and formaldehyde 

treated platelets by LC-MS/MS (Experiment 1). Proteins were identified by the GPM and 

confirmed by MASCOT. 

 

 

b. The 12 proteins identified in the integrin β1 complexes in activated and formaldehyde 

treated platelets by LC-MS/MS (Experiment 2). Proteins were identified by the GPM and 

confirmed by MASCOT. 
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Appendix K:  
The seven and 18 proteins for integrin β1 using in silico protein interaction analysis with 

frequency of occurrence of ≥20% and ≥10% respectively (sequence coverage≥18AA and 

log(e)≤-10 for integrin β1, dataset size≤50 proteins and ProDis≥2). 
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Appendix L:  
The 28 human integrin β1 interaction partners obtained using the STRING database with the 

confidence score cutoff>0.950, based on the active prediction methods of “Experiments” and 

“Databases”. 
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Appendix M:  

The 57 human integrin β1 interaction partners obtained using BioGRID. 


